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“The sun, with all those planets revolving around it
and dependent on it, can still ripen a bunch of grapes

as if it had nothing else in the universe to do.”
– Galileo Galilei
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1
Introduction

We have entered an exciting era in which high-contrast imaging has enabled the direct
detection of gas giant exoplanets and resolved signatures of planet formation in proto-
planetary disks. Unprecedented precision is being achieved with the newest generation of
dedicated imaging instruments including SPHERE at the Very Large Telescope in Chile. In
parallel, transit and radial velocity surveys have revealed a great diversity in the exoplanet
population at smaller separations, indicating that the formation and evolution of planetary
systems is a complex process with many possible outcomes. Combined constraints from
both ends of the evolutionary pathway will eventually provide a comprehensive picture
which relates the initial planet formation processes with the orbital architectures and atmo-
spheric characteristics of the exoplanets. Placing the Solar System in a cosmic context and
addressing questions regarding the habitability in other planetary systems is a long-term
aim of modern astronomy.

In this thesis, we undertake observational and numerical investigations of protoplane-
tary disks and self-luminous exoplanets for which high-contrast imaging, scattered light,
polarization, and radiative transfer modeling play a central role. The principle objective
is to reveal the surface morphology of nearby protoplanetary disks in scattered light by
employing high-contrast imaging techniques in order to gain insight into their structure,
the properties of the dust, and the physical processes driving their evolution. Quantitative
constraints are obtained with numerical calculations and three-dimensional (3D) radiative
transfer simulations. Scattering processes are also important in (exo)planetary atmo-
spheres for which we developed a 3D radiative transfer code. We compute the infrared
polarization signal from self-luminous exoplanets with horizontal cloud variations and
circumplanetary disks.
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1 Introduction

1.1 Protoplanetary disks around young stars

Protoplanetary disks around pre-main-sequence stars are the natal environment of planets
(Safronov 1972; Goldreich & Ward 1973). These accretion disks form as a natural by-
product of star formation by conservation of angular momentum from a collapsing core in
a molecular cloud (Shakura & Sunyaev 1973; Lynden-Bell & Pringle 1974). Consequently,
protoplanetary disks are build up from recycled gas and dust from their interstellar envi-
ronment. Most stars form in clusters, for example in the nearby star-forming regions of
Taurus-Auriga, Chameleon, and Lupus (Briceño et al. 2002; Palla & Stahler 2002), but some
stars may form in isolation, for instance the family of isolated Herbig Ae/Be stars which
are not connected with dark clouds or nebulae (Waters & Waelkens 1998). The formation
of protoplanetary disks around young stars is a common phenomenon as observations
show that the spectral energy distributions (SEDs) of most pre-main-sequence stars exhibit
an infrared and millimeter excess (Strom et al. 1989; Beckwith et al. 1990; Weintraub et al.
1989; O’dell et al. 1993). However, the fraction of young, accreting stars with an infrared
excess decreases exponentially within ten million years by disk evolution and dispersal
(Haisch et al. 2001; Mamajek 2009; Fedele et al. 2010), setting a stringent constraint on
the timescale of planet formation (Pollack et al. 1996). In this section, I will provide a
background on the global structure, evolution, and appearance of protoplanetary disks, as
well as substructures that are possibly related planet-disk interactions. Furthermore, I will
summarize some of the important dust evolution and planet formation processes.

1.1.1 Disk structure, evolution and appearance

Star formation is initiated by the gravitational collapse of a dark and cold core in a molecular
cloud when gravity is no longer balanced by the counteracting forces of gas pressure,
magnetic fields, and turbulence which could be triggered by an external mechanism such
as a nearby supernova explosion (Shu et al. 1987). Within several hundred thousand
years, a protostar is formed in the center while part of the infalling gas and dust creates a
rotationally-supported accretion disk as a result of conservation of angular momentum
from the parent cloud. Protoplanetary disks consist mainly of molecular hydrogen and
helium (∼99% in mass) but a small fraction of the mass resides in submicron-sized dust
grains inherited from the interstellar medium (Mathis et al. 1977). Most of the gas is
accreted by the central star within approximately ten million years but part of the mass
and angular momentum will be removed from the innermost disk regions by jets, winds,
and bipolar outflows (Bally 2016). The main evolutionary stages of star- and planet
formation in an isolated system of a T Tauri (M ® 2 M�) or Herbig Ae/Be star (2–8 M�)
are illustrated in Fig. 1.1.

The observational appearance of the formation and evolution stages have been cat-
egorized in four classes, based on the SED (Lada 1987; Williams & Cieza 2011). In the
Class 0 phase, the cold, dense core forms in the parent cloud and radiates at far-infrared

2



1.1 Protoplanetary disks around young stars
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Figure 1.1: Schematic overview of the star- and planet formation stages and processes of an isolated, low- or
intermediate-mass star. (a) Dark cores form in clouds of molecular gas and small traces of dust grains. (b)
Gravitational collapse of the core sets in when gravity exceeds the counteracting forces. (c) A central protostar is
formed which is fed by the infalling envelope. An accretion disk appears by conservation of angular momentum
while part of the gas and angular momentum is removed by an outflow. (d) The central star becomes visible as
most of the envelope has been dispersed from or accreted by the star-disk system. (e) Gas is accreted by the star
from the protoplanetary disk’s reservoir. The interstellar dust grains evolve into larger building blocks, eventually
forming planetesimals, terrestrial planets, and the cores of gas giants. (f) An evolved planetary system, similar
to the Solar System. (after Hogerheijde 1998; Shu et al. 1987)

wavelengths (see Fig. 1.1b). In the Class I phase (i.e., protostellar disk), the star-disk
system is still embedded but the central star heats both the inner disk regions and the
surrounding envelope such that the SED is dominated by the reprocessed radiation (see
Fig. 1.1c). In the Class II phase (i.e., protoplanetary disk), the envelope has been accreted
and dispersed such that the star and protoplanetary disk become visible (see Figs. 1.1d
and 1.1e). The SED is characterized by the stellar spectrum and still a significant amount
of infrared excess. In the Class III phase, most of the remaining gas and dust has been
removed from the system, possibly leaving a formed planetary system and belts of debris
dust (see Fig. 1.1f). This second generation of dust grains gets replenished by collisions of
planetesimals such that a minor infrared signature could be present in the SED (Wyatt
2008; Matthews et al. 2014). Summarizing, the wavelength-dependent intensity of the
infrared excess provides information on the disk structure and dust distribution as longer
wavelengths probe cooler disk regions (see Fig. 1.2).

3



1 Introduction

Once a protoplanetary disk has formed, it evolves during the course of several million
years by transporting mass and angular momentum both inwards and outwards (Williams
& Cieza 2011). Differential rotation of the gas causes friction such that the angular
momentum of a parcel of gas changes. The inner disk regions will loose angular momentum
while the outer disk regions gain angular momentum and spread outward. Some of the
mass will be accreted by the central star which occurs during the protoplanetary disk
phase with rates of 10−11–10−8 M� yr−1 (Hartmann et al. 1998; Gullbring et al. 1998;
Manara et al. 2016). Viscosity plays an important role in disk evolution although the
source remains debated (Turner et al. 2014; Rafikov 2017). The timescale of molecular
viscosity is orders of magnitude larger than the observed disk lifetimes, therefore, magneto-
rotational instabilities (MRI; Balbus & Hawley 1991) have been proposed as a dominant
source for turbulence. Non-ideal magnetohydrodynamical effects have to be considered
while MRI is hindered in so-called dead zones where ionization is inefficient (Flock et al.
2017). However, alternative sources for turbulent viscosity are possible such as self-gravity
(Gammie 2001) and baroclinic vortices (Klahr & Bodenheimer 2003).

The time-dependent gas evolution of a thin, axisymmetric disk was first formulated
by Lynden-Bell & Pringle (1974). The viscosity, ν, drives the evolution of the surface
density of which a steady-state solution can be derived from the mass conservation equa-
tion (Pringle 1981). The viscosity is often parameterized by a dimensionless turbulence
parameter, α < 1, which relates the pressure scale height, Hp, and sound speed, cs, to the
viscosity, ν= αHpcs (Shakura & Sunyaev 1973; Pringle 1981). Direct measurements of
turbulence are challenging as it requires accurate observations of molecular line broaden-
ing (Hughes et al. 2011), however, the Atacama Large Millimeter/submillimeter Array
(ALMA) may provide the required sensitivity (Flaherty et al. 2015). The heating of the disk
is mostly dominated by irradiation such that the temperature is approximately described
by T ∝ r−1/2, yielding a surface density distribution of Σ∝ r−1 (Adams & Shu 1986;
Kenyon & Hartmann 1987; Bell et al. 1997), which is less steep than what is defined by
the minimum mass solar nebula, Σ∝ r−3/2 (Weidenschilling 1977b).

The surface density, pressure scale height, and equation of state determine the vertical
gas structure of the disk (D’Alessio et al. 1998). Locally, the gas pressure and the vertical
gravity component of the central star are in hydrostatic equilibrium (Kenyon & Hartmann
1987). The vertical density distribution is described by a Gaussian profile if the thermal
disk structure is assumed to be vertically isothermal (Robitaille et al. 2006; Woitke et al.
2016). In that case, the pressure scale height is given by the ratio of the sound speed
and the Keplerian frequency, Hp = cs/Ω. The scale height of the gas is commonly param-
eterized with a power law exponent, β , which can correspond to a flaring (β > 1) or
self-shadowing (β < 1) profile, depending on the radial temperature parameterization
(Dullemond & Dominik 2004). The surface geometry depends on the combined effect of
the radially changing surface density and pressure scale height. The amount of disk flaring
is determined by the interplay between the radial temperature structure and the stellar
irradiation of the disk (Chiang & Goldreich 1997). However, various physical and chemical
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NIR, inner disk
10 micron 

silicate feature

IR deficit, gap

(sub)mm, midplane

FIR, outer disk

MIR, gap edge

Figure 1.2: Left: Spectral energy distributions of a continuous disk and a transition disks, simulated with the
continuum radiative transfer code MCMax3D (Min et al. 2009). Longer wavelengths probe cooler regions at larger
distances from the star and/or closer to the midplane of the disk. Right: Artist’s rendition of a transition disk.
The inner and outer disk are separated by a wide gap that is possibly opened by the gravitational interaction of
forming planets. (Credit: NAO)

processes may affect both globally and locally the disk structure, for example planet-disk
interactions (Baruteau et al. 2014), magnetohydrodynamical effects (Flock et al. 2011),
and dust evolution processes (Testi et al. 2014). The flaring index affects the amount of
infrared excess in the SED which led to the Group I/II classification of Herbig stars. This
was initially interpreted as a subdivision in flaring disks (Group I) and self-shadowed disks
(Group II) of which the latter disk structure was assumed to be more evolved due to dust
settling (Meeus et al. 2001; Dominik et al. 2003; Dullemond & Dominik 2004). However,
several studies have shown that both subclasses evolve separately, while the Group I disks
are characterized by large dust gaps (Maaskant et al. 2013; Menu et al. 2015).

Transition disks are a subclass of protoplanetary disks characterized by a deficit of
near- and mid-infrared excess while the far-infrared excess of their SED is similar to other
Class II objects (Strom et al. 1989; Skrutskie et al. 1990). Indeed, high-resolution imaging
observations have revealed inner dust cavities in many of such disks (Andrews et al. 2011),
as indirectly deduced from spatially-unresolved observations, possibly coinciding with
a lowering in gas density (van der Marel et al. 2016). It has been hypothesized that
transition disks are in the process of evolving from the Class II to the Class III stage. Dust,
and possibly gas, is removed from the central disk regions for example by planet formation
processes or photoevaporative winds (Owen 2016). However, observational evidence has
emerged that large dust cavities can also be present in the earlier stages of disk evolution
while the cavity may still be filled with gas (Sheehan & Eisner 2017). Figure 1.2 shows an
artist’s rendition of the transition disk around PDS 70 (Hashimoto et al. 2012), as well
as a comparison of simulated SEDs of a continuous disk and a transition disk. In this
thesis, protoplanetary disks from the the transition family are studied with high-contrast
scattered light observations.
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1 Introduction

1.1.2 Gaps, cavities and spiral arms

High spatial resolution observations have revealed intriguing disk morphologies (see
Sect. 1.3.1), both in scattered light (Grady et al. 2013; Garufi et al. 2013; Avenhaus et al.
2014b), sensitive to micron-sized grains in the disk surface, in (sub)millimeter continuum
emission (ALMA Partnership et al. 2015; Pérez et al. 2016; Loomis et al. 2017), tracing
millimeter-sized pebbles in the midplane, and to a lesser extent in (sub)millimeter line
emission (Christiaens et al. 2014; van der Marel et al. 2016). The populations of small and
large grains evolve differently such that knowledge on both distributions provides insight
into the physical and chemical disk processes responsible for the resolved substructures
(Sicilia-Aguilar et al. 2016). I will highlight gaps, cavities, and spiral arms which belong
to the most common subclasses of observed disk morphologies.

Sharp, radial decreases in surface brightness have been resolved both in scattered light
and at (sub)millimeter wavelengths which are often interpreted as gaps (radially localized)
and cavities (extending down to the star) in the surface density, both interchangeably used
with an identification of ring-like emission. Planet-disk interactions are often invoked as
explanation for both gaps (Dong et al. 2015b; Dipierro et al. 2016) and cavities (Zhu et al.
2012; Pinilla et al. 2012a) although alternative interpretations exist such as dust evolution
(Birnstiel et al. 2015), chemical condensation fronts (Zhang et al. 2015; Okuzumi et al.
2016), dead zones (Pinilla et al. 2016), and photoevaporative winds (Clarke et al. 2001).

An annular gap is carved around the orbit of an embedded planet if the torque exerted
by the planet on the disk is larger than the viscous torque responsible for the spreading
of the disk (Lin & Papaloizou 1986a). The shape of the gap profile can be solved, by
approximation, analytically for low-mass (®1 MJup) planets (Duffell 2015) but requires
hydrodynamical simulations otherwise (Papaloizou et al. 2004; Crida et al. 2006; Zhu
et al. 2013). The depth and width of the gap depends on the planet-to-star mass ratio,
q, disk aspect ratio, Hp/r, and turbulence parameter, α (Fung et al. 2014; Kanagawa
et al. 2015; Dong & Fung 2017b). Simulations in which both the gas and dust evolution
is solved, show that micron-sized grains remain coupled to the gas dynamics while the
millimeter-sized grains drift inward as predicted by theory (Zhu et al. 2012; Pinilla et al.
2015a; Dong et al. 2015c). Planets, dead zones, and Rossby wave instabilities can induce
radial and azimuthal pressure maxima, which may trap drifting particles, and give rise to
axisymmetric and non-axisymmetric emission features (Pinilla et al. 2012a; Flock et al.
2015; Owen & Kollmeier 2017). The left image in Fig. 1.3 shows the effect of three
embedded planets (0.2 MJup) on the thermal submillimeter emission (Dong et al. 2015c).
The pressure maxima exterior of the planet orbits cause a pile up of large dust grains
which manifest as multiple ring-like emission features.

In scattered light, a radial minimum in brightness does not necessarily relate to a
decrease in micron-sized grains because self-shadowing by the disk can also mimic gap-like
features (Siebenmorgen & Heymann 2012; Dong 2015). Self-shadowing has an effect on
both the scattered light flux and the reprocessing of stellar radiation by the dust, therefore,
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1.1 Protoplanetary disks around young stars

Muto et al. 2012), and 160 AU in MWC 758 (at a distance of
280 pc; Grady et al. 2013). They can be excellent targets for
direct imaging observations. However, the waves may also be
excited by a recent flyby, or a companion on a very eccentric
orbit. Lastly, it has been speculated that the cavities in
transitional disks are opened by multiple giant planets.
Observed global-scale m = 2 arms so far are all found outside
the central cavities in transitional disks. The hypothetical
outer companion suggested in our work cannot be associated
with the putative cavity-opening planets; the latter would
reside inside the cavity and their density waves are unlikely
to be detectable.

We thank Eugene Chiang, Barbara Whitney, Eric Pantin,
Eduard Vorobyov, and Jun Hashimoto for insightful discus-
sions and help in this work. We also thank the anonymous
referee for constructive suggestions that largely improved the
quality of the paper. We thank Myriam Benisty for kindly
sharing with us the VLT/SPHERE image of MWC 758. This
project is partially motivated by the Subaru based SEEDS
program (PI: M. Tamura). This project is supported by NASA
through Hubble Fellowship grants HST-HF-51333.01-A (Z.Z.)
and HST-HF-51320.01-A (R.D.) awarded by the Space
Telescope Science Institute, which is operated by the Associa-
tion of Universities for Research in Astronomy, Inc., for
NASA, under contract NAS 5-26555. All hydrodynamic
simulations are carried out at the Texas Advanced Computing
Center (TACC) at The University of Texas at Austin using
Stampede through XSEDE grant TG-AST130002.
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Figure 4. Comparison between 6ISO125 (left; r1 2-scaled convolved image) and MWC 758 (right; Benisty et al. 2015). The model is rescaled to =r 158p AU, and
the Gaussian PSF convolution adopts the source distance (280 pc) and the angular resolution of the observation (FWHM = 0. 03). Units are arbitrary. The green dot in
the left panel marks the position of the planet.
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Figure 9. Model M3 0.2 J´ : a 0.17 M: disk with 3 M0.2 J planets located at 12, 30, and 65 AU 0.2 Myr after their formation, showing multiple gaps well
separated by rings. Top: 2D surface density map for the small (left) and big (right) grains. The left panel is also the scaled surface density distribution of the gas,
as we assume that the small grains are well mixed with the gas, 0.1%sg gS = ´ S . Bottom: raw and convolved H-band polarized intensity images (left two
columns) and ALMA band 7 (870 μm continuum) intensity images (right two columns) at a face-on angle (top row) and an inclined angle of θ = 45° (bottom
row). The gray crosses in the convolved images mark the orbits of the planets. Systems are assumed to be at 140 pc. The convolved images are convolved by a
Gaussian kernel with FWHM = 0″. 04 at the H-band and FWHM = 0″. 035 at ALMA band 7 (beam size is indicated at the lower right corner in the convolved
mm images). The three planets in this case each open a narrow gap in both the small and big grains. While the signals of the gaps in the convolved NIR images
are relatively weak, three narrow gaps well separated by bright rings are clearly visible at millimeter wavelengths at both inclinations. See Section 4.2 for a
detailed discussion.
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Figure 1.3: Simulated images of planet-disk interactions in which hydrodynamical simulations are combined
with continuum radiative transfer. Left: Planets with masses of 0.2 MJup produce detectable gaps in the millimeter
emission (λ= 870 µm) as large grains get trapped in the pressure maxima exterior of the planet orbits. Figure
adapted from Dong et al. (2015c). Right: A super-Jupiter (6 MJup) triggers a non-linear disk perturbation by
which an azimuthally-symmetric spiral arm pair is formed interior of its orbit, leaving an observable signature in
the H band. Figure adapted from Dong et al. (2015b).

a conjunction with a reduced infrared excess is expected (Wisniewski et al. 2008; Garufi
et al. 2017). Also azimuthally localized shadows have been detected on several disks
(Chapter 4; Chapter 7; Mayama et al. 2012; Itoh et al. 2014). For example, a warped inner
disk can produce a pair of shadow lanes (Marino et al. 2015) or an azimuthal brightness
modulation (Rosenfeld et al. 2012; Debes et al. 2017). The fast dynamical timescales in
the innermost disk regions may result in illumination variations of the outer disk on a
timescale of days to weeks (Chapter 5).

Scattered light imaging has revealed spiral arms in several protoplanetary disks
(Hashimoto et al. 2012; Muto et al. 2012; Grady et al. 2013; Canovas et al. 2013; Boccaletti
et al. 2013; Wagner et al. 2015a) while only a few counterparts have been resolved in CO
gas (Christiaens et al. 2014; Tang et al. 2017). Higher spatial resolution is required in most
cases to determine if the spiral arms can be traced down to the midplane. The origin of
the detected spiral arms remains debated as it is not possible, from scattered light imagery
alone, to determine if temperature and/or density perturbations are responsible (Juhász
et al. 2015). The leading hypothesis for their origin are planet-disk interactions (Dong
et al. 2015b; Zhu et al. 2015; Fung & Dong 2015), but alternative mechanisms have been
proposed such as gravitational instabilities (Dong et al. 2015a), shadows (Montesinos
et al. 2016), and light travel time effects (Kama et al. 2016).

Embedded planets and binary companions excite density waves at the Lindblad reso-
nances of a protoplanetary disk (Goldreich & Tremaine 1979) which results, for low-mass
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planets, in a one-armed spiral feature by constructive interference (Ogilvie & Lubow
2002). For higher mass companions, q ¦ (Hp/r)3, the perturbation of the spiral arms is
non-linear which manifests in spiral arms with larger pitch angles and amplitudes, and
the presence of an azimuthally-symmetric secondary component (Zhu et al. 2015; Fung &
Dong 2015; Dong & Fung 2017a), resembling some of the observed spiral arms (Dong
et al. 2015b, 2016). The right image in Fig. 1.3 displays a raytraced scattered light image
of an hydrodynamical simulation in which a primary and secondary spiral arm emerge
interior to the orbit of a massive gas giant (Dong et al. 2015b).

The interaction between embedded planets and their circumstellar environment will
also affect the orbital architecture as significant variations in semi-major axis, inclination,
and eccentricity may occur during the lifespan of a protoplanetary disk (Lin & Papaloizou
1986b, 2010). The dynamical evolution in the protoplanetary disk might be reflected
in some of the architectural characteristics of exoplanets such as compact systems with
low-mass planets at short orbital radii (Ormel et al. 2017), multi-planet systems in a
(near-)resonance chains (Winn & Fabrycky 2015; Liu et al. 2017), and spin-orbit misalign-
ment of hot Jupiters (Lai 2014; Crida & Batygin 2014).

1.1.3 Planet formation in a nutshell

The reservoir of initial planet building blocks in a protoplanetary disk is provided by the
submicron-sized dust grains from the molecular cloud core. Approximately thirteen orders
of magnitude in size have to be crossed for those grains to become terrestrial planets
like Earth. The standard picture of planet formation is commonly subdivided in different
processes that govern the growth from microscopic dust grains up to planetesimals and
larger (Chiang & Youdin 2010; Morbidelli et al. 2012; Testi et al. 2014).

Although only ∼1% of the disk mass resides in the dust, the high midplane density
allows grains to coagulate and grow in size and mass (Weidenschilling 1980). This process
occurs efficiently up to millimeter-sized pebbles, however, it is halted by the bouncing
barrier (Zsom et al. 2010) and the fragmentation barrier (Brauer et al. 2008). Relative
velocities above a certain threshold will cause bouncing or fragmenting interactions instead
of sticking encounters (Windmark et al. 2012), in particular at smaller disk radii where the
impact velocities are larger (Birnstiel et al. 2012). However, the outcome depends on the
composition and structure of the dust grains. For example, icy particles or dusty aggregates
tend to coagulate more efficiently than pure silicates or compact grains (Poppe et al. 2000;
Gundlach et al. 2011; Kothe et al. 2013). Figure 1.4 (left) shows an interplanetary dust
particle of about 10 µm in size with a fluffy aggregate structure, possibly related to the
early coagulation processes.

The dynamics of the dust grains is driven by the turbulent gas in the disk (Birnstiel
et al. 2010). Vertically, the dust distribution will settle towards the midplane under the
influence of gravity, however, turbulence will diffuse well-coupled grains upward to the
disk surface (Dubrulle et al. 1995; Fromang & Nelson 2009). Scattered light observations
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1.1 Protoplanetary disks around young stars

Figure 1.4: Left: Interplanetary dust particle of about 10 µm in size and captured in the stratosphere of the
Earth. Aggregate dust grains in the Solar System are known to originate from collisions between comets. (Credit:
NASA) Right: Comet 67P/Churyumov-Gerasimenko observed by the Rosetta spacecraft from a distance of 285 km.
(Credit: ESA)

are sensitive to micron-sized dust grains suspended in the upper atmosphere of the disk of
which the scattering opacity is large at small wavelengths (see Sect. 1.4.1). The dynamical
coupling of the dust with the gas is set by the Stokes parameter, St= Ωts, where ts is the
stopping time by which the dust looses momentum to the gas. Particles with a Stokes
parameter around unity enter a regime in which radial drift is important because the
grains decouple from the gas. Consequently, large grains loose angular momentum by the
headwind of the sub-Keplerian gas which is supported by an additional radial pressure
gradient (Weidenschilling 1977a; Nakagawa et al. 1986). This generates another barrier
which limits the maximum particle size as drifting pebbles are rapidly accreted by the
central star (Birnstiel et al. 2012).

Several scenarios have been proposed to circumvent the radial drift barrier and grow
pebbles across the size regime in which regular coagulation processes are inefficient
while the gravitational interaction between particles is still small (Blum & Wurm 2008).
Radial pressure maxima will trap drifting particles (Nakagawa et al. 1986), for example
when a gap is opened by a forming planet (Zhu et al. 2012; Pinilla et al. 2012a) or
due to MHD effects (Simon & Armitage 2014). Pebble accretion is a mechanism by
which planetary embryos grow rapidly from a radial influx of drifting pebbles (Ormel
& Klahr 2010; Johansen & Lacerda 2010). Particles with stopping times comparable to
their orbital time are efficiently accreted by planetesimals via aerodynamically-induced
settling into the planetesimal’s gravitational well. The growth timescale is significantly
faster compared to a gas-free environment in which accretion by planetesimals only
occurs through gravitational focussing (Lambrechts & Johansen 2012). Another promising
mechanism is rapid planetesimals formation via the streaming instability which may occur
when the dust-to-gas ratio is locally enhanced (Youdin & Goodman 2005; Johansen et al.
2006). The collective gravitational effect of an ensemble of particles could be important
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in pressure bumps and vortices, which are efficient dust traps, such that pebbles collapse
gravitationally in planetesimals (Johansen et al. 2014; Owen & Kollmeier 2017).

Gravity governs the growth of planetesimals for which collisions do not result any
longer in fragmentation (Chiang & Youdin 2010). These objects are kilometer-sized or
larger such as the comet 67P/Churyumov-Gerasimenko (see Fig. 1.4, right). The largest
planetesimals will grow most efficiently as their gravitational pull is strongest, sweeping
up the remaining smaller planetesimals (Ida et al. 2008), such that planetary embryos
are formed with typical sizes of a thousand kilometer (Greenberg et al. 1978). Planetary
embryos more massive than ∼10 M⊕ may start to accumulate a gaseous envelope by
accreting gas from the circumstellar environment (Lubow & D’Angelo 2006; Lissauer et al.
2009) which, if the disk lifetime allows, may end up in a runaway accretion process by
which Jupiter-like planets could be formed (Helled et al. 2014). This two-step formation
of a rocky core and gaseous envelope is know as the core accretion scenario (Pollack
et al. 1996). Alternatively, gas giants may form directly through a gravitational collapse
when the protoplanetary disk is gravitationally unstable (Boss 1997). Self-gravity is
important when the disk mass is high and cooling efficient. A disk becomes unstable to
axisymmetric perturbations when Q = csΩ/(πGΣ)< 1, which is known as the Toomre’s
stability criterion (Toomre 1964). Long-period exoplanets, such as those detected with
direct imaging observations, might have formed through gravitational instabilities as the
growing timescales are possibly too long for regular core accretion (Ma & Ge 2014; Li
et al. 2015). In contrast to planets at smaller radii ('5–10 au) which form more efficiently
because the growing timescales are shorter (Morbidelli et al. 2012).

1.2 Extrasolar planets and their atmospheres

Over two decades ago, the first extrasolar planet orbiting a main-sequence star was
discovered (Mayor & Queloz 1995). Since then, research on exoplanets has become
one of the most rapidly growing fields in modern astrophysics with today over 3600
exoplanet detections (http://exoplanet.eu). It has become well established that the
population of discovered exoplanets is highly diverse in their orbital architectures, as
well as their masses, radii, and temperatures (Fressin et al. 2013; Fabrycky et al. 2014;
Winn & Fabrycky 2015). This poses challenging questions regarding the formation and
evolution of planetary systems and the uniqueness of the Solar System. In this section, I
will highlight some of the demographical and atmospheric characteristics of exoplanets.

1.2.1 Exoplanet demographics

The haul of exoplanet detections by the transit and radial velocity technique has pro-
vided exquisite statistics on the demographics of exoplanets in the solar neighborhood,
® 2000 pc (Mayor et al. 2014; Lissauer et al. 2014). These techniques rely on an indirect
inference of the presence of a planet by measuring a periodic brightness (Charbonneau
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Figure 1.5: Exoplanets known on 2017 May 25 with a constraint on both their mass and semi-major axis
(http://exoplanet.eu). Color coding indicate the detection methods by which the planets were discovered.
Subclasses of the exoplanet population have been highlighted.

et al. 2000) or Doppler shift variation of the stellar light (Mayor & Queloz 1995). Orbital
parameters (e.g., period, semi-major axis, eccentricity) and bulk parameters (mass, radius,
equilibrium temperature) can be derived which has revealed a great diversity of such
macroscopic parameters. Figure 1.5 shows the detected population of exoplanets with
available constraints on both the semi-major axis and mass of the planets. The clustering
of data points reflects both the detection biases and the underlying subclasses of the planet
population.

The first exoplanet detections were achieved with the radial velocity technique which
is inherently biased towards massive, short-period planet. This led to the discovery of
multiple gas giants orbiting at very small separations from the central star (Mayor &
Queloz 1995; Marcy & Butler 1996; Butler et al. 1997). These so-called hot Jupiters
are tidally locked and strongly irradiated on the day side of their atmosphere (Seager &
Sasselov 1998). In situ formation of gas giants at small disk radii is challenging such that
migration mechanisms in the protoplanetary disk phase have been invoked to explain
their current location (Lin et al. 1996; Rasio et al. 1996). Measurements of the Rossiter-
McLaughlin effect have revealed that a fraction of the hot Jupiter population has orbits
that are misaligned with the equatorial plane of their star (Albrecht et al. 2012).
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Super-Earths are another class of planets which have no direct analog in the Solar
System while their population dominates the size distribution of known exoplanets (Fressin
et al. 2013; Petigura et al. 2013). Those planets have masses of 1–10 M⊕ and radii of
1.25–2 R⊕, leaving a range of possibilities for the composition of their interior and envelope
as only the bulk density can be derived from the total mass and radius (Seager et al. 2007;
Valencia et al. 2007). One possibility is that super-Earths are composed of a rocky and/or
icy core with an envelope of hydrogen and helium (Ikoma & Hori 2012). Distinguishing
between different atmospheric compositions can be achieved with spectroscopy (Miller-
Ricci et al. 2009) although high signal-to-noise atmospheric observations of super-Earths
are still challenging and the presence of clouds may hinder the detection of molecular
lines from deeper atmospheric layers (Kreidberg et al. 2014; Knutson et al. 2014).

While the transit and radial velocity techniques are biased towards short-period planets,
direct imaging (i.e., high-contrast imaging) enables the detection of self-luminous gas
giants on long-period orbits beyond 5–10 au (Oppenheimer & Hinkley 2009). Large-scale
surveys of young (®100–200 Myr) and nearby (®100 pc) stars have been ongoing for a
decade and yielded mainly null-results as the population of gas giant exoplanets on wide
orbits is inherently sparse (Biller et al. 2013; Rameau et al. 2013a; Chauvin et al. 2015).
Although the occurrence rate of 5–13 MJup planets at orbital distances of 30–300 au is only
0.6+0.7
−0.5% (Bowler 2016), direct imaging enables detailed atmospheric characterization

through photometry and low-resolution spectroscopy because the planet’s emission is
spatially separated from the central star (Konopacky et al. 2013; Barman et al. 2015;
Skemer et al. 2016; De Rosa et al. 2016). The detection and characterization of exoplanets
with high-contrast imaging will be summarized in more detail in Sect. 1.3.2.

1.2.2 Exoplanet atmospheres

Planetary atmospheres are complex environments in which the thermal structure is de-
termined by radiation transport, 3D hydrodynamical processes such as convection and
advection, as well as cloud formation and photochemistry (Madhusudhan et al. 2014).
Atmospheric temperatures span a wide regime from the cold ice giants in the Solar Sys-
tem to irradiated and young gas giant exoplanets with effective temperature of several
thousand Kelvin (see Fig. 1.6). The diversity is also reflected in the elemental composition
ranging from atmospheres that are H/He-dominated to composition of heavier molecules
such as H2O, CO2, or N2 (Madhusudhan et al. 2016). This variety of climates has led to
intriguing observational insights beyond what is expected from the Solar System planets,
at the same time challenging our theoretical understanding of planetary atmospheres.

In chemical equilibrium, the local mixing ratios can be calculated from the pressure,
temperature, and composition (metallicity) by minimizing the Gibbs free energy (Tsuji
1973; Lodders & Fegley 2002). However, in the cool upper regions of an atmosphere the
composition might deviate from equilibrium as the chemical reaction timescales are shorter
than the dynamical timescales which might lead to chemical quenching (Prinn & Barshay
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Fig. 2 Pressure-temperature profiles for three gas giant planets covering a broad range of atmospheric tem-
peratures: Jupiter (Lindal 1992), the widely studied hot Jupiter HD 189733b (Agúndez et al. 2014a), and the
highly irradiated gas giant WASP-12b (Stevenson et al. 2014a). Dashed lines delimitate the regions where
either CH4 or CO (red curve) or NH3 or N2 (green curve) are the major carbon or nitrogen reservoirs, respec-
tively. Dot-dashed lines indicate the condensation curves for water, ammonia, and various refractory species
containing Ca, Ti, Al, Fe, Mg, Na, and K

The atmospheric temperatures of gas giant planets may span over a very broad range,
from a few hundreds of kelvins up to some thousands (see Fig. 2). Gas giant planets are ex-
pected to have a nearly solar elemental composition, although some elements heavier than
helium could be enriched or depleted by a factor of a few relative to the solar composition, as
occurs in Jupiter (Mahaffy et al. 2000; Wong et al. 2004). In any case, gas giant atmospheres
are expected to be dominated by hydrogen and helium, with heavier elements like oxygen,
carbon, and nitrogen being present at a lower level. Figure 2 shows various curves, calcu-
lated under chemical equilibrium for a solar elemental composition, which delimitate dif-
ferent regions of interest from a chemical view point. The red dashed curve indicates where
CO and CH4 have the same abundance. To the right of this curve (at high temperatures/low
pressures) we have the region of stability of CO while to the left (at low temperatures/high
pressures) methane is the main carbon reservoir. Similarly, in the case of nitrogen chemical
equilibrium indicates that to the right of the green dashed curve N2 is the main nitrogen
reservoir while to the left it is ammonia that dominates. Thus, a first lesson to be learnt from
chemical equilibrium is that at high temperatures and/or low pressures CO and N2 are the
main reservoirs of carbon and nitrogen, respectively, while at low temperatures and/or high
pressures the hydrides CH4 and NH3 dominate. In the case of oxygen, water vapor remains a
major reservoir over most of the temperature regime of interest. This molecule locks either
the excess of oxygen not locked into CO if the atmosphere resides in the stability region
of CO (oxygen has a solar abundance about twice than carbon), or directly locks most of
the available oxygen if the atmosphere resides in the stability region of CH4. Only at very
low temperatures (see blue dot-dashed line) can water vapor be depleted from the gas phase
because of condensation, something that can occur also for ammonia, albeit at even lower
temperatures (see green dot-dashed line). That is, according to chemical equilibrium, de-
pending on the thermal profile, the atmosphere of a giant planet may be dominated by (apart
from H2 and He) a mixture of H2O/CO/N2, H2O/CH4/N2, H2O/CH4/NH3, or a modification
of the latter in which first H2O, then NH3, and finally CH4 are progressively removed from
the gas phase as the atmosphere gets cooler (e.g., Burrows et al. 1997; Sudarsky et al. 2000;
Lodders and Fegley 2002).

Figure 1.6: Pressure-temperature profiles of Jupiter, and the hot Jupiters HD 189733b and WASP 12b, spanning
a broad range of temperatures and chemical compositions. The chemical transition regions of CH4/CO and
NH3/N2 (dashed lines) are shown together with the condensation curves of ammonia, water, and several
refractory materials (dot-dashed lines). Figure adopted from Madhusudhan et al. (2016).

1977; Moses 2014). Irradiated planets are also affected by photochemistry, typically at
micro- and millibar levels which receive the highest ultraviolet flux, a well known process
in the atmosphere of Jupiter, Saturn, and Titan (Yung et al. 1984; Gladstone et al. 1996).

Clouds form by condensation when the partial pressure exceeds the saturation vapor
pressure (Marley et al. 2013). The composition of the cloud condensates is determined by
equilibrium chemistry. For example, NH3 condenses into ice crystals in the atmospheres of
Jupiter and Saturn while dust grains composed of Al2O3 and Mg2SiO4 can be present in
the atmospheres of hot Jupiters (see Fig. 1.6) and young gas giants (Morley et al. 2012,
2014). The formation and sedimentation of cloud particles involves several processes
such as the nucleation and growth of particles, atmospheric dynamics, and chemistry,
which challenges calculations on the distribution of clouds and the sizes of the particles
(Ackerman & Marley 2001; Helling et al. 2008; Lee et al. 2016). Hazes, or aerosols, form
by disequilibrium processes such as photochemistry, either in-situ or from photochemically
produced gas which flows dynamically towards cooler regions (Madhusudhan et al. 2016).
For example, carbon is locked up in CH4 in cool regions of an atmosphere, which can
be sequenced to more complex hydrocarbons by photochemistry (Tomasko et al. 2005).
However, there is also evidence for the presence of aerosols in the hot atmosphere of
WASP-12b (Sing et al. 2013).

During the recent years, the field of exoplanetary science has gained momentum
beyond planet detections into the direction of atmospheric characterization (Seager &
Deming 2010; Madhusudhan et al. 2014, 2016). Spectral observations are so far limited

13



1 Introduction

data reduction. There is no obvious optimal choice of aperture
(see Figure 17, Stevenson et al. 2014c). We therefore chose not
to incorporate the Spitzer results in our analysis.

5. RETRIEVAL OF THE ATMOSPHERIC PROPERTIES

Given the high precision of the WFC3 transmission
spectrum, we can put more powerful constraints on the planet’s
atmosphere than has been possible with past measurements. No
previous data set for WASP-12b has shown conclusive
spectroscopic evidence for molecular absorption, but the
WFC3 spectrum has a noticeable increase in transit depth near
the center of the water absorption band at 1.4 μm (see
Figure 8).

To quantify the water abundance and other atmospheric
properties based on the transmission spectrum, we performed a
retrieval using the CHIMERA suite (Line et al. 2013b, 2014).
Modifications to the retrieval code and description of the
transmission forward model are provided in Line et al. (2013a),
Stevenson et al. (2014d), Kreidberg et al. (2014a), Swain et al.
(2014), and Diamond-Lowe et al. (2014). We tested two
different model parameterizations with CHIMERA. The first is
the widely adopted approach of retrieving molecular abun-
dances without any constraints from chemistry (e.g., Madhu-
sudhan & Seager 2009). For our second approach, we
developed a new parameterization that retrieves C/O and
atmospheric metallicity under the assumption of chemical
equilibrium. We refer to these methods as the FREE approach
and the CHEMICALLY-CONSISTENT (C-C) approach,
respectively. Both methods are described in more detail below.
We also present a comparison with results from the NEMESIS
retrieval code (Irwin et al. 2008).

We elected to focus on the WFC3 data for our retrievals,
based on the caveats for other data described in Section 4. We
treated the spectra from the two WFC3 grisms as a single data

set, with no offset in transit depth between them. The transit
depths are consistent between the grisms because the influence
of stellar activity is below the measurement precision (see
Section 2.1), so no offset is needed. We also tested including
STIS data in some of the retrievals (see Section 5.1.2), but
found that it does not affect the main conclusions of this work.

5.1. FREE Retrieval with CHIMERA

The FREE parameterization retrieves molecular abundances,
cloud and haze properties, and the altitude-independent scale
height temperature.
Our model explored the dominant molecular opacities

expected for a solar composition gas at the temperatures and
pressures probed by the observations. These are H2O, TiO, Na,
and K over the wavelength range of the WFC3 spectrum
(Burrows & Sharp 1999; Fortney et al. 2008). The remaining
gas is assumed to be a solar composition mixture of H2 and He.
We discuss results for including additional molecular species in
Section 5.1.2.
In addition to the molecular opacities, we included opacity

from clouds and haze. Previous analyses of WASP-12b’s
transmission spectrum have suggested that hazes are present in
the atmosphere, but the haze composition is poorly constrained
(Sing et al. 2013; Stevenson et al. 2014c). We therefore used a
flexible model that includes a power law haze and an opaque
gray cloud deck. We modeled clouds as a gray opacity source
that masks transmission through the atmosphere below a fixed
pressure level Pc. The haze opacity was parameterized by
σ(λ)=σ0 (λ/λ0)

γ, where the scattering amplitude σ0 and slope
γ are free parameters (as in Lecavelier Des Etangs et al. 2008).
The scattering is presumed to happen throughout the entire
atmosphere as if it were a well mixed gas. The scattering
amplitude is a scaling to the H2 Rayleigh scattering cross
section times the solar H2 abundance at 0.43 μm. More
sophisticated models for clouds and haze would require
additional free parameters that are not justified by the precision
of our data. Our simple parameterization is sufficient to capture
degeneracies between clouds/haze and the water abundance,
which is the primary goal of this investigation.
We also retrieved a “scale height temperature” parameter Ts.

We assumed the atmosphere is isothermal, with temperature
equal to Ts at all pressures. We tested fitting for a more
complex temperature–pressure profile but found it did not
affect our results because the transmission spectrum is only
weakly sensitive to the atmosphere’s thermal structure (see
Barstow et al. 2013, 2014).
The final free parameter in the retrieval was a scale factor for

the planet’s 10 bar radius. We assumed a baseline planet radius
of 1.79 RJ and a stellar radius of 1.57 Re from Hebb et al.
(2009). The planet radius was scaled by a factor Rscale to
account for uncertainty in the pressure level in the atmosphere
at a given radius. To first order, the effect of this scaling is to
shift the model transit depths by a constant factor. A second
order effect is that scaling the radius changes the amplitude of
spectral features (see Equation (1) in Lecavelier Des Etangs
et al. 2008).
In sum, the retrieval had 8 free parameters: the abundances

of H2O, Na+K (fixed at the solar abundance ratio), and TiO, as
well as clouds and haze, the scale height temperature, and the
planet radius scale factor. We refer to this 8-parameter fit as the
FULL model. The best fits for the FULL model and nested
models within it are shown in Figure 10. The best-fit models

Figure 10. Best fits for different assumed models (lines) compared to the
WFC3 transmission spectrum (points). Models are binned to a wavelength
resolution of 0.01 μm. Results from the FREE and C-C parameterizations are
shown in the top and bottom panels, respectively.
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The combined light curve (Fig. 1) exhibits a flux increase that starts 
slightly before the transit and reaches a maximum at 2.1 ± 0.6 h before 
opposition. We find a phase-curve peak amplitude of 197 ± 34 p.p.m., a 
minimum of 48 ± 34 p.p.m. and an occultation depth of 154 ± 23 p.p.m. 
(mid-eclipse).

We find that stellar variability could not cause the observed phase 
variation. The host is known to be an old, quiet star with a rotation 
period of 42 days that shows, on rare occasions, variability at the  
6-millimagnitude level, corresponding to <1% coverage in star spots13. 
The periodic modulation that we observe is equal to the planetary 
orbital period and has a shape that remains consistent over the 4 weeks 
of the Spitzer observations. At infrared wavelengths, the effect of star-
spots on the photometry is markedly reduced14, but it is still possible 
that 1% spot coverage could produce a signal of the order of 200 p.p.m. 
However, the periodicity of the signal produced by such a starspot 
would be similar to the stellar rotation.

We also investigate the amplitude of the ellipsoidal effects15 caused by 
55 Cancri e on its host star and find an expected amplitude of 0.6 p.p.m. 
The reciprocal effect from the host star on the planet would translate 
to an effect of about 1 p.p.m. (ref. 16). None of these features would 
be detectable in our data set. In addition, ellipsoidal variations have a 
frequency that is twice that of the orbital period of the planet. For these 
two reasons, we discard the possibility that ellipsoidal variations are at 
the origin of the observed signal.

An alternative way to mimic the orbital phase curve would be a 
scenario in which 55 Cancri e induces starspots on the stellar surface 

via magnetic field interactions, which would produce a photometric 
modulation that is synchronized with the orbital period of the planet17. 
It has been suggested that the amplitude of these interactions increases 
with the ratio of the planetary mass to its orbital semi-major axis17; 
however, currently, there is no robust evidence for star–planet inter-
actions even for planets with masses of 3–5 that of Jupiter on 0.9– 
5-day orbital periods. 55 Cancri e is an exoplanet with a mass of 0.02 
Jupiter masses in a 0.74-day orbit; considering the large body of work 
on star–planet interactions18, we deem it unlikely that 55 Cancri e could 
induce synchronized starspot patterns on its host star. Therefore, we 
assume in the following that the observed modulation originates from 
the planet itself.

The shape of the phase curve of 55 Cancri e provides constraints on 
the thermal brightness map of the planet. The phase-curve amplitude 
translates to a warmest-hemisphere-averaged brightness temperature 
of −

+2,697 K275
268  at 4.5 µm, and a coolest-hemisphere-averaged brightness 

temperature of −
+1,376 K451

344 . We find that the hot spot is centred on the 
meridian located 41° ± 12° east of the substellar point. We longitudi-
nally map the dayside of 55 Cancri e using an MCMC implementa-
tion19. This method was developed to map exoplanets and to mitigate 
the degeneracy between the planetary brightness distribution and the 
system parameters. We model the planetary dayside using two different 
prescriptions, similar to a previous study20. In the first model, we use a 
single longitudinal band (Fig. 2, left) with a position and width that are 
adjusted in the MCMC fit. The second model is similar to the ‘beach-
ball model’21 that uses three longitudinal bands with fixed positions 
and widths (Fig. 2, right). In both cases, the relative brightness between 
each longitudinal band is adjusted in the MCMC fit.

The large day–night temperature difference of more than 1,300 K 
indicates a lack of strong atmospheric circulation redistributing energy 
from the dayside to the nightside of the planet. Such a large contrast 
could potentially be explained by the extremely high stellar irradiation  
received on the dayside, owing to which the radiative timescale might 
be shorter than the advective timescale, as has been suggested for highly 
irradiated hot Jupiters, which have H2-dominated atmospheres22.  
However, the mass, radius and temperature of the planet are inconsistent  
with the presence of an H2-dominated atmosphere7,23, which is sup-
ported by the non-detection of H absorption in the Lyman-α24 region 
of the spectrum, although an atmosphere with a higher mean molecular 
weight cannot be ruled out. It is possible that a high-mean-molecular- 
weight atmosphere of 55 Cancri e, for example, consisting largely of 
H2O or CO2, could also have a lower radiative timescale compared 
to the advective timescale, thereby explaining the inefficient circula-
tion. However, the observed brightness temperature is unexpectedly 
high for such an explanation, because H2O and CO2 both have sub-
stantial opacity in the IRAC 4.5-µm bandpass, owing to which the 
upper, cooler regions of the atmosphere are probed preferentially.  
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Figure 1 | 55 Cancri e Spitzer/IRAC 4.5-µm phase curve. Photometry for 
all eight data sets combined and folded onto the 0.74-day orbital period 
of 55 Cancri e. The black filled circles represent the relative flux (Fp/F!) 
variation in phase and are data binned per 15 min. The best-fit model 
using a three-longitudinal-band model is shown in red; the best-fit model 
using a one-longitudinal-band model is shown in blue. The error bars are 
the standard deviation of the mean within each orbital-phase bin.
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Figure 2 | Longitudinal brightness maps of 55 Cancri e. Longitudinal 
brightness distributions as retrieved from the Spitzer/IRAC 4.5-µm phase 
curve. The planetary dayside is modelled using two prescriptions. a, One-
longitudinal-band model, with the band position, width and brightness 
adjusted in the fit. b, Three-longitudinal-band model, with the band 

positions and widths fixed, but their relative brightnesses adjustable. The 
colour scales indicate the planetary brightness normalized to the stellar-
average brightness and the brightness temperature for each longitudinal 
band.
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Figure 1.7: Top left: Transmission spectrum of the hot Jupiter WASP-12b, obtained with the Hubble Space
Telescope, with best-fit model spectra shown for comparison. A water absorption band is visible around 1.4 µm,
corresponding to a maximum in the transit depth. Figure adapted from Kreidberg et al. (2015). Bottom left:
Thermal emission phase curve of the super-Earth 55 Cancri e, obtained with the Spitzer Space Telescope at
4.5 µm. The observed brightness temperature changes with the phases of the planet and peaks shortly before
the secondary eclipse. Figure adopted from Demory et al. (2016). Right: Artist’s rendition of the hot Jupiter
51 Peg b which was the first exoplanet discovered around a sun-like star. The planet orbits its star every four
days and is about half the mass of Jupiter. (Credit: NASA)

to mainly gas giants with high temperatures and large scale heights, either by a strong
irradiation field from their host star (see right image in Fig. 1.7) or because of their young
age which makes them self-luminous. Obtaining spectra of exoplanet atmospheres requires
highly accurate measurements such that typically space telescopes and large, ground-based
telescopes are employed (Crossfield 2015).

The wavelength-dependent size of a planet can be measured during a primary transit
(Charbonneau et al. 2002), a so-called transmission spectrum (Seager et al. 2000), which
is sensitive to the absorption features of the chemical species in the upper part of the
atmosphere along the day-night terminator (Pont et al. 2013; Sing et al. 2016). The top left
panel in Fig. 1.7 displays a near-infrared transmission spectrum of WASP-12b, a hot Jupiter
with an orbital period of 1.1 days and an equilibrium temperature of 2500 K (Kreidberg
et al. 2015). The secondary eclipse can be used to measure an emission spectrum in the
infrared which probes the thermal structure and composition from the day side of the
planet, revealing absorption (or emission in case of a thermal inversion) features from
deeper atmospheric layers (Charbonneau et al. 2008; Grillmair et al. 2008; Swain et al.
2009). The phases of a planet provide spatial information about the atmosphere as the
amount of reflected (optical) and thermal (infrared) radiation changes with the orbit of the
planet. A 1D longitudinal brightness map can be created of short-period planets (Knutson
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et al. 2007; Stevenson et al. 2014) which are expected to be tidally locked with their host
star (Bodenheimer et al. 2001). Such phase curves yield insight into the atmospheric
dynamics (Showman et al. 2009; Zellem et al. 2014) and presence of inhomogeneous
clouds (Demory et al. 2013). The bottom left panel of Fig. 1.7 shows a phase curve of
the hot super-Earth 55 Cancri e. The brightness of the planet’s thermal emission changes
along its orbit with a maximum shortly before the secondary eclipse, that is, eastward
shifted with respect to the substellar point by efficient energy circulation (Demory et al.
2016). The detection of molecules and orbital motion is also possible at high resolution
with Doppler spectroscopy (Brogi et al. 2012; Birkby et al. 2013), revealing imprints of the
atmospheric dynamics (Snellen et al. 2010) and rotation of a planet (Snellen et al. 2014).
Emission spectra of long-period, self-luminous planets are accessible with high-contrast
observations which are the topic of the next section.

1.3 High-contrast observations

For decades, the inference about the structure and evolution of protoplanetary disks, as
well as the distribution and properties of the building blocks of planets was largely based on
observational constraints from spatially-unresolved observations such as photometry and
spectroscopy, or low-spatial resolution imaging. Also the detection of exoplanets has been
mostly achieved via indirect observations. During the years, tremendous advances have
been made in the development and construction of large, ground-based telescope facilities
and state-of-the art instrumentation (Oppenheimer & Hinkley 2009; Traub & Oppenheimer
2010; Mawet et al. 2012). This has opened a pathway to resolve substructures in nearby
(® 200 pc) protoplanetary disks and characterize the direct light coming from gas giant
exoplanets (Absil & Mawet 2010; Quanz 2015; Crossfield 2015). In Chapters 3 till 7,
we use scattered light images obtained with VLT/SPHERE to study the structure of four
protoplanetary disks, as well as the dust properties in their surface layers. In this section,
I will highlight some of the recent scientific output of high spatial resolution observations,
with a focus on high-contrast imaging of disks and planets. Furthermore, I will provide a
brief description of the SPHERE instrument and the related differential imaging techniques.

1.3.1 The era of high-resolution disk observations

High-resolution observations of scattered light in the optical and near-infrared, as well as
the dust continuum and molecular lines in the (sub)millimeter, are currently revolutionizing
our understanding on physical and chemical processes occurring in protoplanetary disks.
So far, the scientific haul of spatially-resolved observations has revealed substructures in
most disks whereas smooth distributions of dust and gas seem exceptional. Gaps, cavities,
spiral arms, and vortices have been commonly detected (van der Marel et al. 2013; Grady
et al. 2013; Quanz et al. 2013b; ALMA Partnership et al. 2015) which are possibly related
to disk and dust evolution processes (see Sect. 1.1.2).
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Figure 1.8: High spatial resolution observations of radial substructures in protoplanetary disks. Left:
VLT/SPHERE polarized scattered light image of TW Hya (59.5 pc) in the H band (van Boekel et al. 2017). Right:
ALMA continuum image of HL Tau (140 pc) at 1.3 mm (ALMA Partnership et al. 2015).

Protoplanetary disks are optically thick at short wavelengths, therefore, scattered light
observations trace the distribution of micron-sized dust grains in the surface layer of the
disk which are dynamically coupled to the gas. Continuum (sub)millimeter observations
on the other hand are sensitive to the millimeter-sized pebbles in the midplane because at
those wavelengths the disk is largely optically thin. High spatial resolution is achieved by
employing large, optical telescopes or long-baseline interferometers. The extreme adaptive
optics system of VLT/SPHERE yields a typical angular resolution of 40 mas in the J band
(Chapter 5), close to the diffraction limit (38 mas) of a 8.2 m aperture. The diffraction
limit of a circular aperture is formulated by the Rayleigh criterion, θ = 1.22λ/D with λ
the photon wavelength and D the mirror diameter.

The newest generation of high-contrast imaging instruments enable a spatial resolution
of 4–10 au in the nearest star-forming regions (Avenhaus et al. 2017), similar to the long-
baseline capabilities of ALMA (ALMA Partnership et al. 2015). Combining spatially-resolved
scattered light and (sub)millimeter observations provides a detailed map of the radial and
vertical disk structure through the different dust populations, as well as molecular gas
species. Figure 1.8 displays two protoplanetary disks that have been observed with high
spatial resolution, both revealing a wealth of radial substructure. The left panel shows
the protoplanetary disk around the nearest T Tauri star (59.5 pc), TW Hya, in polarized
scattered light (van Boekel et al. 2017). This Class II disk is in a relatively evolved stage
(∼8 Myr), in contrast to the Class I-II disk around HL Tau (140 pc), displayed in the right
panel, which is still embedded in an extended envelope such that the disk structure is only
accessible at (sub)millimeter wavelengths (ALMA Partnership et al. 2015).

The interpretation of scattered light images can be non-trivial as the surface brightness
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is determined by a combination of the disk structure, dust properties, and illumina-
tion/shadowing effects. The vertical distribution of dust is mainly set by the local surface
density, temperature, and turbulence (see Sect. 1.1.1). These parameters depend on the
radial position in the disk, consequently they affect the radial variation in the height of
the scattering surface, that is, where the stellar photons reach an optical depth of unity.
Increasing the dust mass, flaring of the pressure scale height, or the turbulence will in-
crease the geometrical cross section of the disk surface and thereby the scattered light flux.
For inclined disks, the scattering properties of the dust grains are also important because
both the angular scattering probability and the polarization efficiency depend on the local
scattering angle (West et al. 1997; Min et al. 2005; Hovenier & Muñoz 2009). While the
phase function typically peaks in forward direction, the single scattering polarization of
silicate grains peaks at a scattering angle of 90◦ (Mishchenko et al. 2000; Volten et al. 2001;
Min et al. 2016). Finally, the surface brightness is affected by illumination/shadowing
effects as the stellar light might traverse a region of locally enhanced optical depth before
scattering of the disk surface further outward (Dullemond & Monnier 2010). Extinction
of the stellar radiation can occur both in the innermost disk regions and at larger radii,
depending on the radial and vertical disk structure (Chapter 5; Wisniewski et al. 2008).

Combined constraints from the spectral energy distribution (SED), scattered light im-
agery, and the resolved thermal (sub)millimeter continuum yield a detailed inference about
the disk structure, dust distribution, and grain properties, thereby providing constraints
on the origin of resolved substructures and the driving disk processes. For example, the
discrepancy of a cavity radius resolved in the (sub)millimeter continuum and in scattered
light may point to the effect of planet-induced dust filtration (Zhu et al. 2012; Garufi
et al. 2013) which can be used as an indirect diagnostic of the related planet mass (de
Juan Ovelar et al. 2013). The disk height can be measured by fitting ellipses to concentric
substructures such as rings and gaps in the scattering surface of inclined disks (Chapter 6;
de Boer et al. 2016) while the thickness of a warped inner disk can be determined from the
width of the casted shadow lanes (Chapter 7). Scattered light gaps that have been opened
by forming planets provide indirect constraints on the planet mass and disk structure
through their location, width, and depth (van Boekel et al. 2017; Dong & Fung 2017b).
The wavelength-dependent scattering efficiency of the disk yields information on the
dust properties in the disk surface (Chapter 4; Mulders et al. 2013a) while an azimuthal
modulation of the surface brightness could be imprinted by the scattering phase function,
possibly intertwined with the polarization efficiency (Murakawa 2010; Min et al. 2012).
For inclined disks, the phase function can be measured by taking into account the geometry
of the disk surface (Chapter 3).

1.3.2 Direct detection and characterization of exoplanets

About a dozen of self-luminous exoplanets have been directly detected (Chauvin et al.
2004; Marois et al. 2008; Lagrange et al. 2009) and even more companions near the
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Images of a fourth planet orbiting HR 8799
Christian Marois1, B. Zuckerman2, Quinn M. Konopacky3, Bruce Macintosh3 & Travis Barman4

High-contrast near-infrared imaging of the nearby star HR 8799
has shown three giant planets1. Such images were possible because
of the wide orbits (.25 astronomical units, where 1 AU is the Earth–
Sun distance) and youth (,100 Myr) of the imaged planets, which
are still hot and bright as they radiate away gravitational energy
acquired during their formation. An important area of contention
in the exoplanet community is whether outer planets (.10 AU) more
massive than Jupiter form by way of one-step gravitational instabil-
ities2 or, rather, through a two-step process involving accretion of a
core followed by accumulation of a massive outer envelope com-
posed primarily of hydrogen and helium3. Here we report the pres-
ence of a fourth planet, interior to and of about the same mass as the
other three. The system, with this additional planet, represents a
challenge for current planet formation models as none of them can
explain the in situ formation of all four planets. With its four young
giant planets and known cold/warm debris belts4, the HR 8799
planetary system is a unique laboratory in which to study the forma-
tion and evolution of giant planets at wide (.10 AU) separations.

New near-infrared observations of HR 8799, optimized for detecting
close-in planets, were made at the Keck II telescope in 2009 and 2010.
(See Table 1 for a summary.) A subset of the images is presented in
Fig. 1. A fourth planet, designated HR 8799e, is detected at six different
epochs at an averaged projected separation of 0.3680 6 0.003’’
(14.5 6 0.4 AU). Planet e is bound to the star and is orbiting anticlock-
wise (see Fig. 2), as are the three other known planets in the system. The
measured orbital motion, 46 6 10 mas yr21, is consistent with a roughly
circular orbit of semimajor axis (a) 14.5 AU with a ,50-year period.

Knowledge of the age and luminosity of the planets is critical for
deriving their fundamental properties, including mass. In 2008 we
used various techniques to estimate an age of 60 Myr with a plausible

range between 30 and 160 Myr (here we represent this as 60z100
{30 Myr),

consistent with an earlier estimate of 20–150 Myr (ref. 5). Two recent
analyses (R. Doyon et al., and B. Zuckerman et al., manuscripts in
preparation) independently deduce that HR 8799 is very likely to be
a member of the 30 Myr Columba association6. This conclusion is
based on common Galactic space motions and age indicators for stars
located between the previously-known Columba members and HR
8799. The younger age suggests smaller planet masses, but to be con-
servative, we use both age ranges (30z20

{10 Myr (Columba association)
and 60z100

{30 Myr1) to derive the physical properties of planet e.

Table 1 | HR 8799e astrometry, photometry and physical
characteristics
Epoch, band, wavelength Separation [E, N] from the host star

2009 Jul. 31, Kp band 2.124 mm (60.0190) [20.2990, 20.2170]
2009 Aug. 1, L9 band 3.776 mm (60.0130) [20.3030, 20.2090]
2009 Nov. 1, L9 band 3.776 mm (60.0100) [20.3040, 20.1960]
2010 Jul. 13, Ks band 2.146 mm (60.0080) [20.3250, 20.1730]
2010 Jul. 21, L9 band 3.776 mm (60.0110) [20.3240, 20.1750]
2010 Oct. 30, L9 band 3.776 mm (60.0100) [20.3340, 20.1620]

Parameter Value

Projected separation, avg. from all epochs* (AU) 14.5 6 0.4
Orbital motion (arcsec yr21) 0.046 6 0.010
Period for a face-on circular orbit (yr) ,50
DKs 2.146 mm{ (mag) 10.67 6 0.22
DL9 3.776 mm{ (mag) 9.37 6 0.12
Absolute magnitude at 2.146 mm, MKs (mag) 12.93 6 0.22
Absolute magnitude at 3.776 mm, ML’ (mag) 11.61 6 0.12
Luminosity (log L[) 24.7 6 0.2
Mass for 30z20

{10 Myr (MJup) 7z3
{2

Mass for 60z100
{30 Myr (MJup) 10z3

{3

*The projected separation error (in AU) also accounts for the uncertainty in the distance to the star.
{Planet-to-star flux ratios, expressed as difference of magnitude. No reliable photometry was derived
for the Kp-band 2009 Jul. 31 data.

1National Research Council Canada, Herzberg Institute of Astrophysics, 5071 West Saanich Road, Victoria, British Columbia V9E 2E7, Canada. 2Physics & Astronomy Department, University of California,
Los Angeles, California 90095, USA. 3Lawrence Livermore National Laboratory, 7000 East Avenue, Livermore, California 94550, USA. 4Lowell Observatory, 1400 West Mars Hill Road, Flagstaff, Arizona
86001, USA.
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Figure 1 | HR 8799e discovery images. Images of HR 8799 (a star at
39.4 6 1.0 pc and located in the Pegasus constellation) were acquired at the
Keck II telescope with the Angular Differential Imaging technique (ADI)22 to
allow a stable quasi-static point spread function (PSF) while leaving the field-of-
view to rotate with time while tracking the star in the sky. The ADI/LOCI22,23

SOSIE software24 was used to subtract the stellar flux, and to combine and flux-
calibrate the images. Our SOSIE software24 iteratively fits the planet PSF to
derive relative astrometry and photometry (the star position and its
photometry were obtained from unsaturated data or from its PSF core that was
detectable through a flux-calibrated focal plane mask). a, An L9-band image
acquired on 21 July 2010; b, a Ks-band image acquired on 13 July 2010 (arrows
in a and b point towards planet e); c, an L9-band image acquired on 1 November
2009. All three sequences were ,1 h long. No coronagraphic focal plane mask
was used on 1 November 2009, but a 400-mas-diameter mask was used on 13
July and 21 July 2010. HR 8799e is located southwest of the star. Planets b, c and
d are seen at respective projected separations of 68, 38 and 24 AU from the
central star, consistent with roughly circular orbits at inclinations of ,40u (refs
11–13). Their masses (7, 10 and 10 MJup for b, c and d for 60 Myr age1; 5, 7 and
7 MJup for 30 Myr age) were estimated from their luminosities using age-
dependent evolutionary models25. North is up and east is left.
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Fig. 11. The plot shows the petitCODE cloudy model interpolated to the parameters best describing the data according to the posterior probability
distribution (black line), as well as the SPHERE spectrophotometric data and the GPI H-band spectrum and L’ data point from Macintosh et al.
(2015). Notice that for photometric data points the x-errorbar does not reflect uncertainties, but the filter width. The gray lines represent 32
randomly drawn samples from the posterior probability distribution to reflect the spread of plausible model parameter combinations that fit the
data. Photometric points describe the average flux in the respective filter, whereas the orange points describe the average flux in the respective filter
for the best fitting model. The residuals are shown in multiples of 1� uncertainties of the data.

population, and one to an intermediate warm-start population.
In the hot-start case, energy from the accretion shock is not radi-
ated away e�ciently and is deposited in the planet. In the cold-
start case, all energy from gas accretion is radiated away, fur-
thermore core-masses are restricted to < 17 MEarth to mimic the
traditional cold-start model by Marley et al. (2007). The warm
start population is similar to the cold start population in terms
of accretion physics, but allows higher core-masses, which in
turn leads to more energy deposition during the growth of the
planet (Mordasini 2013). A similar result would be achieved by
allowing for a spread in the radiation e�ciency of the accretion
shock. We can see that the observed luminosity range excludes
the traditional cold-start model, but includes both objects of the
hot- and warm-start case, with a large spread in masses. Small
masses between 2.4 and 5 MJ are preferred in the hot-start case,
whereas a big spread of masses between 2.4 and 12 MJ are possi-
ble in the warm-start case. While in this synthesis model objects
with smaller mass are more common in this luminosity range,
big masses are not excluded from the point of view of the forma-
tion model.
The above discussion and Fig. 13 exemplify the problem of de-

termining the mass of directly imaged exoplanets in the absence
of low-mass and cool benchmark objects with independent mass
measurement. In the two approaches, using the measured lumi-
nosity together with evolutionary models gives a statistical pic-
ture of the distribution of planets resulting from the planet forma-
tion synthesis modeling approach, and allows for a wide range
of masses for the given age and luminosity, depending strongly
on the accretion physics assumed. In principle, the mass derived
from the surface gravity and radius are more constraining, but
depend strongly on the atmospheric model assumptions, which
in case of cold and cloudy objects have still many uncertain-
ties. Assuming the model physics represent the real nature of the
planet, the determined log g and radius is more consistent with
a more massive planet that would be expected based on hot-start
evolution models. It should be mentioned, however, that we can
rule out the brown dwarf regime, as brown dwarfs at this age
we would expect to see a significantly larger radius, due to their
deuterium burning as additional heat source.
In conclusion it can be said that both mass estimates are highly
model dependent and there are multiple big sources of uncer-
tainty in both approaches. For atmospheric models it is possible
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Fig. 11. The plot shows the petitCODE cloudy model interpolated to the parameters best describing the data according to the posterior probability
distribution (black line), as well as the SPHERE spectrophotometric data and the GPI H-band spectrum and L’ data point from Macintosh et al.
(2015). Notice that for photometric data points the x-errorbar does not reflect uncertainties, but the filter width. The gray lines represent 32
randomly drawn samples from the posterior probability distribution to reflect the spread of plausible model parameter combinations that fit the
data. Photometric points describe the average flux in the respective filter, whereas the orange points describe the average flux in the respective filter
for the best fitting model. The residuals are shown in multiples of 1� uncertainties of the data.

population, and one to an intermediate warm-start population.
In the hot-start case, energy from the accretion shock is not radi-
ated away e�ciently and is deposited in the planet. In the cold-
start case, all energy from gas accretion is radiated away, fur-
thermore core-masses are restricted to < 17 MEarth to mimic the
traditional cold-start model by Marley et al. (2007). The warm
start population is similar to the cold start population in terms
of accretion physics, but allows higher core-masses, which in
turn leads to more energy deposition during the growth of the
planet (Mordasini 2013). A similar result would be achieved by
allowing for a spread in the radiation e�ciency of the accretion
shock. We can see that the observed luminosity range excludes
the traditional cold-start model, but includes both objects of the
hot- and warm-start case, with a large spread in masses. Small
masses between 2.4 and 5 MJ are preferred in the hot-start case,
whereas a big spread of masses between 2.4 and 12 MJ are possi-
ble in the warm-start case. While in this synthesis model objects
with smaller mass are more common in this luminosity range,
big masses are not excluded from the point of view of the forma-
tion model.
The above discussion and Fig. 13 exemplify the problem of de-

termining the mass of directly imaged exoplanets in the absence
of low-mass and cool benchmark objects with independent mass
measurement. In the two approaches, using the measured lumi-
nosity together with evolutionary models gives a statistical pic-
ture of the distribution of planets resulting from the planet forma-
tion synthesis modeling approach, and allows for a wide range
of masses for the given age and luminosity, depending strongly
on the accretion physics assumed. In principle, the mass derived
from the surface gravity and radius are more constraining, but
depend strongly on the atmospheric model assumptions, which
in case of cold and cloudy objects have still many uncertain-
ties. Assuming the model physics represent the real nature of the
planet, the determined log g and radius is more consistent with
a more massive planet that would be expected based on hot-start
evolution models. It should be mentioned, however, that we can
rule out the brown dwarf regime, as brown dwarfs at this age
we would expect to see a significantly larger radius, due to their
deuterium burning as additional heat source.
In conclusion it can be said that both mass estimates are highly
model dependent and there are multiple big sources of uncer-
tainty in both approaches. For atmospheric models it is possible
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Figure 1.9: Left: Emission spectrum of 51 Eri b, a self-luminous gas giant with a mass of∼9 MJup and a projected
separation of 13 au. The Y - to Ks-band data points are obtained with VLT/SPHERE, revealing several water
and methane absorption bands. Best-fit model and randomly drawn samples from the posterior probability
distribution are shown for comparison. Figure adapted from Samland et al. (2017). Right: Four gas giant
exoplanets orbiting HR 8799 (39.4 pc). The central star is subtracted with a combination of the angular
differential imaging technique and image post-processing, revealing the planets in the L′ band with a typical
planet-to-star contrast of 10−4. The orbital distances from the star range from 15 au to 68 au. Figure adapted
from Marois et al. (2010).

deuterium-burning limit (Bowler 2016). Direct imaging provides observational clues on
the occurrence rate, formation and evolution, and atmospheric structure and composition
of long-period companions. The four gas giants orbiting HR 8799 (see right image in
Fig. 1.9) were the first directly imaged exoplanets of a main-sequence star (Marois et al.
2008, 2010). Since then, the system has been subjected to detailed atmospheric and
orbital characterization (Skemer et al. 2014; Bonnefoy et al. 2016; Wertz et al. 2017).
The left panel of Fig. 1.9 shows the spectral energy distribution of 51 Eri b (Samland et al.
2017), a directly imaged gas giant discovered by Macintosh et al. (2015).

The main challenges are the small angular separations involved and the large brightness
contrast between planet and star. Therefore, direct imaging observations are limited
to young gas giants because those planets are still luminous in the near-infrared by
gravitational contraction which releases heat into their atmospheric envelope. The first
directly imaged exoplanet was detected in a brown dwarf system at a separation of 778 mas
(∆H = 5.7 mag; Chauvin et al. 2004). Tremendous progress has been made since then,
allowing for the detection of fainter companions at smaller separations such as the brown
dwarf HD 206893 B at a separation of 270 mas from the primary (∆H = 11.1 mag; Milli
et al. 2017a). From a technical perspective, the brightness of the central star is also
important to ensure a sufficient wavefront correction by the adaptive optics system such
that a high Strehl ratio is reached in the near-infrared.

Planet masses can not be measured in most cases and have to be estimated by comparing
the observed luminosity with those from evolutionary models which requires a handle
on the age of the system (Bowler 2016). The cooling of a planet over time depends on
its formation mechanism and the efficiency by which the accretion entropy is radiated
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away. Hot-start models represent the most luminous cases (Baraffe et al. 2003; Saumon
& Marley 2008), corresponding to the most optimistically low mass estimates, thereby
mimicking the the evolution of planets formed through gravitational instabilities or cloud
fragmentation. Cold-start models invoke a rapid loss of initial entropy, as expected for
planets formed through core accretion which radiate the gravitational potential energy
of the infalling gas away via accretion shocks (Marley et al. 2007; Fortney et al. 2008).
Uncertainty in the formation mechanism and system’s age reflect often in a large range of
possible planet masses (Macintosh et al. 2015; Skemer et al. 2016).

A few gas giants have been directly detected in their early formation stage (Quanz
et al. 2013a, 2015). These protoplanets are still embedded in a protoplanetary disks with
ongoing accretion of gas and dust from their environment. The thermal radiation from
their atmosphere peaks at near-infrared wavelengths, yet, the photometry has revealed red
colors which may hint at additional radiation from circumplanetary material (Zhu 2015).
Another way to search for forming planets is with high-contrast Hα imaging. Shocks of
accreting gas on the protoplanet atmosphere will ionize the hydrogen gas and Hα radiation
is emitted on recombination, similar to low-mass stars, of which a first detection has been
claimed in the protoplanetary disk surrounding LkCa 15 (Sallum et al. 2015).

Scattered light from planetary atmospheres is linearly polarized due to scattering of
molecules and cloud particles (Hansen & Travis 1974). Polarization is a complementary
diagnostic for atmospheric characterization which has been demonstrated for the planets
in the Solar System (Hansen & Hovenier 1974; Schmid et al. 2006). The unique optical
capabilities of SPHERE/ZIMPOL provide the opportunity to search for the polarized
reflected light signature of gas giants orbiting the nearest and brightest stars. The ratio of
the polarized and total flux changes with the orbital phase and wavelength, a potential
pathway for the characterization of clouds and hazes in exoplanet atmospheres (Stam et al.
2004; Karalidi & Stam 2012). High-contrast polarimetric imaging in the near-infrared
may probe the presence of horizontal asymmetries in the atmospheres of self-luminous
planets for example due to oblateness, non-uniform clouds, or a circumplanetary disk
(Chapter 2; Marley & Sengupta 2011; de Kok et al. 2011). Although both methods are still
awaiting a positive detection because direct polarimetric imaging of exoplanets is a highly
challenging endeavor, the newest generation of high-contrast imaging instruments may
provide the required contrast, angular resolution, and sensitivity to successfully achieve
this goal.

1.3.3 The SPHERE instrument at the Very Large Telescope

The installment of a new generation of high-contrast imaging instruments at the largest
ground-based telescopes in the world is providing the field of direct imaging with a
tremendous leap forward. Dedicated imagers for planets and disks such as SPHERE at the
Very Large Telescope (Beuzit et al. 2008), GPI at the Gemini South Telescope (Macintosh
et al. 2008), and SCExAO at Subaru (Guyon et al. 2010) employ extreme adaptive optics
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Figure 1.10: Left: European Southern Observatory’s Very Large Telescope facility at Cerro Paranal in Chile. The
picture shows the four unit telescopes (UTs) of which the primary mirrors are 8.2 m. (Credit: ESO) Right: The
SPHERE instrument mounted at the Nasmyth A focus of UT3. (Credit: ESO)

(AO) systems and deliver unprecedented point spread function (PSF) stability and contrast
performance (Macintosh et al. 2014; Fusco et al. 2014).

The SPHERE instrument was commissioned at the Very Large Telescope (VLT) in the
Chilean winter of 2014 (see Fig. 1.10). This high-contrast imaging instrument is dedicated
for the search and characterization of young gas giant and brown dwarf companions on
long-period orbits. However, it is also an excellent instrument to spatially resolve the
morphology of circumstellar disks in scattered light (Boccaletti et al. 2015; Thalmann et al.
2016). Light entering the instrument can be branched to three different subinstruments
which are ZIMPOL (Thalmann et al. 2008), an optical imaging polarimeter, IRDIS (Dohlen
et al. 2008), a near-infrared imager and spectrograph, and the IFS (Claudi et al. 2008),
an integral field spectrograph. The complexity of the instrument allows for a wide range
of setups such as dual-band imaging, polarimetry, and long-slit spectroscopy, as well as a
variety of narrowband and broadband filters, and coronagraphs (Boccaletti et al. 2008).
Apart from innovative instrumentation, an important aspect of high-contrast imaging
relates to the observing strategy and post-processing of the data.

A powerful technique for the direct detection of circumstellar disks in scattered light is
polarimetric differential imaging (PDI; Kuhn et al. 2001; Apai et al. 2004a). The technique
relies on the scattering properties of the dust grains in the disk atmosphere which causes
the scattered stellar light to be linearly polarized (see Sect. 1.4.1). Polarimetry requires a
measurement of two orthogonal polarization directions of the light’s electric field which
can be achieved with a Wollaston prism (Lenzen et al. 2003) or a pair of orthogonal
polarizers (Langlois et al. 2014). While the scattered light is partially polarized, the direct
stellar light is typically unpolarized (Kemp et al. 1987) such that a quasi-simultaneous
measurement of the orthogonal polarization states allows for subtraction of the stellar
light, as well as unpolarized diffraction residuals. In this way, the large disk-to-star flux
contrast (typically 10−3–10−2 for a protoplanetary disk) can be overcome thereby revealing
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1.4 Radiative transfer simulations

the morphology of the circumstellar disk (Hashimoto et al. 2011; Quanz et al. 2011).
The Stokes Q and U images are obtained during post-processing, for example with the
double-difference method (Hinkley et al. 2009), which requires an careful treatment of
the centering of the frames and a correction of the instrumental polarization (Canovas
et al. 2011; Avenhaus et al. 2014b).

The direct detection of self-luminous exoplanets is typically achieved with the angular
differential imaging (ADI; Marois et al. 2006b) technique by switching-off the derotator
of an altitude/azimuth telescope. The field of view of the instrument will rotate with
the parallactic angle of the star while the PSF and quasi-static speckles remain stabilized
in the pupil plane. Therefore, a possible companion will appear at a slightly rotated
position with respect to the central star after each detector integration. The star can be
used as reference PSF which is subtracted with sophisticated post-processing techniques
such as a locally optimized combination of images (LOCI; Lafrenière et al. 2007) and
principle component analysis (PCA; Soummer et al. 2012; Amara & Quanz 2012), thereby
revealing the faint thermal emission from young gas giants at high-contrast (10−4–10−6)
and small angular separations (¦100 mas). Also circumstellar disks are routinely detected
in scattered light with ADI but the interpretation can be challenging due to self-subtraction
of centrosymmetric disk signal during post-processing (Milli et al. 2012). Inclined or
azimuthally asymmetric disks suffer least from flux losses, providing access to the Stokes I
scattered light flux (Chaper 6; Janson et al. 2016; Maire et al. 2016; Milli et al. 2017b).

1.4 Radiative transfer simulations

Observations of disks and planets rely on measuring the intensity of light captured by
a telescope. Spatial, spectral, and temporal variations reflect the characteristics of the
observed target but a quantification of its physical properties often requires radiative trans-
fer modeling. Solving the radiative transfer equation in a multidimensional environment
is analytically not possible as the underlying physical processes combine to a nonlocal,
nonlinear problem (Steinacker et al. 2013). Therefore, numerical radiative transfer codes
are commonly used to compute observables such as the spatial- and wavelength-dependent
fluxes and polarization (de Haan et al. 1987; Witt & Gordon 1996; Wood et al. 1996).

The Monte Carlo radiative transfer technique is commonly applied on protoplanetary
disks (Pascucci et al. 2004; Pinte et al. 2009) as it is not limited by the complexity of the
density distribution, computes simultaneously the thermal structure and the observables,
and naturally includes multiple scattering of photons (Whitney 2011; Steinacker et al.
2013). Although the bulk mass of a protoplanetary disk resides in the gas, the dust content
dominates the opacities such that the gas is safely neglected with continuum radiative
transfer. In Chapters 4, 5, and 7, I use a Monte Carlo continuum radiative transfer code,
MCMax3D, that is optimized for the high optical depths of protoplanetary disks (Min et al.
2009).
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The gas plays a prominent role in planetary atmospheres which introduces an additional
complication as many millions of temperature-dependent molecular lines have to be
considered (Sharp & Burrows 2007; Freedman et al. 2008). There are two subclasses
of radiative transfer models for (exo)planetary atmospheres: forward models that apply
self-consistent physics and chemistry to solve the 1D structure of the atmosphere including
the pressure-temperature (P-T) profile, molecular mixing ratios, and cloud properties
(Burrows et al. 1997; Marley & Robinson 2015), and retrieval models which apply a
statistic framework to constrain the atmospheric properties backwards from the data
while setting priors that allow for a less restricted, not necessarily physical, atmospheric
structure (Madhusudhan & Seager 2009; Line et al. 2013). In Chapter 2, we undertake a
semi-forward approach to investigate the effect of non-uniform clouds and circumplanetary
disks on the spatially-integrated polarization signal from self-luminous exoplanets.

In this section, I will provide a basic background on scattering, polarization, and
opacities, as well as the Monte Carlo radiative transfer technique.

1.4.1 Scattering, polarization and opacities

Light is an electromagnetic field that is described by the Maxwell equations (Jackson
1962). Its state is characterized by the four Stokes parameters which are the total intensity
(Stokes I), linearly polarized intensity (Stokes Q and U), and circularly polarized intensity
(Stokes V ) (Chandrasekhar 1960). The linear and circular component are zero when
the light is unpolarized, for example the light coming from a distant star (Gehrels 1974).
Elastic scattering by molecules, dust grains, or cloud particles will change the polarization
state by introducing a partially fixed direction in which the electric field oscillates (Hovenier
et al. 2004). The fraction of linearly polarized light with respect to the total amount of
light is referred to as the degree of polarization, P =

p

Q2 + U2/I , which reflects the
microscopic properties of the scatterers (Bohren & Huffman 1983; Mishchenko et al. 2000,
2002).

The angular probability distribution of the light after scattering is described by the
scattering phase function of the particle (Hovenier & Muñoz 2009; Muñoz et al. 2012).
Particles much smaller than the wavelength scatter in the Rayleigh limit which means
that the angular distribution is close to isotropic (Bohren & Huffman 1983). The Rayleigh
scattering cross section decreases as a power law with wavelength, σ∝ λ−4, such that
scattering of stellar photons by molecules is mainly important at visible wavelengths.
Particles comparable to or larger than the wavelength scatter light anisotropically with
the strength of the forward (and backward) peak depending on the relative size of the
particle (Mishchenko et al. 2000; Min et al. 2016). Forward scattering by dust grains in
a circumstellar disk manifests as a brightness asymmetry of the near and far side of an
inclined disk (Chapter 6; Thalmann et al. 2014).

In polarized light, the additional effect of the single scattering polarization has to be
considered which describes the scattering angle dependent polarization efficiency. The

22



1.4 Radiative transfer simulations

10 1 100 101 102 103

Wavelength [micron]

10 1

100

101

102

103

104

105

106

O
pa

ci
ty

 [c
m

2 /
g]

amin = 0.1 m, amax = 1 m
amin = 1 m, amax = 10 m
amin = 0.1 mm, amax = 1 mm

0 20 40 60 80 100 120 140 160 180

Scattering angle [degrees]

10 3

10 2

10 1

100

101

102

103

Ph
as

e 
fu

nc
tio

n

amin = 0.01 m, amax = 0.1 m
amin = 0.5 m, amax = 5 m
amin = 5 m, amax = 50 m 0.2

0.0

0.2

0.4

0.6

0.8

1.0

Single scattering polarization

0.0

0.2

0.4

0.6

0.8

1.0

Single scattering albedo

Figure 1.11: Scattering properties for different regimes of the dimensionless size parameter, x = 2πa/λ,
calculated with a distribution of hollow spheres (Min et al. 2005). Left: Scattering phase function (solid lines)
and single scattering polarization (dashed lines) at a wavelength of 1.6 µm. Right: Extinction opacity (solid
lines) and single scattering albedo (dashed lines).

fractional polarization peaks often at a scattering angle of 90◦ (West et al. 1997; Petrova
et al. 2000; Hadamcik et al. 2002), however, the efficiency depends on the composition,
size, and structure of the particles. In the Rayleigh limit, the efficiency is bell-shaped with
100% polarization at a scattering angle of 90◦ (Bohren & Huffman 1983). The single
scattering polarization of silicate-rich particles is described by an approximate bell-shaped
curve (Volten et al. 2001; Min et al. 2005), but the peak polarization is typically lower
for larger particles (White 1979). The polarization is also sensitive to the scatterer’s
composition (Muñoz et al. 2006) and structure (Min et al. 2016; Tazaki et al. 2016).

The left panel of Fig. 1.11 shows numerically calculated phase functions and polar-
ization efficiencies in the H-band (1.6 µm) for different size distributions. A mixture or
amorphous silicates and carbon is considered with a porous and irregular grain structure
(Woitke et al. 2016; Dorschner et al. 1995; Zubko et al. 1996) of which the opacities and
scattering matrices are computed by using a distribution of hollow spheres (DHS; Min et al.
2005). Scattering occurs in the Rayleigh limit when 2πa� λ (with a the particle size and
λ the wavelength) and in the limit of geometric optics when 2πa� λ. The extinction
opacity, κext, and single scattering albedo,ω = κscat/κext (with κscat the scattering opacity),
are displayed in the right panel of Fig. 1.11. The opacity decreases at short wavelengths
with increasing particle size while the color changes from blue to gray. Around 10 µm, a
characteristic silicate feature is present (Draine & Lee 1984; Jäger et al. 2003) which is
routinely detected as a broad emission band in the SEDs of protoplanetary disks (Meeus
et al. 2001; van Boekel et al. 2004).

1.4.2 Monte Carlo radiative transfer

Monte Carlo radiative transfer relies on the stochastic nature of photon interactions. The
radiation field is subdivided into many photon packages which all carry an equal amount

23



1 Introduction

MCMax3D

32

35

40 50

60

70
80
90
100

110
12

012
5

13
0

13
2

40%

star

ARTES

Figure 1.12: Left: Raytraced scattered light image (J band) of a Monte Carlo radiative transfer simulation with
MCMax3D (Min et al. 2009). The image has been corrected for the r−2 dilution of the stellar irradiation and the
superimposed contours show the local scattering angle on the disk surface (Chapter 3). Right: Scattered light
image of a planet with zonal clouds and a circumplanetary disk, calculated with ARTES. The vectors denote the
degree and direction of polarization which is either parallel or perpendicular to the plane comprising the star,
planet, and detector.

of energy and propagate through the grid cells of the density structure, for example a
protoplanetary disk or planetary atmosphere. The probability that a photon traverses an
optical depth, τ, without any interaction to a next cell boundary is e−τ such that its fate
can be sampled with a random number generator from a probability distribution (Whitney
2011). Similarly, the scattering probability and the angular distribution of the scattered
light can be sampled by considering the single scattering albedo and scattering matrix,
respectively. The scattering matrix is also used to calculate the photon’s polarization state
after a scattering event (Chandrasekhar 1960).

Photons leaving the grid are projected onto a detector at infinity from which observables
are computed such as spectral energy distributions, images, and phase curves. Alternatively,
the formal solution to the radiative transfer equation can be calculated by tracing rays
along the line of sight if the source function of each grid cell is obtained with the Monte
Carlo photons. The thermal structure can be simultaneously calculated in case the opacities
are temperature independent, following the method by Bjorkman & Wood (2001). An
absorbed photon will supply energy to its grid cells after which a new photon is directly
reemitted at a longer wavelength with an immediate temperature correction. The energy
of the emitted photon matches the temperature and opacity of the grid cell for which the
spectral difference with the cell temperature of the previously absorbed photon is used.
The precision of the thermal structure and the observables is provided by the Poisson
noise which decreases with increasing number of photons, in trade off with an increase in
computation time.

Protoplanetary disks are optically thick at short wavelengths which is a challenge for
the Monte Carlo technique as the number of photon interaction rapidly increases with

24



1.5 Outline of this thesis

optical depth. Min et al. (2009) introduced two methods that decrease the computation
time in high optical depth regions. The modified random walk approximation can be
used to diffuse photons outward in a small number of computational steps instead of
letting the photon follow an inefficient random walk of many steps. The partial diffusion
approximation improves the accuracy of the thermal structure in high optical depth regions
by extrapolating the thermal structure with the diffusion equation from regions with high
photon statistics.

Monte Carlo radiative transfer allows for arbitrary density structures, for example,
protoplanetary disks with gaps, inner disk warps, and spiral arms (Chapter 4; Chapter 7).
The left image in Fig. 1.12 shows a raytraced image of the J -band polarized scattered light
flux from a protoplanetary disk with two radial gaps in its density structure, calculated with
MCMax3D (Min et al. 2009). The image is superimposed with contours of the scattering
angle which are calculated with the method described in Chapter 3, taking into account
the inclination (50◦) and flaring geometry of the scattering surface. The intertwined effect
of the phase function and single scattering polarization of the dust is visible, which peak in
forward direction and around the major axis, respectively. The right image in Figure 1.12
shows a scattered light image of a planet at a phase angle of 76◦ which has been simulated
with ARTES (Chapter 2). The reflected light from the clouds and circumplanetary ring
is polarized in parallel and perpendicular direction, respectively, due to the difference in
sign of the particle’s single scattering polarization.

1.5 Outline of this thesis

The work presented in this thesis aims to investigate protoplanetary disks and self-luminous
exoplanets in scattered light. High-contrast observations are used to probe the surface
morphology of protoplanetary disks, thereby revealing with high-spatial resolution various
substructures that provide insight into the physical processes occurring in protoplanetary
disks, possibly related to planet-disk interactions and other disk evolution processes (Chap-
ters 4, 5, 6, and 7). Three-dimensional radiative transfer simulations are used to obtain
quantitative constraints on the disk structure and dust properties (Chapters 4, 5, and 7).
The phase function of the dust can be retrieved from a scattered light image of an inclined
protoplanetary disk if the underlying surface geometry is known (Chapter 3). Polarized
scattered light yields also information about horizontal variations in the atmospheres of
self-luminous exoplanets, possibly detectable with the latest generation of high-contrast
imaging instruments, which we explore with a new scattering radiative transfer code for
(exo)planetary atmospheres (Chapter 2).

In Chapter 2, we present a 3D Monte Carlo radiative transfer code, ARTES, that is
developed for scattering simulations in (exo)planetary atmospheres. Spectra, phase curves,
and images can be calculated for reflected and thermal radiation from an atmospheric
structures with an arbitrary opacity distribution. We calculate the disk-integrated degree
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and direction of polarization for self-luminous exoplanets with horizontal cloud variations
and circumplanetary disks by using a parameterized atmospheric structure but a full
treatment of multiple scattering and polarization.

In Chapter 3, we lay out a numerical method to map scattered light images of inclined
and flaring protoplanetary disks to physical quantities. Projection effects of the scattering
surface are important for the calculation of stellar irradiation corrected images and the
retrieval of dust phase functions. The method is applied on archival SPHERE and NACO
data of the protoplanetary disk around HD 100546, yielding new insights about the grain
properties in the disk surface.

In Chapter 4, we present multiwavelength polarized scattered light imagery of the
transition disk around HD 135344B, obtained with VLT/SPHERE. Several localized shadows
are discovered, likely related to asymmetries in the innermost disk regions. We explore the
effect of shadowing by an inner disk warp with a radiative transfer model. A measurement
of the disk color yields an estimate of the typical grain sizes in the disk surface. The
origin of the spiral arms and the asymmetric submillimeter emission are also analyzed
and discussed.

In Chapter 5, we continue with a multi-epoch followup study on HD 135344B in which
the variability of the shadows is in detail investigated by combining scattered light imagery,
photometry, and near-infrared interferometry. The azimuthal and temporal variations
of the scattered light flux provide insight intro the geometry and dynamics of the inner
disk and we discuss several mechanisms that could be attributed to the casted shadows.
A grid of radiative transfer models provides a quantification of the required scale height
variations in the inner disk.

In Chapter 6, we report on VLT/SPHERE scattered light observations of the flaring
protoplanetary disk around HD 97048. Multiple gaps are detected which we discuss in
the context of forming planets. The inclination of the disk allows for a measurement of
the disk height and the dust phase function. Total intensity images are obtained with
angular differential imaging which we additionally use to search for the direct emission
from embedded planets.

In Chapter 7, we present optical and near-infrared scattered light imagery of the
protoplanetary disk around HD 100453. Several substructures and brightness asymmetries
are resolved, including two shadow lanes located close to the onset of the spiral arms. We
construct a radiative transfer model to quantify the misalignment of the inner disk, the dust
properties, and a possible disk truncation. The M dwarf companion might be responsible
for some of the disk features, but we also discuss the possible effect of temperature and
pressure variations induced by the shadows.
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Abstract

Direct imaging has paved the way for atmospheric characterization of young and self-
luminous gas giants. Scattering in a horizontally-inhomogeneous atmosphere causes the
disk-integrated polarization of the thermal radiation to be linearly polarized, possibly
detectable with the newest generation of high-contrast imaging instruments. We aim to
investigate the effect of latitudinal and longitudinal cloud variations, circumplanetary
disks, atmospheric oblateness, and cloud particle properties on the integrated degree and
direction of polarization in the near-infrared. We want to understand how 3D atmospheric
asymmetries affect the polarization signal in order to assess the potential of infrared
polarimetry for direct imaging observations of planetary-mass companions. We have
developed a three-dimensional Monte Carlo radiative transfer code (ARTES) for scattered
light simulations in (exo)planetary atmospheres. The code is applicable to calculations of
reflected light and thermal radiation in a spherical grid with a parameterized distribution
of gas, clouds, hazes, and circumplanetary material. A gray atmosphere approximation is
used for the thermal structure. The disk-integrated degree of polarization of a horizontally-
inhomogeneous atmosphere is maximal when the planet is flattened, the optical thickness
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of the equatorial clouds is large compared to the polar clouds, and the clouds are located
at high altitude. For a flattened planet, the integrated polarization can both increase or
decrease with respect to a spherical planet which depends on the horizontal distribution
and optical thickness of the clouds. The direction of polarization can be either parallel
or perpendicular to the projected direction of the rotation axis when clouds are zonally
distributed. Rayleigh scattering by submicron-sized cloud particles will maximize the
polarimetric signal whereas the integrated degree of polarization is significantly reduced
with micron-sized cloud particles as a result of forward scattering. The presence of a cold
or hot circumplanetary disk may also produce a detectable degree of polarization (®1%)
even with a uniform cloud layer in the atmosphere.
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2.1 Introduction

High-contrast imaging observations have enabled the direct detection of young and self-
luminous gas giant exoplanets at large orbital radii around nearby stars (e.g., Chauvin
et al. 2004; Marois et al. 2008; Lagrange et al. 2009; Rameau et al. 2013c). The thermal
radiation from directly imaged exoplanets is spatially resolved from the central star which
makes them prime targets for atmospheric characterization through photometry (e.g.,
Kuzuhara et al. 2013; Janson et al. 2013), medium- and low-resolution spectroscopy
(e.g., Konopacky et al. 2013; Barman et al. 2015; Macintosh et al. 2015), and high-
resolution spectroscopy combined with adaptive optics (Snellen et al. 2014). Scattering
by atmospheric gases and particles polarizes the planetary radiation, both the thermal
radiation of a planet and the reflected stellar light. The newest generation of high-contrast
imaging instruments, including SPHERE (Spectro-Polarimetric High-contrast Exoplanet
REsearch; Beuzit et al. 2008) and GPI (Gemini Planet Imager; Macintosh et al. 2008),
provide the opportunity to measure the infrared polarization signal from self-luminous
gas giant exoplanets.

Polarimetric observations of planetary atmospheres date back to the pioneering work
on solar system planets by Lyot (1929). The power of polarization of reflected light as a
diagnostic was first demonstrated by Hansen & Hovenier (1974) with their determination
of the composition and size of the cloud particles in Venus’ atmosphere (see also Kattawar
et al. 1971). The potential of this technique to detect and characterize exoplanets in
reflected light has been widely recognized and several authors have provided numerical
and analytical predictions (e.g., Seager et al. 2000; Stam et al. 2004; Buenzli & Schmid
2009; Madhusudhan & Burrows 2012; Karalidi et al. 2013). A first detection of polarized
reflected light from an exoplanet has been claimed for HD 189733b (Berdyugina et al. 2008,
2011), a hot-Jupiter that remains spatially unresolved from its star, but the measurements,
which require the planet to have a very high degree of polarization, have not yet been
confirmed by others (Wiktorowicz 2009; Wiktorowicz et al. 2015; Bott et al. 2016).
Thermal radiation from a planetary atmosphere can also be polarized when it has been
scattered. However, the disk-integrated polarization from the thermal photons will be
negligible unless scattering occurs in an atmosphere that deviates from spherical symmetry
(Sengupta & Marley 2010; Marley & Sengupta 2011; de Kok et al. 2011). Therefore, a
polarization measurement may provide information on the oblateness of an atmosphere
or the presence of horizontal cloud variations (e.g., bands or patches).

Linear polarization of ultracool field dwarfs has been measured in multiple surveys.
For example, Ménard et al. (2002) detected polarization degrees up to 0.2% in the I band
with a potential trend of increasing polarization from late-M to mid-L type dwarfs because
of the presence of larger amounts of dust in the photospheres of cooler dwarfs. The trend
was confirmed by Zapatero Osorio et al. (2005) who measured polarization degrees in
the range of 0.2–2.5% caused by possible cloud inhomogeneities, rotationally-induced
oblateness, or in some cases the presence of a dusty disk or envelope. Near-infrared
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polarimetry by Miles-Páez et al. (2013) showed that the fast rotating dwarfs from their
sample (M7 through T2 spectral types) had on average a larger polarization degree than
the moderately rotating dwarfs (see also Goldman et al. 2009; Tata et al. 2009; Zapatero
Osorio et al. 2011; Miles-Páez et al. 2017). Polarimetric observations of self-luminous gas
giants and brown dwarf companions are technically more demanding than observations
of field dwarfs because of the companion-to-star flux contrast and the small angular
separations involved. Additionally, a companion with a 1% degree of polarization will be
two orders of magnitude fainter in polarized light compared to the total intensity of the
companion at the same wavelength. A recent attempt was made by Jensen-Clem et al.
(2016) who placed with GPI at the Gemini South telescope an upper limit of 2.4% on the
degree of polarization of the T5.5 brown dwarf companion in the HD 19467 system.

Several numerical studies have been undertaken to investigate the effect of atmospheric
asymmetries on the degree of polarization of self-luminous gas giants and brown dwarfs,
showing typical values of linear polarization up to 1–2% in the optical and near-infrared.
Sengupta & Marley (2010) argued that the I -band degree of polarization of field L dwarfs
can be explained by rotationally-induced oblateness and a uniform cloud layer, suggesting
low surface gravity (see also Sengupta & Kwok 2005). The same authors have extended
their work to gas giant exoplanets and pointed out the potential of infrared polarization
measurements of directly imaged planets for the study of their surface gravity and cloud
inhomogeneities (Marley & Sengupta 2011). The effect of horizontal inhomogeneities in
exoplanet atmospheres was studied by de Kok et al. (2011), including the dependence
of the degree of polarization on a temperature gradient in the atmosphere. Furthermore,
the authors pointed out that the angle of polarization yields the direction of the planet’s
projected spin axis in case of zonally symmetric cloud structures. More recently, Sengupta
& Marley (2016) showed that an exomoon transit of a self-luminous gas giant may produce
a change in polarization up to a few tens of percent in the near-infrared.

In this work, we will investigate the effect of 3D atmospheric variations on the disk-
integrated degree and direction of polarization of self-luminous gas giant exoplanets,
in continuing line with the initial work by de Kok et al. (2011) on horizontal inhomo-
geneities. We will use an intrinsic three-dimensional (3D) atmospheric radiative trans-
fer code (ARTES), specifically developed for scattering calculations in (exo)planetary
atmospheres, to study the effect of horizontal cloud variations, circumplanetary disks,
atmospheric oblateness, and cloud particle properties. A gray atmosphere approximation
is used for the thermal structure of the atmosphere, and a simplified parametrization for
the clouds and circumplanetary disks is implemented. This allows us to directly control
the 3D optical depth variations and assess their impact on the polarization signal. The
radiative transfer includes a full treatment of multiple scattering and polarization.

In Sect. 2.2, we provide a basic description of the radiative transfer code and the under-
lying physics. In Sect. 2.3, we explore the effect of atmospheric oblateness, horizontally-
inhomogeneous cloud structures, circumplanetary disks, and cloud particle properties on
the disk-integrated degree and direction of polarization of self-luminous gas giants. In
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Sect. 2.4, we discuss the results and the potential of infrared polarimetry for high-contrast
exoplanet observations. In Appendix 2.A, we demonstrate the precision of ARTES with
the results of multiple radiative transfer benchmark calculations both of thermal radiation
and reflected light. In Appendix 2.B, we compare the calculated emission spectra with
those of a physical atmosphere model. In Appendix 2.C, we investigate the effect of
differential transport of horizontally propagating radiation in an example atmosphere with
non-uniform clouds.

2.2 ARTES: 3D scattering radiative transfer

2.2.1 Code description

The Atmospheric Radiative Transfer for Exoplanet Science1 (ARTES) code applies 3D Monte
Carlo radiative transfer to solve wavelength and phase angle-dependent scattering calcula-
tions in (exo)planetary atmospheres. The code is written in Fortran 90 and parallelized
with OpenMP for use on multi-core processors. The intrinsic 3D setup of ARTES allows for
modeling of arbitrary atmospheric structures without the need for any approximations of
or assumptions on 3D scattering processes occurring in planetary atmospheres.

The thermal structure of the atmosphere is currently not calculated but a pressure-
temperature (P-T) profile can be provided as input from which the volume mixing ratios
and opacities of the gas species are obtained from a pre-calculated grid of opacities (see
Sect. 2.2.6). The gas is assumed to be in hydrostatic equilibrium such that the mass density
of the gas is determined by the P-T profile. Inhomogeneous cloud and haze layers are
included by providing additional opacities to the gas structure of the atmosphere.

Photon packages (hereafter referred to as photons) are emitted from either the stellar
photosphere, for reflected light calculations, or from within the atmosphere of the planet
itself, for thermal emission calculations. ARTES tracks the emitted photons through a
3D spherical grid and photons are being scattered and absorbed by the gas and cloud
particles in the grid cells until a photon is either exiting the atmospheric grid or is being
absorbed. The peel-off technique is applied each time a photon scatters in the atmosphere,
meaning that the photon location is projected on a detector and the energy is accordingly
weighted with the scattering phase function and optical depth (Yusef-Zadeh et al. 1984).
In regions of high optical depth, the modified random walk approximation is used such that
photons can diffuse outward in a small number of computational steps instead of taking
an inefficient random walk (Min et al. 2009). By using many photons, high signal-to-noise
spectra, phase curves, and images can be obtained.

1https://github.com/tomasstolker/ARTES
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2 Polarized scattered light from self-luminous exoplanets

2.2.2 Monte Carlo radiative transfer

Monte Carlo radiative transfer is a powerful method for calculations in multi-dimensional
inhomogeneous environments which has been applied to various astrophysical radiative
transfer problems such as protoplanetary disks, supernovae, molecular clouds, and plane-
tary atmospheres (e.g., Gonçalves et al. 2004; Pinte et al. 2006; Kasen et al. 2006; Hood
et al. 2008). The radiative transfer is computed by stochastically emitting photons and
tracing them along their trajectories while sampling various quantities, such as emission
directions and scattering angles, from probability distribution functions (PDFs). Sampling
of a quantity x0 from a PDF, p(x), is achieved with the normalized cumulative distribution
function (CDF), ψ(x0), which can be calculated by integrating the PDF (e.g., Whitney
2011),

ψ(x0) =

∫ x0

a p(x)d x
∫ b

a p(x)d x
. (2.1)

The inversion of the CDF enables sampling of x0 in the range from a to b with a random
number generator. Depending on the complexity of the PDF, this integral can often not
be solved analytically in which case ARTES samples from pre-tabulated CDFs which are
linearly interpolated.

The precision of a Monte Carlo radiative transfer simulation is determined by the
number of photons that is used. The energy of the photons is conserved when radiative
equilibrium is enforced by directly reemitting photons that have been absorbed (Lucy 1999;
Bjorkman & Wood 2001). In that case, the signal-to-noise ratio (S/N) of the measured
flux is given by S/N = N1/2

det (i.e., the Poisson noise of the photons), where Ndet is the total
number of photons that have arrived on a specific detector pixel. This is not the case in
ARTES, because energy is peeled from the photon packages as they propagate through the
atmospheric grid in order to enhance the S/N. Whenever a thermal photon is emitted or a
scattering event occurs, the photon location and energy are projected toward the detector
with the energy weighted by the optical depth and phase function. Therefore, the error
on the Stokes parameters, δX , is given by the standard error of the sum, δX = σX

p

Ndet,
where σX is the standard deviation of the projected Stokes I , Q, U , and V photons. The
degree of polarization is defined as

P =

p

Q2 + U2

I
, (2.2)

where PI =
p

Q2 + U2 is the polarized intensity. The fractional error on the degree of
polarization is derived by propagating the error on the individual Stokes parameters,

δP
P
=

�

�

δPI
P I

�2

+
�

δI
I

�2
�1/2

, (2.3)
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with the error on the polarized intensity given by

δPI =

�

(QδQ)2 + (UδU)2

2 (Q2 + U2)

�1/2

. (2.4)

Determining the error on the degree of polarization will be important in Sect. 2.3.2 where
we will calculate the disk-integrated polarization signal from self-luminous atmospheres
with scattering asymmetries.

2.2.3 Photon emission and tracking

The Monte Carlo photons are packages of equal amount of energy that are either emitted
from the stellar photosphere or within the planetary atmosphere itself, with an initial
energy of unity. Afterwards, the total amount of energy at the detector plane is scaled to
physical units with the energy per photon package,

Ephoton
λ

=
Lstar/planet
λ

Nphoton
, (2.5)

where Lstar/planet
λ

is the monochromatic luminosity of the star or planet, and Nphoton the
total number of emitted photons. For reflected light calculations, ARTES uses the effective
temperature, Teff, of the star to approximate the emitted stellar flux with a Planck func-
tion, πBλ, at a wavelength λ. For thermal radiation calculations, the photon energy is
determined by the monochromatic luminosity of each grid cell,

Lλ = 4πρiκ
abs
λ Bλ(Ti)Vi, (2.6)

where ρi is the mass density of a cell i, κabs
λ

the absorption opacity, Bλ(Ti) the Planck
function for cell temperature Ti, and Vi the cell volume. The temperature and gas density
in the grid cells is set by the P-T profile. The density of the cloud particles is added
manually and the particles are assumed to have the same temperature as the gas. The
luminosity of each i-th cell is weighted by a factor

Wi =

n
∑

i=1
Viκ

abs
λ

Bλ(Ti)

Viκ
abs
λ

Bλ(Ti)
, (2.7)

where n is the total number of grid cells, and the energy of the emitted photons is weighted
by the reciprocal of Wi. In this way, an equal number of photons is emitted from each cell
while the total energy of the emitted photons over all cells is conserved.

For reflected light calculations, photons are emitted from the stellar photosphere toward
the planetary atmosphere, which is a valid assumption in the case Rp� D, with Rp the
planet radius and D the orbital radius of the planet. The photons are initially unpolarized
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because the stellar integrated flux from a quiet main sequence star is unpolarized down to
a 10−6 fractional polarization level (Kemp et al. 1987). For thermal calculations, a CDF
is constructed from the cell luminosities of the atmospheric grid from which the cell of
emission is sampled for each photon. Next, a random location in the grid cell and an
isotropic emission direction are sampled as starting point. In order to enhance the number
of photons that scatter from high-altitude cloud layers, we use an adjusted probability
function for the thermal emission direction (Gordon 1987),

p(ζ) =
p

1− ε2

π(1+ ε cosζ)
, (2.8)

where ζ is the local polar angle of emission (ζ = 0 corresponds to radially downward and
ζ= π to radially upward) and 0≤ ε < 1 is an input parameter that sets the asymmetry
of the emission direction. A larger value of ε will increase the number of photons that
are emitted in radially upward direction with a weighted Stokes vector to ensure an
isotropically distributed energy flux.

ARTES keeps track of the location and direction of the photons in the atmospheric grid
and determines the distance to a next interaction point. The probability that a photon
traverses an optical depth τ is e−τ, therefore, from Eq. 2.1 it is straightforward to derive
that a random optical depth can be sampled from

τ= − logχ, (2.9)

where χ is a random number between zero and one. The first scattering event is forced
with appropriate weighting of the Stokes vector such that photons scatter at least once in
low optical depth regions (Mattila 1970; Wood & Reynolds 1999). At this point, a few
scenarios are possible which depend on the optical thickness of the atmosphere. First, a
photon can cross the outermost grid boundary without any further interactions in which
case a next photon is emitted. Second, the photon can cross the innermost boundary
of the grid where it is either absorbed or reflected with the probability of either process
depending on the specified surface albedo. Third, the photon traverses the sampled optical
depth and is being scattered or absorbed by the local opacity source.

For the last scenario, a random number determines the fate of a photon by comparing
with the local single scattering albedo,

ω=
κscat

κscat +κabs
, (2.10)

where κscat is the scattering opacity and κabs the absorption opacity. In general, absorption
of photons can be treated in two different ways, either by removing the complete photon
from the simulation or by weighting the Stokes vector of the photon with the single
scattering albedo. We use a compromise between these two methods by introducing a
parameter 0≥ χ ≤ 1 which controls the number of scatterings for an individual photon.
The photon absorption probability,

fstop = 1−ωχ , (2.11)
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is an input parameter which determines the factor γ=ω/(1− fstop) by which the Stokes
vector is weighted. The limiting cases are χ = 0, which corresponds to no absorption and
only weighting of the Stokes vector with the single scattering albedo (γ=ω), and χ = 1,
which corresponds to only photon scattering or absorption without weighting the Stokes
vector (γ= 1).

The distance toward the nearest cell boundary is calculated whenever a photon enters
a new grid cell or when a photon scatters into a new direction. In this way, the next grid
cell will be determined and the optical depth toward the cell boundary. In ellipsoidal
coordinates, the following set of equations provides the distance, s, to a radial, latitudinal,
and longitudinal cell boundary:

(a2n2
x + b2n2

y + c2n2
z )s

2 + 2(a2 xnx + b2 yny + c2znz)s

+ (a2 x2 + b2 y2 + c2z2 − r2
cell) = 0,

(2.12a)

(a2n2
x + b2n2

y − c2n2
z tan2 θcell)s

2 + 2(a2 xnx + b2 yny

− c2znz tan2 θcell)s+ (a
2 x2 + b2 y2 − c2z2 tan2 θcell) = 0,

(2.12b)

s =
ax sinφcell − b y cosφcell

bny cosφcell − anx sinφcell
, (2.12c)

where rcell is the distance of a radial cell boundary from the grid center, θcell the polar angle
of a latitudinal cell boundary, φcell the azimuthal angle of an longitudinal cell boundary,
(x , y, z) the photon location, (nx , ny , nz) the photon direction, and a, b, and c the fractional
scaling of the photon path in x , y , and z direction, respectively, which mimics flattening
or stretching of the atmospheric grid. For a planet with oblateness foblate, the scaling
parameters are simplified to a = b = (1− foblate)−1 and c = 1.

2.2.4 Sampling of scattering angles

The scattering phase function provides the angular distribution of photons scattered by
a particle at a given wavelength. For example, Rayleigh scattering occurs for very small
particles, 2πa � λ (a is the particle radius and λ is the photon wavelength), which is
close to isotropic (e.g., Bohren & Huffman 1983) whereas larger particles, 2πa ¦ λ, show
a forward scattering peak which can be approximated by a Henyey-Greenstein phase
function (Henyey & Greenstein 1941). Mie theory describes the scattering properties
of homogeneous spherical particles and is often also used as an approximation for the
scattering properties of non-spherical particles (Mie 1908). The calculation depends solely
on the complex refractive index (i.e., composition) and size distribution of the particles
(e.g., Hansen & Travis 1974; de Rooij & van der Stap 1984).

Each time a photon scatters during an ARTES simulation, a scattering angle, Θ, and
azimuthal direction angle, Φ, are sampled from a CDF that depends on the full Stokes
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vector, S, the scattering phase function, P11, as well as the P12, P13, and P14 polarization
terms in the 4× 4 scattering matrix, R. Neglecting polarization while sampling scattering
angles will introduce errors in the calculation of the disk-integrated reflected planetary
flux (Stam & Hovenier 2005). The Stokes vector of a photon is given by

S= π









I
Q
U
V









, (2.13)

where πI is the total flux, π
p

Q2 + U2 the linear polarized flux, and πV the circular
polarized flux. The azimuthal direction angle is sampled first because the CDF of the
scattering angle depends on the azimuthal angle. The scattering and azimuthal angle,
Θ and Φ, are then used to rotate the propagation direction of a photon, (nx, ny, nz), and
to calculate the new values for the polarization parameters of the Stokes vector (see
Sect. 2.2.5). The circular polarization component of the Stokes vector can be non-zero due
to multiple scattering (depending on the scattering matrix), for example in the case of Mie
scattering particles. Although the full Stokes vector is calculated by ARTES, including the
circular polarization component, we focus in this study on linear polarization and ignore
the circular polarization results.

2.2.5 Photon scattering

Scattering of photons occurs through a sequence of matrix multiplications (e.g., Chan-
drasekhar 1960; Hovenier et al. 2004),

S= L(π− i2)R(Θ)L(−i1)S
′, (2.14)

where S is the Stokes vector after scattering, S′ the Stokes vector before scattering, L the
rotation matrix, and R the scattering matrix. The rotation matrix rotates the Stokes vector
by angles i1 and i2, from the local meridian reference plane toward the local scattering
plane and vice versa, respectively, and is given by

L=









1 0 0 0
0 cos 2β sin2β 0
0 − sin 2β cos2β 0
0 0 0 1









, (2.15)

where β is the rotation angle between the reference planes for which by definition a
positive value corresponds to counter-clockwise rotation when looking along the photon
propagation direction. The rotation matrix alters the reference plane for the linear polar-
ization component of the Stokes vector but does not affect the total intensity, Stokes I , the
polarized intensity, PI , nor the circular polarized intensity, V .
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The initial rotation angle, i1, is equal to the randomly-sampled azimuthal direction
angle, Φ, which rotates the Stokes vector from the local meridian plane toward the scatter-
ing plane (see Sect. 2.2.4). backward rotation to the new meridian plane is determined by
the second rotation angle, i2, which is calculated with the spherical law of cosines. The
backward rotation is the clockwise or counter-clockwise direction when i2 is smaller or
larger than π, respectively (Hovenier et al. 2004).

2.2.6 Opacities and scattering matrices

Absorption opacities of molecular and atomic gas have typically a strong dependence on
the atmospheric temperature and pressure (e.g., Freedman et al. 2008). ARTES uses a pre-
tabulated grid of volume mixing ratios and opacities (λ/∆λ= 100) for pressures ranging
from 1 µbar up to 300 bar and temperatures in the range of 75–4000 K. The absorption
cross sections of the gas species are calculated with the SRON (Netherlands Institute for
Space Research) Planetary Atmosphere Retrieval Code (SPARC; Min et al., in prep.) which
applies the correlated-k method (e.g., Qiang & Liou 1992) for a range of gas molecules
and atoms retrieved from the HITRAN (Rothman et al. 2013), HITEMP (Rothman et al.
2010), and ExoMol (Tennyson & Yurchenko 2012; Yurchenko & Tennyson 2014) line
lists. SPARC uses a stochastic sampling approach for the pressure and thermal broadening
of the spectral lines. The pressure-broadened line wings are approximated with a Voigt
profile and the thermal-broadened wings with a Gaussian profile. The absorption cross
sections are averaged in each spectral bin. The equilibrium chemistry model from Mollière
et al. (2017) has been used to determine the mixing ratios for the same pressure and
temperature grid by minimizing the Gibbs free energy. We have neglected non-equilibrium
gas chemistry which can also be important in the atmospheres of self-luminous gas giants
(e.g., Zahnle & Marley 2014).

Scattering of gas molecules and atoms occurs in the Rayleigh limit, therefore, the scat-
tering cross section of the gas increases toward shorter wavelengths with an approximate
λ−4 wavelength dependence (e.g., Liou 1980),

σscat =
24π3

N2λ4

�

n2 − 1
n2 + 2

�2
6+ 3δ
6− 7δ

, (2.16)

where n is the real part of the refractive index, N the number of molecules per unit volume,
and δ the depolarization factor which accounts for the spatial anisotropy of a particle.
The total mass of a gas giant atmosphere is dominated by molecular hydrogen (H2) for
which the wavelength-dependent refractive index is given by (Cox 2000)

nH2
= 1.358× 10−4

�

1+ 7.52× 10−3
�

λ

1 µm

�−2
�

+ 1. (2.17)

Cloud condensates usually form in the troposphere or in the lower part of the strato-
sphere when the partial vapor pressure of a gas exceeds the saturation vapor pressure.
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Liquid or solid cloud particles have typical radii of ∼1 µm in the upper part of the tro-
posphere but will grow up to ∼100 µm by sedimentation toward the lower part of the
troposphere (e.g., Ackerman & Marley 2001). The detailed distribution of the clouds,
as well as the particle sizes, is determined by 3D hydrodynamical motions and kinetic
cloud formation processes which can produce submicron-sized particles at pressure levels
above ∼1 bar (e.g., Lee et al. 2016). Haze particles are usually small in size (submicron)
and form through photochemistry or other non-equilibrium processes in the stratosphere
(e.g., Marley et al. 2013). Here, we do not incorporate detailed cloud formation processes,
instead, we use a parameterized distribution of the cloud layers with an empirical size
distribution of the particles.

Mie theory can be used to determine the scattering and absorption opacities of spherical
and homogeneous cloud particles, as well as the 4× 4 scattering matrix which contains
the scattering angle dependent characteristics (e.g., Hansen & Travis 1974),

R=









P11 P12 0 0
P12 P22 0 0
0 0 P33 P34

0 0 −P34 P44









, (2.18)

with the phase function given by P11 and the single scattering polarization by −P12/P11.
Eight of the matrix elements are set to zero due to symmetry arguments. The scattering
and absorption properties depend on the complex refractive index which contains a real
part, n, and an imaginary part, k, which are the phase velocity ratio and the attenuation
coefficient, respectively. The size distribution of the cloud particles is approximated with a
gamma distribution (Hansen 1971),

n(r) = C r(1−3veff)/veff e−r/(reff veff), (2.19)

where C is a normalization constant, r the particle radius, reff the effective radius of the
size distribution, and veff the effective variance (dimensionless). Not all particles are well
approximated by Mie theory, in particular their polarization characteristics. For example,
a liquid cloud droplet is better approximated as a spherical homogeneous particle than
a hazy aggregate. A uniform distribution of hollow spheres (DHS) can be utilized to
determine the optical properties for an ensemble of randomly oriented, irregularly shaped
particles (Min et al. 2005). In that case, the scattering and absorption properties not
only depend on the complex refractive index and the size distribution, but also on the
maximum volume void fraction, fDHS, of the hollow sphere distribution which controls the
irregularity ( fDHS = 0 corresponds to homogeneous spheres). The scattering matrix of the
DHS has the same symmetries as the scattering matrix in Mie theory (see Eq. 2.18).
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2.3 Self-luminous gas giant exoplanets

Young and self-luminous exoplanets have been detected with high-contrast differential
imaging techniques around approximately a dozen of stars. The polarimetric signal from
those planets will be non-zero if (i) thermal radiation is scattered and (ii) the polarized
intensity is distributed asymmetrically across the planetary disk. In this section, we will
use ARTES to investigate the effect of oblateness, horizontally-inhomogeneous clouds,
circumplanetary disks, and particle scattering properties on the degree and direction of
polarization from self-luminous gas giants. We use a parameterized setup in order to
directly control the atmospheric, circumplanetary, and particle properties.

2.3.1 Cloudless atmospheres

We start with a description of a cloudless atmosphere model which is the basis for the
models with scattering asymmetries in Sect. 2.3.2. A simplified thermal structure is used,
given by the gray atmosphere approximation (e.g., Hansen 2008; Guillot 2010),

T (P) =
�

3
4

T 4
eff

�

2
3
+
κIRP

g

��1/4

, (2.20)

where Teff is the effective temperature, κIR the infrared opacity, P the gas pressure, and g
the surface gravity. The thermal structure is calculated with Eq. 2.20 for 50 logarithmically
spaced pressure layers from 1 mbar down to 100 bar. A constant surface gravity of log g =
4.0 (cm s−2) is used, which is a typical value inferred from direct imaging observations
(e.g., Madhusudhan et al. 2011), and a gray opacity of 0.01 cm2 g−1 (e.g., Sharp & Burrows
2007). We consider a self-luminous exoplanet on a wide orbit such that the contribution
of reflected starlight is negligible in the near-infrared. Three example P-T profiles are
shown in the top left plot of Fig. 2.1 which are calculated for Teff = {400,800,1200} K.
The upper part of the P-T profiles (¦ 0.1 bar) is close to isothermal whereas the deeper
atmospheric layers are approximately adiabatic.

For each atmospheric layer, we calculated the pressure and temperature-dependent
mixing ratios and absorption cross sections of the gas molecules and atoms by linearly
interpolating a pre-tabulated grid (see Sect. 2.2.6). We assumed a solar metallicity at-
mosphere, [M/H] = 0.0, and solar carbon-to-oxygen ratio, C/O = 0.54. The top right
plot of Fig. 2.1 shows the mixing ratios of the eight most abundant molecules (CH4, CO2,
CO, H2O, NH3, PH3) and atoms (Na, K) for a cloudless atmosphere with Teff = 1000 K.
In the cooler parts of the atmosphere (® 10 bar), H2O and CH4 have the largest mixing
ratios, whereas CO and H2O are the dominant gas species in the higher temperature layers
below ∼10 bar. The absorption cross sections are calculated in the wavelength range of
0.5–30 µm with a spectral resolution of λ/∆λ = 100. The bottom left plot of Fig. 2.1
shows an example of the opacities of the eight most abundant gas molecules for P = 1 bar
and T = 1000 K, together with the (pressure and temperature independent) Rayleigh
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Figure 2.1: Top left: Gray atmosphere pressure-temperature profiles for Teff = {400,800,1200} K (solid color
lines, see Eq. 2.20). The condensation curve of enstatite (black dashed line) is shown for solar metallicity
(Burrows et al. 1997). Top right: Mixing ratios of the most abundant gas molecules and atoms for the Teff = 800 K
model (Mollière et al. 2017). Bottom left: Absorption cross sections of the most abundant gas molecules (solid
color lines), calculated for T = 1000 K and P = 1 bar, as well as the Rayleigh scattering cross section of H2

(black dashed line). Bottom right: Emission spectra of cloudless gas giant atmospheres at a distance of 10 pc
with effective temperatures of 400, 800, and 1200 K (solid color lines) together with the Planck functions for the
same temperatures (dashed color lines). A comparison spectrum for which scattering is neglected is shown for
the 400 K atmosphere (black dashed line). The width of the SPHERE/IRDIS broadband filters are displayed on
the bottom of the figure. Vertically dotted lines correspond to the central wavelengths of the IRDIS dual-band
filters (from left to right: Y 2, Y 3, J2, J3, H2, H3, H4, K1, and K2) which have a typical width of 50 nm in the
Y , J , and H bands, and 100 nm in the K band.

scattering opacity of H2 (see Eq. 2.16).
The P-T profile is used by ARTES to calculate the vertical density structure of the

gas (assuming hydrostatic equilibrium) which together with the absorption cross sections
and mixing ratios determines the absorption opacity in each atmospheric layer. For the
scattering optical thickness, we only consider H2 molecules which are the dominant
scattering source in a gas giant atmosphere. Scattering mainly contributes to the spectrum
in the wavelength regime below ∼1.0 µm and decreases steeply in the near-infrared. The
relative contribution of scattering depends on the atmospheric temperature due to the
temperature-dependent absorption component in the single scattering albedo of the gas
(see bottom left plot in Fig. 2.1).
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The calculated emission spectra are shown in the bottom right plot of Fig. 2.1 for
Teff = {400, 800, 1200} K (see Appendix 2.A.1 for a benchmark emission spectrum). The
pressure-broadened sodium and potassium resonance doublets are visible at 0.59 µm and
0.77 µm, respectively, with increasing strength toward higher temperatures. The largest
contribution to the molecular absorption bands in the near-infrared comes from water,
with increasing depth of the water band with decreasing temperature. Also methane
is important in the considered temperature regime. Rayleigh scattering contributes to
the emergent flux only at optical wavelengths. An additional spectrum is calculated in
which scattering has been excluded which shows a lower continuum flux (below 0.8 µm)
compared to the 400 K spectrum that fully includes multiple scattering, whereas the
difference in the absorption bands is minor. In Appendix 2.B, we show a comparison of
the calculated emission spectra with those from the AMES-Cond atmospheric models by
Allard et al. (2001).

2.3.2 Infrared polarization from scattering asymmetries

Thermal radiation becomes linearly polarized due to scattering by gas, cloud, or haze
particles in a planetary atmosphere. Photometric observations of self-luminous exoplanets
measure the emitted flux integrated over the planetary disk. For a spherically shaped
planet with plane-symmetric cloud structures, the net Stokes Q and U flux is zero because
the positive and negative lobes across the planetary disk cancel each other. The net
polarized intensity will be non-zero when the thermally emitted light is scattered in an
atmosphere with an asymmetric distribution of scatterers. Therefore, measuring infrared
polarization from a self-luminous exoplanet yields information on the asymmetry of the
atmosphere. In this section, we investigate the effect of oblateness, horizontal cloud
variations, circumplanetary disks, and the scattering properties of the cloud particles on
the disk-integrated degree and direction of polarization of self-luminous gas giants.

Non-uniform cloud variations

We have constructed five ARTES planet models (C1–C5) with a parametric implementation
of location and optical thickness of the clouds. We aim to provide a proof of concept
of 3D scattering processes that result in a non-zero polarization signal and we leave a
more realistic calculation, coupled to a physical atmospheric model for future work. Here,
the optical depth variations through the clouds, as well as the scattering properties of
the cloud particles are fixed, whereas in Sect. 2.3.2, we use a fixed cloud structure but
different scattering properties to study the effect of the cloud particles on the integrated
polarization signal.

For the thermal structure, we use a P-T profile with Teff = 800 K (see Sect. 2.3.1) from
which the vertical density structure of the gas is calculated, as well as the gas opacities
and mixing ratios. The mean molecular weight and surface gravity, which determine the
density structure, are set to µ = 2.3 (solar) and log g = 4.0, respectively, both constant
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throughout the atmosphere. The models are complemented with additional cloud opacities
at specific pressure levels, latitudes, and longitudes. Each model is run for oblateness
values of foblate = 1− Rp

Re
= {0.0, 0.1, 0.2}, where Rp is the polar radius and Re the equatorial

radius of the planet (Saturn has an oblateness of 0.1). The rotationally-induced oblateness
of a planet is given by the Darwin-Radau relationship (Barnes & Fortney 2003),

foblate =
Ω2Re
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where Ω is the rotation rate in rad s−1, g the surface gravity, I the moment of inertia around
the rotational axis, and M the planet mass. As an example, a planet with a rotational
period of 8 hr (Snellen et al. 2014), a surface gravity of log g = 4.0, and a mass of 5 MJup

yields an oblateness of 0.05 when the moment of inertia is approximated by a solid sphere.
However, in this study we parameterize the oblateness without making an assumption
about the planet mass or radius, and rotation rate. For the flattened planets, the vertical
structure is scaled from the poles toward the equatorial latitudes. The radiative transfer is
monochromatic for which we choose the central wavelength of the SPHERE/IRDIS H2
continuum filter, 1.59 µm (see Fig. 2.1). The detector plane is placed in the equatorial
plane of the planet (θdet = 0◦) such that the flattening is fully visible.

The scattering properties of the cloud particles are kept constant throughout the grid
of 5×3 models. Submicron-sized cloud particles are used with a size distribution given by
Eq. 2.19 for which the effective radius and variance are set to 0.1 µm and 0.05, respectively.
We assumed an enstatite (MgSiO3) composition with the complex refractive index in the H
band obtained from Dorschner et al. (1995). Enstatite dust grains can form at atmospheric
altitudes above ∼30 bar in the Teff = 800 K atmosphere (see condensation curve Fig. 2.1).
The particles will scatter light in the Rayleigh regime because their size is smaller then the
H-band wavelength (i.e., 2πa� λ). Therefore, the phase function is close to isotropic,

P11(cosΘ) =
3
8

�

1+ cos2Θ
�

, (2.22)

and the single scattering polarization is a perfectly bell-shaped function with 100% polar-
ization efficiency at a scattering angle of 90◦,

−
P12(cosΘ)
P11(cosΘ)

= −
cos2Θ− 1
cos2Θ+ 1

. (2.23)

We use Mie theory to compute the opacities and scattering matrices therefore assuming
homogeneous, spherical particles. In the H band, the single scattering albedo is 0.995 for
the chosen size distribution and composition.

The cloud structures are all located at high altitude (Pcloud = 10 mbar) in a single
atmospheric layer but the vertical optical depth through the clouds contains horizontal
variations with optical depth values of τ1 = 1 and τ2 = 5. Additional cloud characteristics
of the models are the following (see Fig. 2.2):
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Figure 2.2: Grid of ARTES models with non-uniform cloud layers. The color of the images shows the total
intensity across the planetary disk and the vectors denote the local direction and degree of polarization. The five
columns correspond from left to right to ARTES models C1–C5, and the three rows show from top to bottom
increasing oblateness, foblate = {0.0, 0.1, 0.2}. All polarization vectors are identically normalized with the length
of a 5% polarization vector shown in the bottom left of each image. The disk-integrated degree of polarization
and the 5σ Monte Carlo uncertainty is shown for each model in the top right of the image. The white vector
denotes the direction of polarization of the integrated signal (the vector has been left out in model C4 and C5
with foblate = 0.0 because the S/N of the integrated degree of polarization is low). The color scale is identical for
all images with the maximum value given by the peak intensity across all models.

• Model C1 contains seven latitudinal cloud regions with cloud optical depth variations
that are symmetric with respect to the equator plane. Polar latitudes contain thicker
clouds than the equatorial latitudes.

• Model C2 is similar to model C1, but the cloud optical depth variations have been
interchanged such that clouds are thicker around the equator and thin around the
poles.

• Model C3 is a more extreme case with thick clouds only between latitudes of −30◦

and 30◦, and thinner clouds in the regions north of 30◦ and south of −30◦.

• Model C4 contains eleven bands of clouds, with variation in width, which are
asymmetrically distributed across all latitudes.

• Model C5 contains an atmosphere with patchy clouds. The atmospheric grid has
been divided into 12 latitudinal regions between −90◦ and 90◦, and 12 longitudinal
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regions between 0◦ and 180◦. We sampled 100 random grid cells at a 10 mbar
pressure level and added a τ2 = 5 cloud layer in each sampled cell. Cells were
allowed to be sampled multiple times. In addition, a uniform cloud layer of τ1 = 1
is added across the entire atmosphere at 10 mbar to make sure that no cloudless
areas are present.

Because of the positive temperature gradient, most energy is emitted from deep in
the atmosphere causing a net upward flux. Consequently, the spatially resolved degree
of polarization is maximal along the limb of the atmosphere. The polarization degree
will be large for high altitude clouds in which case photons have a larger probability of
being scattered toward the observer compared to clouds that are located deeper in the
atmosphere. In the latter scenario, photons have a larger probability of being absorbed by
the surrounding gas, which has a single scattering albedo close to zero in the near-infrared,
therefore decreasing the degree of polarization. A net upward flux of photons means that
the scattering angle along the limb toward the observer is Θ = 90◦ while the scattering
angle, as well as the degree of polarization, decreases toward the center of the planetary
disk where photons are scattered in forward direction (see de Kok et al. 2011, for a more
detailed elaboration on the effect of temperature gradients).

Spatially resolved polarization maps of the ARTES models C1–C5 are displayed in
Fig. 2.2 for both spherical and oblate atmospheres. The images show the Stokes I surface
brightness from the planetary disks. The presence of thick clouds results in a smaller flux
since lower temperature regions are probed. The disk-integrated polarization levels are
provided in the top right of each image together with the 5σ Monte Carlo uncertainties
(calculated with Eq. 2.3) which are in the range of 0.05–0.10%. The polarization angle, χ,
with respect to the reference plane is defined as

χ =
1
2

arctan
U
Q

. (2.24)

Across the planetary disks, the high S/N polarization vectors are oriented in azimuthal
direction as expected for positively polarizing particles in a spherical or ellipsoidal geometry.
The disk-integrated polarization direction is oriented in horizontal direction for all models
except in model C1 with foblate = 0.0 and foblate = 0.1 in which case the polarization is
vertically oriented (see Fig. 2.2). Consequently, for an atmosphere with zonal clouds, the
measured direction of polarization can be parallel or perpendicular to the direction of the
planet’s projected rotation axis.

The degree and direction of polarization of the integrated signal depends on the
oblateness, the latitudinal and longitudinal placement of the clouds, as well as their optical
thickness (a fixed parameter in the presented models). The presence of thick clouds around
the equator (e.g., model C2 and C3) results in a disk-integrated flux that is horizontally
polarized because the polarized flux is largest at the polar regions (see Fig. 2.2). In
addition, a non-zero oblateness will increase the horizontally polarized flux because the
polar limb is stretched whereas the equatorial limb decreases in spatial scale. For the
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spherical atmospheres, the integrated polarization signal is either close to zero because
approximately an equal amount of horizontally and vertically polarized flux is obscured by
clouds (models C4 and C5), or the polarized flux is non-zero in which case the orientation
of the polarization direction is determined by the thickness of the clouds at the equatorial
and polar latitudes (vertical in model C1 and horizontal in model C2 and C3).

The combined effect of oblateness and cloud thickness is clearly visible in model C1. For
a spherical atmosphere, the integrated polarized flux mainly originates from the equatorial
latitudes where the polarization is vertical. Increasing the oblateness will increase the
polarized flux from the polar latitudes (even though thick clouds are present) and decrease
the flux from the equatorial latitudes. Consequently, the integrated degree of polarization
reduces (model C1, foblate = 0.1) until the direction of polarization changes by 90◦ after
which the integrated degree of polarization will start to rise again (model C1, foblate = 0.2).
The maximum amount of polarization occurs with the combined presence of a flattened
atmosphere, which enhances the horizontally polarized flux, and equatorial clouds, which
reduces the vertically polarized flux. As a result, the degree of polarization is maximal
in model C3, ranging from 1.33% for the spherical atmosphere to 2.58% for a strongly
flattened atmosphere.

All models in Fig. 2.2 contain high-altitude clouds (Pcloud = 10 mbar) which causes
a relatively large polarized flux because the gas above the cloud deck is optically thin.
For comparison, we ran model C3 with the clouds located deeper in the atmosphere,
Pcloud = 100 mbar, and all other parameters the same. In that case, the disk-integrated
degree of polarization is 1.26± 0.02%, 1.74± 0.02%, and 2.30± 0.02% for an planet
oblateness of 0.0, 0.1, and 0.2, respectively. Lowering the clouds to higher pressure levels
will weaken the effect because a larger fraction of unpolarized light is emitted from above
the cloud deck which reduces of the degree of polarization.

The effect of a circumplanetary disk

Another scenario in which the net infrared polarization from a self-luminous gas giant
will be non-zero is with the presence of a circumplanetary disk. We have constructed two
models (D1 and D2) that contain circumplanetary material in the equatorial plane of the
planet. The inner radius of the circumplanetary disk is located at 2× 104 km above the
atmosphere and extends to 1× 105 km (comparable in size to Saturn’s ring system). The
thermal structure of the atmosphere is the same as before but the cloud layer at 10 mbar
does not contain any horizontal variations and has an optical thickness of unity. The
cloud particle properties are identical to the non-uniform models in Sect. 2.3.2, that is,
submicron-sized enstatite grains. The detector is placed with an offset of θdet = 20◦ or
θdet = 45◦ from the equatorial plane such that part of the planetary disk is obscured by
the circumplanetary disk.

We distinguish between between two different scenarios: (i) a circumplanetary disk
(model D1) which is cold (Tdisk = 100 K), has a vertical optical depth of τin = 2.0 and
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Figure 2.3: Grid of ARTES infrared polarization models with a circumplanetary disk. Models D1 and D2 contain
a cold and hot circumplanetary disk, respectively. Two different viewing direction are shown, θdet = 20◦ and
θdet = 45◦. See the caption of Fig. 2.2 for additional details.

τout = 3.5 at the inner and outer edge, respectively, has an opening angle of 0.2◦, and
contains submicron-sized enstatite grains and no gas, and (ii) a circumplanetary disk
(model D2) which is hot Tdisk = 750 K, optically thick (τin = 20 and τout = 34), has an
opening angle of 5◦, contains submicron-sized enstatite grains with a dust-to-gas ratio of
0.1, and contains gas with a constant absorption opacity of 0.01 cm2 g−1. In model D1, the
thermal emission is dominated by the planet photosphere and the non-zero polarization
signal is determined by the partial obscuration of the planetary disk and the scattering
of atmospheric photons from the circumplanetary disk. Additionally in model D2, the
gas in the circumplanetary disk emits a significant amount of radiation which becomes
polarized through scattering by dust grains both in the disk and the planet atmosphere.
The radiative transfer is computed at 2.11 µm (SPHERE/IRDIS K1 continuum filter; see
Fig. 2.1).

Figure 2.3 displays the Stokes I images with corresponding polarization maps for
the grid of 2× 3× 2 models. Two different viewing angles are used and the oblateness
values are the same as in Fig. 2.2. In model D1, the disk-integrated polarization is ∼1%
when the atmosphere is spherical. For the highly inclined disk (θdet = 20◦), scattering
of atmospheric photons from the circumplanetary disk increases the vertically polarized
flux but part of the vertically polarized flux from the atmosphere gets obscured by the
disk which counteracts the effect. For the mildly inclined disk (θdet = 20◦) around the
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spherical atmosphere, the net vertically polarized flux is smaller but the disk obscures also
a small fraction of the south pole which decreases the horizontally polarized flux. The
integrated degree of polarization is largest for the spherical atmospheres and decreases
with increasing oblateness. Even though the obscuration of the south pole increases with
oblateness when θdet = 20◦, the horizontally polarized flux increases at the north pole
with respect to the spherical atmosphere which causes a decrease of the integrated degree
of polarization with increasing oblateness. The decrease is steeper for the low inclination
disks because a smaller fraction of the south pole gets obscured.

The integrated polarization signal of model D2 is determined by the combined effect of
the obscuration of the planetary disk, scattering of thermal photons in the circumplanetary
disk, and scattering of atmospheric photons from the disk and vice versa. The optical
depth between the circumplanetary disk surface and midplane is large, consequently,
photons will be randomly polarized when scattered from deep in the disk toward the
detector. The contribution of disk photons to the local polarized disk flux is therefore
determined by photons that originate from close to the disk surface of which the net
polarization direction is in vertical direction (see model D2 in Fig. 2.3). Multiple scattering
causes the degree of polarization of the scattered disk photons to be relatively low, in
contrast to the atmospheric photons that scatter with a high degree of polarization from
the circumplanetary disk. A detector at a larger latitude (i.e., toward the poles, θdet = 45◦)
will image the circumplanetary disk with a stronger circular symmetry such that the local
polarized flux is smaller compared to a more edge-on viewing direction (θdet = 20◦). As a
result, the contribution of scattered disk photons to the polarized flux decreases while the
contribution of atmospheric photons scattering from the circumplanetary disk increases
(similar to model D1). For a pole-on viewing angle, the spatially resolved polarized
flux caused by scattering of thermal disk photons is zero because of the local scattering
symmetry, except at the edges of the disk. The integrated polarized flux decreases with
increasing oblateness because of the increase of horizontally polarized flux from the visible
pole (i.e., similar to model D1).

We used a simplified circumplanetary disk structure with a single temperature and
density, therefore, neglecting any vertical and radial gradients and we assumed an ho-
mogeneous distribution of submicron-sized grains throughout the disk. Although the
scattered light signal is mainly determined by the grains in the uppermost layer of the cir-
cumplanetary disk where grains are expected to be small, larger grains might be stratified
closed to the disk midplane. Also, the radius of a circumplanetary accretion disk can be a
significant fraction of a Hill radius (∼0.4 RH; Martin & Lubow 2011) in which case the
atmospheric polarized flux might be negligible depending on the temperature of both the
planet photosphere and the circumplanetary disk, as well as the observed wavelength.
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Table 2.1: Infrared polarization: dependence on scattering properties

Model Cloud particle
Degree of polarization5

foblate = 0.0 foblate = 0.1 foblate = 0.2

S1 Mie, MgSiO3
1, reff = 0.1 µm, veff = 0.05 0.42 +/- 0.07 % 0.72 +/- 0.07 % 1.23 +/- 0.08 %

S2 Mie, MgSiO3, reff = 0.1 µm, veff = 0.05, λ= 1.67 µm2 0.21 +/- 0.04 % 0.38 +/- 0.04 % 0.59 +/- 0.04 %

S3 Henyey-Greenstein, gHG = 0.5, ωcloud = 1 0.15 +/- 0.04 % 0.26 +/- 0.05 % 0.47 +/- 0.05 %

S4 Henyey-Greenstein, gHG = 0.9, ωcloud = 1 0.06 +/- 0.08 % 0.08 +/- 0.09 % 0.19 +/- 0.10 %

S5 Mie, MgSiO3, reff = 1.0 µm, veff = 0.1 0.07 +/- 0.03 % 0.07 +/- 0.04 % 0.16 +/- 0.04 %

S6 DHS3, MgSiO3, reff = 1.0 µm, veff = 0.1, fDHS = 0.84 0.06 +/- 0.03 % 0.14 +/- 0.04 % 0.21 +/- 0.04 %

1 Complex refractive indices obtained from Dorschner et al. (1995);
2 Central wavelength of the SPHERE/IRDIS H3 filter which is sensitive to methane absorption. For the other models, we
used the central wavelength of the SPHERE/IRDIS H2 continuum filter, λ= 1.59 µm;
3 Irregularly shaped particle properties are approximated with a distribution on hollow spheres (DHS; Min et al. 2005);
4 The maximum volume void fraction for the DHS;
5 Integrated degree of polarization (see Eq. 2.2) and 5σ Monte Carlo uncertainty (see Eq. 2.3).

Dependence on scattering properties

In Sects. 2.3.2 and 2.3.2, we fixed the scattering properties of the cloud particles in order to
assess the dependence of the polarimetric signal on spatial variations of the cloud structures
and the presence of circumplanetary disks. Here, we fix the atmospheric structure and
construct six models (S1–S6) with a variation of particle properties to investigate the
dependence of the polarimetric signal on the chosen scattering properties. We use the
atmospheric structure of model C2 which contains a distribution of thin clouds (τ1 = 1)
and thick clouds (τ= 5) at a pressure level of 10 mbar. All models are monochromatic
and calculated in the H-band continuum except for model S2 which is calculated in a
methane absorption band. The main characteristics of the cloud particles are the following
(see also Table 2.1):

• Model S1 is identical to C2 and consists of submicron-sized enstatite particles,
therefore, the phase function is approximately isotropic (see Eq. 2.22) and the
single scattering polarization is a perfect bell-shape function (see Eq. 2.23) which
maximizes the degree of polarization. The radiative transfer is computed at a
continuum wavelength, λ= 1.59 µm (SPHERE/IRDIS H2 filter).

• Model S2 is identical to model S1, but the radiative transfer is computed within a
methane absorption band, λ= 1.67 µm (SPHERE/IRDIS H3 filter).

• Model S3 contains particles with a Henyey-Greenstein parametrization of the phase
function (Henyey & Greenstein 1941),

P11(cosΘ) =
1− g2

(1+ g2 − 2g cosΘ)3/2
, (2.25)
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Figure 2.4: Phase functions (solid lines) and single scattering polarization (dashed lines) of the cloud particles
used to study the dependence on the scattering properties. The models and particle properties are listed in
Table 2.1. The single scattering polarization is identically parameterized for the two different Henyey-Greenstein
asymmetry parameters.

where gHG is the scattering asymmetry parameter which is set to 0.5. The single
scattering polarization is parameterized by a bell-shaped curve similar to Eq. 2.23
but with the peak normalized to 50% (White 1979). The single scattering albedo is
set to unity, ωcloud = 1.

• Model S4 is similar to S3 but contains cloud particles with a stronger forward
scattering phase function with the asymmetry parameter is set to gHG = 0.9.

• Model S5 is similar to model S1 but contains micron-sized instead of submicron-sized
particles. Their size distribution is described by Eq. 2.19 with the effective radius
and variance set to 1.0 µm and 0.1, respectively. Opacities and scattering matrices
are calculated with Mie theory.

• Model S6 is similar to S5 but a distribution of hollow spheres (DHS; Min et al. 2005)
is used to approximate the opacities and scattering matrices of irregularly shaped
particles with the maximum volume void fraction, fDHS, set to 0.8 (Woitke et al.
2016).

Figure 2.4 displays a comparison of the phase functions and single scattering polarization
curves of the cloud particles.

All models are again calculated for a spherically shaped atmosphere and two values
of non-zero oblateness. The results of the 6× 3 model grid are presented in Table 2.1.
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As expected, the maximum amount of polarization is obtained for the submicron-sized
cloud particles which scatter in the Rayleigh regime (model S1). The integrated degree of
polarization is considerably lower in model S2 for which the larger gas opacities cause the
photosphere to be located at higher altitudes, therefore, closer to the cloud deck. This
means that a larger fraction of the flux is unpolarized because it is emitted above the cloud
deck and the cloud deck is less asymmetrically irradiated compared to model S2 for which
most of the flux originated from below the cloud deck.

For the models with Henyey-Greenstein particles, the polarization is lower because
of both the smaller peak polarization and the asymmetry in the phase function which
causes a larger fraction of the photons to be scattered upward in radial direction for which
the single scattering polarization is small. As a result, the disk-integrated polarization
decreases with increasing asymmetry parameter. The phase function in the H band for
micron-sized Mie scattering particles, as well as a DHS with similar-sized particles, contains
also a forward scattering peak (see Fig. 2.4). The single scattering polarization on the
other hand shows strong differences between DHS and Mie theory. For a DHS, the single
scattering polarization is approximately bell-shaped with a fractional polarization peak of
∼0.5, whereas the polarization is overall negative for spherical particles (Mie theory). The
polarization vector of the disk-integrated signal has an horizontal orientation (similar to
those in Fig. 2.2) in all models except model S5. In model S5, the integrated polarization
vector is oriented in vertical direction because of the difference in sign of the single
scattering polarization (see Fig. 2.4).

2.4 Discussion and conclusions

In this work, we presented a new 3D Monte Carlo radiative transfer code, ARTES,
that can be used for wavelength and phase angle-dependent scattering calculations in
(exo)planetary atmospheres, both of reflected light and thermal radiation. The code has
been carefully benchmarked with the results from several other radiative transfer codes
(see Appendix 2.A). Multiple scattering and polarization are fully implemented. We have
computed spatially resolved polarization maps and the corresponding disk-integrated po-
larization signal from self-luminous gas giants with a parameterized atmospheric structure
to investigate the effect of horizontally-inhomogeneous clouds (see Sect. 2.3.2) and the
presence of a circumplanetary disk (see Sect. 2.3.2). In addition, we have studied the
effect of the scattering properties of the cloud particles (see Sect. 2.3.2).

2.4.1 Rotation, atmospheric dynamics, clouds, and circumplanetary
material

Thermal radiation from exoplanets, brown dwarfs, and stars becomes linearly polarized by
scattering processes occurring in their atmosphere (e.g., Sengupta & Krishan 2001; Khan &
Shulyak 2006). For a spatially-resolved planetary disk as shown in Fig. 2.2, the polarization
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is maximal around the limb where the scattering angles toward the observer are 90◦ (see
also de Kok et al. 2011). The disk-integrated signal will be polarized if scattering occurs
asymmetrically across the planetary disk. Therefore, infrared polarimetry can be used
to constrain the rotationally-induced oblateness of a planet or brown dwarf (Sengupta
& Marley 2010; Marley & Sengupta 2011), as well as horizontal inhomogeneities, the
presence of a circumplanetary disk, and the projected direction of the planet’s rotational
axis in case of zonally symmetric clouds (de Kok et al. 2011). The main requirement is the
altitude of the clouds which has to be high enough to imprint a detectable polarization
signature.

The oblateness of a planet depends on its surface gravity, rotational period, and
the internal distribution of mass. Therefore, combined constraints of polarimetry and
spectroscopy allow for a better understanding on the internal structure of a planet (Marley
& Sengupta 2011). Rotation also affects the dynamics in the atmosphere which can result
in strong winds and an inhomogeneous distribution of clouds, for example zonal or patchy
cloud structures such as those in the atmospheres of Jupiter and Saturn. Cloud condensates
in the atmospheres of young and self-luminous planets are composed of refractory materials
such as silicates and iron (see e.g., Marley et al. 2013). In Sect. 2.3.2, we determined
that stratospheric clouds and hazes may cause polarization levels up to 1–2%, although
strongly dependent on the oblateness, cloud optical depth, scattering properties, and
wavelength. The effect of tropospheric clouds (Pcloud ® 100 mbar) on the disk-integrated
polarization is smaller and might be challenging to detect. Three-dimensional global
circulation models of self-luminous gas giants predict atmospheric winds both in vertical
and horizontal direction that are driven by the rotation of the planet (Showman & Kaspi
2013) which may circulate (sub)micron-sized cloud particles to millibar pressure levels
(Lee et al. 2016).

At high altitudes, cloud or haze particles are likely small and possibly aggregate-like
which will scatter light with a high degree of polarization because the single scattering
polarization is determined by the size of the constituents and not by the aggregate size
(West & Smith 1991; Min et al. 2016). Observational evidence for submicron-sized dust
grains is provided by the unusual red colors of some L dwarfs which can be explained by a
layer of silicate haze in the upper parts of their atmosphere (Yang et al. 2015; Hiranaka
et al. 2016). The refractive index affects both the single scattering albedo and polarization
efficiency. For example, the single scattering albedo is close to unity for silicates and
the single scattering polarization is approximately bell-shaped (e.g., Volten et al. 2001),
whereas carbon-rich material has a stronger absorbing efficiency and a polarization curve
that is overall lower and deviating from being bell-shaped (Muñoz et al. 2006). In this study,
we used a simplified, parameterized thermal structure and implementation of the clouds,
whereas the formation or cloud condensates and photochemical hazes is a complex process
which is controlled by many aspects of the atmosphere such as the thermal structure,
atmospheric dynamics, and (non-equilibrium) chemistry (see e.g., Helling et al. 2008).

All gas and ice giants in our solar system possess circumplanetary rings, with Saturn
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clearly having the densest ring system. Therefore, we may also expect similar ring systems
around exoplanets, with an extreme case being the 0.6 au ring system proposed by
Kenworthy & Mamajek (2015) as an explanation for the peculiar photometry of J1407.
For a planet young enough (® 200 Myr) to be detected in the near-infrared, a cold
circumplanetary disk or ring system can produce a degree of polarization of 0.5–1.0% even
if the planet atmosphere is spherical and uniformly distributed by clouds (see model D1 in
Sect. 2.3.2). Additionally, scattering of thermal photons in a hot circumplanetary disk will
also contribute to the integrated polarization signal depending on the viewing geometry
and observed wavelength (see model D2 in Sect. 2.3.2). A few embedded protoplanets
have been directly detected, possibly surrounded by a circumplanetary accretion disk
(Quanz et al. 2015; Sallum et al. 2015). High-contrast infrared polarimetry of forming
protoplanets will be challenging because those planets are still embedded in or surrounded
by a circumstellar disk, therefore, the scattered stellar light might locally dominate over
the planetary signal. This technique will likely have a larger potential for more evolved
companions that orbit in a dust depleted circumstellar environment, yet, show evidence of
circumplanetary material (see Sect. 2.4.3).

2.4.2 Direct polarimetric imaging of companions: opportunities and
challenges

Directly imaged exoplanets are a sparse population of wide orbit gas giants that have
been detected with high-contrast adaptive optics (AO) instruments (for a review, see
Bowler 2016). Although, assuming hot-start evolutionary models, the occurrence rate of 5–
13 MJup planets at orbital distances of 30–300 au is only 0.6+0.7

−0.5% (Bowler 2016), directly
imaged exoplanets are key targets for atmospheric characterization through photometry
and integral field spectroscopy (e.g., Morzinski et al. 2015; Skemer et al. 2016), as well
as AO-assisted high-resolution spectroscopy (Snellen et al. 2014). High-contrast infrared
polarimetry has been recognized by several authors as a potentially valuable technique
for characterization of exoplanets (Marley & Sengupta 2011; de Kok et al. 2011), yet, the
measurement is challenging because of the required sensitivity and absolute polarimetric
accuracy to measure polarization levels below 1%. Consequently, no companions have
been detected in polarized light until today.

An opportunity is brought forward with the installment of the spectro-polarimetric
imaging instruments GPI (Macintosh et al. 2008) and SPHERE (Beuzit et al. 2008) which
may provide the required polarimetric precision to detect gas giant and brown dwarf
companions in polarized infrared light (e.g., Wiktorowicz et al. 2014). The polarimetric
imaging mode of GPI is implemented with a Wollaston prism beamsplitter that can replace
the spectral dispersing prism in the integral field spectrograph, and an additional rotating
half-wave plate (Perrin et al. 2010, 2015). Recently, Jensen-Clem et al. (2016) determined
with GPI an 2.4% upper limit on the degree of polarization of the HD 19467B companion
(T5.5 brown dwarf) at a separation of 1.′′65 and∆H = 12.45 mag contrast. Also β Pic was
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observed with GPI in polarimetric imaging mode which revealed with high S/N β Pic b in
Stokes I but the planet was not recovered in polarized intensity after subtracting a model
disk image from the data given that the planet is located close to the major axis of the
disk (Millar-Blanchaer et al. 2015).

Polarimetric imaging in the near-infrared with SPHERE is provided by the IRDIS
differential imaging camera. A beam splitter and set of polarizers separates the incoming
beam into two beams with orthogonal polarization directions (Langlois et al. 2014). Dual-
polarimetric imaging (DPI) with IRDIS is offered in field stabilized mode which keeps the
direction of polarization fixed on the detector. The contrast of IRDIS DPI observations
is mainly limited by the differential aberrations between the two IRDIS channels and
the correction of the instrumental polarization which is introduced upstream of the first
half-wave plate in the optical path, for example by the M3 mirror. Polarized common
aberrations downstream of the half-wave plate are removed by taking the difference of
the two IRDIS channels which may provide a polarimetric precision below 0.5% (Langlois
et al. 2014). Recently, pupil stabilized DPI observations have also become available.

Instrumental polarization that can not be corrected with the half-wave plate switch
has to be subtracted during post-processing which typically achieved by assuming that
the central star is unpolarized. This has proven to be efficient for circumstellar disks
that scatter light with a high degree of polarization (e.g., Avenhaus et al. 2014b). For a
companion on the other hand, the polarimetric signal is only of the order of 1% or less,
therefore, the polarimetric accuracy is also limited by the assumption on the unpolarized
photometry of the central star which might not always be valid at the level of precision
that is required. In case of sufficient field rotation, the instrumental polarization can be
disentangled from the stellar polarization because the stellar polarization vector rotates
with the parallactic angle causing a modulation of the instrumental polarization vector
which is independent of parallactic angle (Perrin et al. 2015).

2.4.3 Potential targets for high-contrast infrared polarimetry

The detectability of a companion in polarized infrared light depends strongly on the
disk-integrated degree of polarization which is affected by horizontal variations in the
cloud deck (see Fig. 2.2), as well as the presence of circumplanetary dust (see Fig. 2.3).
For a spherical planet, zonally distributed clouds may provide a detectable polarization
signal (e.g., model C1) but there are also cases where the degree of polarization is close
to zero (e.g., model C5). Increasing the oblateness typically increases the degree of
polarization but the opposite may also occur (model C1). From a technical perspective,
the contrast, angular separation, and planet brightness provide important constraints for a
target selection. Although polarimetry reduces the contrast between the planet and stellar
flux (in case the star is unpolarized), the brightness of a planet is a factor ∼100 smaller in
polarized intensity than in total intensity. Here, we will discuss a few potential targets for
infrared polarimetry with the results from Sect. 2.3.2 in mind.
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Beta Pic b (Lagrange et al. 2009, 2010) was detected with high S/N by Bonnefoy et al.
(2013) at 0.′′46 separation and ∆H = 10 mag contrast. The planet is a prime target for
infrared polarimetry for several reasons. First, β Pic b is spinning fast (Snellen et al. 2014)
which will flatten the planet to foblate ' 0.05 (see Eq. 2.21) given the constraints on the
mass of the planet (Bonnefoy et al. 2013), and rotationally-induced zonal winds may result
in horizontal cloud variations. Second, the orbit is highly inclined with respect to the sky
plane (Wang et al. 2016) which means that, assuming an obliquity of 0◦, we might be
observing from a favorable direction. Third, the planet is surrounded by circumplanetary
material which might obscure part of the planet and scatter atmospheric photons, thereby
enhancing the polarized flux. A possible challenge will be disentangling a planetary
polarization signal from scattered light from the debris disk. Direct observations of β Pic b
will be possible again in early 2019, although the transit of the planet’s Hill sphere in 2017
might already give the first indications of the presence of circumplanetary material (Wang
et al. 2016).

The four known gas giants orbiting HR 8799 have separations in the range of 0.′′37–
1.′′73 (Marois et al. 2008, 2010) and contrasts of ∼10.5–12.5 mag in the H and K bands
(Zurlo et al. 2016). Several authors have shown that the spectrophotometry of the planets
are best explained by atmospheric models containing patchy clouds (e.g., Currie et al.
2011; Skemer et al. 2014) and a high-altitude haze layer of submicron-sized silicate grains
(Bonnefoy et al. 2016). The disadvantage of the HR 8799 system is the ∼30◦ inclination
of the planet orbits (Wertz et al. 2017) which means that rotationally-induced oblateness
and the presence of zonal clouds will only leave a minor polarization signal if the obliquity
of the planets is small although a signal due to the patchy clouds might be detectable.

HD 95086b is a 5 MJup gas giant that was first detected in the L′ band at a separation
of 0.′′62 from the debris disk-hosting primary (Rameau et al. 2013c,b). The mid-infrared
luminosity of the planet is consistent with an L/T transition object but the H – L′ color is
very red compared to other self-luminous planets which suggests a very dusty and low
surface gravity atmosphere (Galicher et al. 2014). A detailed photometric and spectro-
scopic characterization by De Rosa et al. (2016) showed that atmospheric models with
high photospheric dust and a surface gravity of log g ® 4.5 fit best the spectral energy
distribution, given the constraints on the effective temperature. A detectable polarization
signal is expected for an atmosphere with an increased oblateness and high-altitude dust
which makes HD 95086b, as well as other companions at the L/T transition, a feasible
target. However, astrometric monitoring revealed orbital motion from which an inclination
of 153◦ was derived by Rameau et al. (2016) which might be, similar to the HR 8799
planets, a disadvantage.

A different group of potential targets are very wide orbit (>100 au) planetary mass
companions. For example, HD 106906b is a young companion (13 Myr) with a predicted
mass of 11 MJup which was detected by Bailey et al. (2014) at a separation of 7.′′1 (650 au),
far beyond the edge-on debris disk of the system (Kalas et al. 2015; Lagrange et al. 2016).
The favorable separation and contrast (∆H = 8.7 mag; Bailey et al. 2014) would allow
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for a field-stabilized DPI observation of the companion. The very red color of HD 106906b
and the radially-extended point spread function measured by the Hubble Space Telescope
hint at the presence of a disk or cloud of circumplanetary dust (Kalas et al. 2015) which
make it an interesting target for infrared polarimetry. GSC 06214-00210b might also be
a feasible target along the same line of reasoning. The companion is separated by 2.′′2
from the primary and has a mass close to the deuterium-burning limit (∼14 MJup; Ireland
et al. 2011). The red color of the companion and the detection of strong Paβ emission
are indications for the presence of a circum-substellar accretion disk (Ireland et al. 2011;
Bowler et al. 2011). An 0.15 M⊕ upper limit on the dust mass around the companion was
derived by Bowler et al. (2015) from ALMA observations.

2.4.4 Three-dimensional radiative transfer effects

The importance of horizontally propagating radiation increases when the horizontal optical
depth gradient is comparable to or larger than the vertical optical depth gradient, or when
a horizontal temperature gradient is present in the atmosphere. For example, a locally
thick deck of clouds will scatter part of the upwelling thermal flux to neighboring regions
where the cloud optical depth is smaller, therefore making it easier for the radiation to
escape the atmosphere. Or, horizontal changes in temperature or density will result in
an asymmetry in the emitted radiation field in which case the flux from low luminosity
regions will be enhanced by the neighboring high luminosity regions. In those cases, 3D
radiative transfer effects might be important, in particular when horizontal scattering or
temperature variations are present high in the atmosphere where the gas is optically thin
(see Appendix 2.C). For example, L/T transition dwarfs show photometric and spectroscopic
modulations which have been explained by horizontal variations in cloud thickness and
temperature (Artigau et al. 2009; Apai et al. 2013).

The intrinsic 3D grid within ARTES enables scattering calculations in arbitrary density
environments without having to make any assumptions or approximations on the scattering
processes. For the infrared polarization models in Sect. 2.3.2, we used a simplified thermal
structure and cloud parametrization in order to directly control the location, optical depth,
and scattering properties of the clouds. This means that there is no consistency between
the temperature and density structure, as well as the sizes and opacities of the cloud
particles that are considered. Combining a physical atmospheric model with the scattering
radiative transfer by ARTES are planned for future work, for example to model reflected
light phase curves in light of future space missions such as CHEOPS (Fortier et al. 2014),
TESS (Ricker et al. 2015), and PLATO (Rauer et al. 2014).

2.4.5 Final summarizing remarks

High-contrast infrared polarimetry is a powerful technique for the characterization of self-
luminous gas giant exoplanets but technically challenging. However, significant progress is
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Figure 2.5: Emission spectrum from a self-luminous, cloudless gas giant with a gray pressure-temperature profile
(Teff = 700 K). The 3D Monte Carlo radiative transfer calculation with ARTES (red solid line) is compared with
the 1D atmospheric retrieval code SPARC (black dashed line). The Monte Carlo errors are smaller than the line
width.

expected in this field with the installment of the latest generation of high-contrast imaging
instruments. Although the integrated degree of polarization of a slowly-rotating planet
requires an extreme cloud deck variation to reach 1%, an increased oblateness may en-
hance the polarized flux to detectable levels depending on the horizontal distribution and
thickness of the clouds. The presence of a circumplanetary disk or ring system can also in-
troduce a significant polarization variation both through reflection of atmospheric photons,
scattering of thermal disk photons, and obscuration of the planet. Although an infrared
polarization detection will provide already some information about the asymmetry of a
planet, a large variety of integrated scattering asymmetries is evidently possible. Therefore,
the strength of high-contrast infrared polarimetry to characterize planet atmospheres will
fully unravel with combined photometric and spectroscopic constraints.
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2.A Benchmark results

In this appendix, we present the results of several benchmark calculations that are done
to test the ARTES radiative transfer code. The benchmarks include an emission spectrum
from a self-luminous gas giant, a reflected light spectrum from a Jupiter-like gas giant,
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and multiple reflected light phase curves of Rayleigh and Mie scattering atmospheres.

2.A.1 Emission spectrum

As a check for the thermal radiative transfer with ARTES, we have calculated an emission
spectrum from a self-luminous gas giant at 10 pc for which we have neglected the external
radiation field from the star (i.e., assuming a large orbital radius). The atmosphere
consists of 40 homogeneous P-T layers (no latitudinal or longitudinal structure) with a
constant mean molecular weight, µ= 2.3, of the gas. The P-T profile is calculated with
the gray atmosphere approximation (see Eq. 2.20) for which we used Teff = 700 K and
κ = 0.03 cm2/g, and a Jupiter-like surface gravity. Absorption cross sections are calculated
with a spectral resolution of λ/∆λ= 100 and the mixing ratios of the gaseous molecules
and atoms are fixed by equilibrium chemistry (see Sect. 2.3.1).

The emission spectrum is computed in the wavelength range of 0.5–30 µm, both with
ARTES (3D Monte Carlo radiative transfer) and SPARC (1D atmospheric retrieval code;
Min et al., in prep.). The standard setup of SPARC uses the correlated-k method for the
radiative transfer, but for the benchmark calculation we used averaged absorption opacities
in order to be able to directly compare the model spectra of ARTES and SPARC. The spectra
in Fig. 2.5 are overall in excellent agreement with slight deviations in the center of the
0.9–1.1 µm water vapor absorption band and the continuum flux in the optical. The minor
offset of the continuum flux could be caused by small differences in the implementation
of scattering which contributes to the emergent spectrum only at the shortest optical
wavelengths where the Rayleigh scattering cross section becomes comparable to or larger
than the absorption cross section of the gas. SPARC calculates the cross section with the
correct weighting of the refractive indices of all molecules that are present whereas ARTES
uses molecular hydrogen only.

2.A.2 Reflected light spectrum

In addition to the emission spectrum, we have calculated a reflected light spectrum
to further investigate the correctness of the wavelength-dependent radiative transfer
calculations with ARTES. Here, we used the cloudless Jupiter-like atmosphere from Stam
et al. (2004) which is dominated by H2 but contains CH4 with a mixing ratio of 1.8×10−3.
The methane absorption coefficients are taken from Karkoschka (1994), Rayleigh scattering
cross sections are calculated for H2, and we used a depolarization factor of 0.02 for the
molecular hydrogen (Hansen & Travis 1974).

In contrast to Stam et al. (2004), we did not use Jupiter’s P-T profile to calculate the
optical thickness of the atmosphere at each wavelength, but instead we use a single layer
atmosphere with a constant density. This is justified because this is a cloudless model with
constant opacities throughout the atmosphere. Therefore, only the total vertical optical
depth affects the reflected light spectrum and not the vertical density structure. We scaled
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Figure 2.6: Reflected light spectrum of a cloudless Jupiter-like atmosphere at a phase angle of 90◦. The panels
show the total intensity (top) and the degree of polarization (bottom). The ARTES spectra (red solid line) are
benchmarked with the results from Stam et al. (2004) (black dashed lines). The Monte Carlo errors are smaller
than the line widths.

the density to match the 21.47 optical depth from Stam et al. (2004) at 0.4 µm after which
the same value of the density is used for all other wavelengths.

The surface albedo at the inner boundary of the grid is set to A = 0.0 such that all
crossing photons are absorbed. The detector is located at a phase angle of α= 90◦, that
is, the phase angle for which the single scattering polarization of Rayleigh scattering is
maximal. Figure 2.6 shows the normalized Stokes I reflected light spectrum in the wave-
length range of 0.4–1.0 µm, as well as the wavelength-dependent degree of polarization,
P = −Q/I . The spectra are compared with the results from Stam et al. (2004) who use a
locally plane-parallel atmospheric model with the adding-doubling technique to calculate
the radiative transfer. The spectra are in good agreement although the ARTES degree of
polarization spectrum shows a minor offset, consistently for all wavelengths, of which the
origin is unknown. The flux is normalized by the incoming stellar flux at the substellar
point of the atmosphere,

Cnorm = πB
R2
∗R

2
pl

D2d2
, (2.26)
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where πB is the Planck flux at the stellar surface, R∗ the stellar radius, Rpl the planet radius,
D the distance between the star and the planet, and d the distance between the planet
and the observer. In this way, the normalized flux values have no dependence on any of
the parameters in Eq. 2.26 and the value of Stokes I at a 0◦ phase angle corresponds with
the geometric albedo (Stam et al. 2004), that is, the planet brightness at 0◦ phase angle
normalized to a fully reflecting, diffusively scattering disk of the same radius, Rpl.

2.A.3 Reflected light phase curves

Exoplanet phase curves show the intensity of an exoplanet as function of its orbit. As a
benchmark for the phase angle dependence, we calculated reflected light phase curves,
both of the total intensity and polarized intensity, for atmospheres with Rayleigh scattering
particles, Lambertian surface reflection, and NH3 cloud particles. The ARTES phase curves
are compared with results from the literature. The emergent flux from a Lambertian
surface is given by

j(α) =
2
3
ωπF∗

�

sinα+ (π−α) cosα
π

�

, (2.27)

where ω is the single scattering albedo, α the phase angle, and πF∗ the incident stellar
flux. Each benchmark model consists of a single homogeneous atmospheric layer with a
radial optical depth τ, surface albedo A, and single scattering albedo ω.

The scattering properties of the ammonia ice particles are calculated with Mie theory
(Min et al. 2005; Toon & Ackerman 1981) at a wavelength of 0.7 µm and the real and
imaginary part of the complex refractive index are set to n= 1.42 and k = 10−6, respec-
tively (Martonchik et al. 1984). Therefore, the single scattering albedo of the ammonia
cloud particles is approximately unity. For the size distribution, we used an effective radius
and variance of 1.0 µm and 0.1, respectively (see Eq. 2.19). The opacities and scattering
matrices are calculated with two different codes which gave identical results (de Rooij &
van der Stap 1984; Min et al. 2005).

Figure 2.7 shows the benchmark results of the normalized Stokes I , normalized
Stokes Q, and degree of polarization phase curves for various optical depths, surface
albedos and single scattering albedos. The Rayleigh and Mie scattering calculations with
ARTES are compared with the locally plane-parallel, doubling-adding calculations by Stam
et al. (2004), as well as the Monte Carlo radiative transfer calculations by Buenzli & Schmid
(2009) and Kattawar & Adams (1971). The Lambertian surface reflection calculations
are compared with the analytical solution from Eq. 2.27. All phase curves are in good
agreement with each other. As expected, increasing the optical depth or surface albedo
results in a larger Stokes I but smaller Stokes Q because multiple scattering dampens the
degree of polarization. We note that the planet integrated Stokes U is zero because the
model atmospheres are symmetric with respect to the single scattering plane. We follow
Stam et al. (2004) with their definition for the degree of polarization, P = −Q/I , such
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Figure 2.7: Reflected light phase curves of atmospheres with Rayleigh or Mie scattering particles for various
optical depths, surface albedos, and single scattering albedos. The panels show the normalized Stokes I (top),
normalized Stokes Q (center), and degree of polarization (bottom). The phase curves computed with ARTES
(red solid lines) are benchmarked with results from Buenzli & Schmid (2009), Stam et al. (2004), Kattawar &
Adams (1971), and the Lambertian surface reflection (symbols). The Monte Carlo errors are smaller than the
line widths.

that a positive value corresponds with light which is polarized perpendicular to the single
scattering plane.

2.B Atmospheric model spectra

In this appendix, we provide a comparison of the calculated emission spectra with those
from the AMES-Cond atmospheric models by Allard et al. (2001) which include detailed
physics and chemistry. Dust condensation occurs in the AMES-Cond models in chemical-
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Figure 2.8: Comparison of the calculated emission spectra from Fig. 2.1 with the AMES-Cond atmospheric
models by Allard et al. (2001), both shown with a spectral resolution of λ/∆λ= 100. The panels display, from
top to bottom, the emission spectra for Teff = 400 K, Teff = 800 K, and Teff = 1200 K. Fluxes have been scaled to
a planet with a radius of 1.3 RJup at a distance of 10 pc.

equilibrium with the gas, but the effect of the dust opacities has been neglected. Therefore,
the models correspond to an atmosphere in which dust grains have settled below the
photosphere and allow for an approximate comparison with the cloudless atmosphere
models from Sect. 2.3.1.

Figure 2.8 displays the emission spectra of the AMES-Cond models, binned to a spectral
resolution of λ/∆λ = 100, in comparison with the ARTES spectra from Fig. 2.1. The
effective temperature, Teff = {400,800, 1200} K, surface gravity, log g = 4.0, and metal-
licity, [M/H] = 0.0, are set to identical values. Differences are to be expected as the
thermal structure, gas opacities, and mixing ratios are self-consistently calculated in the
AMES-Cond models, while an gray atmosphere approximation is used for the thermal
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structure of the ARTES models. For example, the ARTES spectra appear featureless in the
wavelength range of ∼2.1–4.0 µm as a result of the highly isothermal upper part of the
atmosphere (see P-T profiles in Fig. 2.1). Also, different line lists are used to calculate the
gas opacities which will have an effect on the emission spectra.

2.C Horizontal radiation transport

Scattering radiative transfer calculations in planetary atmospheres are typically done with
locally plane-parallel atmospheric models (Stam et al. 2004; Stam 2008; Spurr 2006;
Buenzli & Schmid 2009). Horizontal inhomogeneities are incorporated by dividing the
signal from the planetary disk into a collection of independent pixels on the planet (e.g.,
de Kok et al. 2011; Karalidi & Stam 2012; Karalidi et al. 2013) because typically the
differential transport of horizontally propagating radiation is negligible. However, there
are scenarios in which horizontal radiation transport might affect the planet luminosity.

One scenario is when the optical depth gradient is steeper in horizontal direction
than it is in vertical direction. A fraction of the radiation will propagate preferentially
in horizontal direction toward the low optical depth region in order to escape from the
atmosphere. This may for example occur when the vertically upward energy flow is locally
hindered by the presence of thick clouds. Another scenario is when horizontal temperature
variations are present that cause an asymmetry in the radiation field, for example due to a
hot spot or in the proximity of the day-night terminator of a tidally locked planet. In that
case, the flux from the low luminosity regions will be enhanced by the flux coming from
the high luminosity regions.

The effect of scattering by non-uniform clouds on the differential radiation transport is
investigated with ARTES. We use a gray P-T profile (Teff = 800 K, log g = 3.4) and latitu-
dinal variations in the distribution of clouds. As a proof of concept, we parameterized the
latitudinal cloud distribution with 20 linearly spaced values of sinθlat (with θlat = [−90,90]
the latitude), with alternating optical depth (τ1 = 0 and τ2 = 5) and located at high alti-
tude (Pcloud = 10 mbar). We use an isotropic phase function, P(cosΘ) = 1/2, for the cloud
particles, and all other elements of the scattering matrix are set to zero. The horizontal
radiation transport is measured by keeping track of all the energy that is propagating
through the latitudinal cell boundaries of the atmospheric grid in northern and southern
direction.

Figure 2.9 displays the net horizontal transport (i.e., difference between energy flowing
horizontally out and into a grid cell) as function of altitude and latitude in the atmosphere,
normalized to the net vertical transport through each grid cell. The differential flow is
positive at the latitudes with clouds, and it transitions to zero around 50 mbar where the
atmosphere becomes optically thick. At latitudes with no clouds, the net horizontal flow is
negative, that is, a larger fraction of energy is horizontally entering the cells instead of
leaving. Part of the photons are scattered downwards which results in a positive flow in
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Figure 2.9: Net horizontal radiation transport in an atmosphere with high-altitude (10 mbar) zonal clouds,
normalized to the net vertical energy transport. The negative part of the color bar has a larger dynamical range
than the positive part.

the deeper atmospheric regions.
The differential transport will reduce when clouds are located at lower altitudes where

the optical depth from the gas is higher. In that case, the horizontal optical depth increases
with respect to the vertical optical depth and most photons can escape more easily in
upward direction than by crossing a latitudinal cell boundary. Only horizontal variations in
the scattering optical depth are considered in this example whereas horizontal temperature
gradients will enhance the effect. Showman & Kaspi (2013) determined with a 3D global
circulation model of a brown dwarf atmosphere that hydrodynamically-induced horizontal
temperature variations can be as large as ∆T = 50 K which will locally cause fractional
flux variations of ∆F/F ∼ 0.02–0.2.
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Abstract

High-contrast scattered light observations have revealed the surface morphology of several
dozen protoplanetary disks at optical and near-infrared wavelengths. Inclined disks offer
the opportunity to measure part of the phase function of the dust grains that reside in the
disk surface which is essential for our understanding of protoplanetary dust properties
and the early stages of planet formation. We aim to construct a method which takes into
account how the flaring shape of the scattering surface of an optically thick protoplanetary
disk projects onto the image plane of the observer. This allows us to map physical quantities
(e.g., scattering radius and scattering angle) onto scattered light images and retrieve stellar
irradiation corrected images (r2-scaled) and dust phase functions. The scattered light
mapping method projects a power law shaped disk surface onto the detector plane after
which the observed scattered light image is interpolated backward onto the disk surface.
We apply the method on archival polarized intensity images of the protoplanetary disk
around HD 100546 that were obtained with VLT/SPHERE in the R′ band and VLT/NACO in
the H and Ks bands. The brightest side of the r2-scaled R′ band polarized intensity image
of HD 100546 changes from the far to the near side of the disk when a flaring instead
of a geometrically flat disk surface is used for the r2-scaling. The decrease in polarized
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3 Scattered light mapping of protoplanetary disks

surface brightness in the scattering angle range of ∼40◦– 70◦ is likely a result of the dust
phase function and degree of polarization which peak in different scattering angle regimes.
The derived phase functions show part of a forward scattering peak, which indicates that
large, aggregate dust grains dominate the scattering opacity in the disk surface. Projection
effects of a protoplanetary disk surface need to be taken into account to correctly interpret
scattered light images. Applying the correct scaling for the correction of stellar irradiation
is crucial for the interpretation of the images and the derivation of the dust properties in
the disk surface layer.
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3.1 Introduction

3.1 Introduction

High-contrast scattered light observations of protoplanetary disks have revealed intriguing
morphologies such as spiral arms, gaps, asymmetries, and shadows (e.g., Wisniewski et al.
2008; Mayama et al. 2012; Quanz et al. 2013b; Grady et al. 2013; Wagner et al. 2015a;
Rapson et al. 2015; Stolker et al. 2016b), which may be signposts for disk evolution and
planet-disk interactions (e.g., Pinilla et al. 2015a; Zhu et al. 2015; Dong 2015; Rosotti
et al. 2016). Inclined disks offer the opportunity to measure the dust scattering efficiency
at different angles with the star (i.e., the phase function) which is essential for our
understanding of the properties and evolution of the dust in the disk surface. Projection
effects are important for inclined disk surfaces; however, it is common practice to use a
geometrically flat disk for the calculation of stellar irradiation corrected (r2-scaled) images
and phase functions (e.g., Quanz et al. 2011; Garufi et al. 2014; Thalmann et al. 2015).

Planet formation is a complex process which requires submicron sized dust grains
from the interstellar medium to grow 14 orders of magnitude in size towards planets
(e.g., Armitage 2013). Dust grains will coagulate, settle, drift, and fragment depending on
many aspects of the disk structure and dust properties (Testi et al. 2014). Protoplanetary
disks are optically thick at optical and near-infrared wavelengths; consequently, scattered
light observations probe the dust in the surface layer. In the disk surface, dust grains
are expected to be (sub)micron sized, because large compact grains will settle and grow
efficiently towards the midplane leading to a vertical stratification of dust grain sizes
(Dubrulle et al. 1995; Dullemond & Dominik 2004). However, there are indications that
larger dust grains, which presumably have an aggregate structure that provides them with
aerodynamic support against settling, can also be present in the disk surface (Mulders
et al. 2013a; Stolker et al. 2016b).

Polarimetric differential imaging (PDI) is a powerful technique for imaging protoplane-
tary and debris disks in scattered light at high angular resolution. The unpolarized speckle
halo is removed with a differential linear polarization measurement which allows for high-
contrast observations of disks that are multiple orders of magnitude fainter in scattered
light than the direct stellar light. The scattered light surface brightness distribution of a
disk depends on disk properties such as the pressure scale height and surface density, as
well as the single scattering albedo, phase function, and single scattering polarization of
the dust grains.

Interpretation of scattered light images of inclined protoplanetary disks can be non-
trivial for several reasons. First, the surface layer of a protoplanetary disks usually has a
flaring shape that results in complex projection effects. Second, the surface brightness is
partially scattering angle dependent because of the phase function and single scattering
polarization of the dust grains. Third, the stellar irradiation of the disk surface scales with
the reciprocal of the squared distance. All these effects have to be taken into account for a
correct interpretation of scattered light images and phase functions.

In this work, we investigate the effect of the scattering surface geometry of a proto-
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planetary disk on the calculation of r2-scaled images and phase functions. In Sect. 3.2, we
construct a numerical method that corrects scattered light images of inclined and flaring
disks for the dilution of the stellar radiation field and retrieves the phase function of the
dust. In Sect. 3.3, we apply the method on polarized intensity images of the HD 100546
protoplanetary disk. In Sect. 3.4, we discuss the importance of the method for the interpre-
tation of polarized scattered light observations of HD 100546 and the dust grain properties
in the disk surface in particular. In Sect. 3.5, we summarize the main conclusions.

3.2 Mapping of scattered light images

3.2.1 Photon scattering

The orientation of a protoplanetary disk surface with respect to the observer determines the
local scattering angle of the stellar photons that irradiate the dust grains. The scattering
geometry depends on the inclination of the disk and the vertical extent of the disk surface
which both have to be considered for a correct interpretation of scattered light images.
The optically thick part of the disk surface that is probed in scattered light is equal to the
disk height where the scattering optical depth in radial direction from the star reaches
unity (τ = 1). In general, this will be several times the local pressure scale height and will
often be determined by the height of the inner edge of the disk which can be puffed up by
stellar heating (Dullemond et al. 2001).

Changes in surface brightness of an inclined disk are often related to the scattering
angle at which incoming photons scatter from dust grains towards the observer. The
scattering angle, Ψ, for a disk surface with constant opening angle, γ, is given by (Quanz
et al. 2011)

Ψ = 90◦ + (i − γ) cosφ (−90◦ ≤ φ ≤ 90◦),

Ψ = 90◦ + (i + γ) cosφ (90◦ > φ < 270◦),
(3.1)

where i is the disk inclination, γ the disk opening angle, and Φ the azimuthal coordinate
in the image plane measured in a counterclockwise direction away from the far side minor
axis of the disk. The phase function of the disk can be obtained by calculating the mean
flux as a function of scattering angle for all pixels within a certain distance range from
the star in order to exclude any irradiation effect. Therefore, it is important to know the
scattering radius and scattering angle associated with each image pixel. The scattering
radius is the distance between the star and the scattering location in the disk surface and
the scattering angle is the angle between the photon direction before and after scattering.

To first order, the radial distance from each pixel to the star can be obtained by
correcting only for the inclination of the disk, which would correspond to the true distance
in the case when the disk would be geometrically flat. For a more precise analysis, the
flaring shape of the radial τ = 1 surface has to be considered, which can have a significant
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Figure 3.1: Schematic of the scattered light mapping method. A power law shaped disk surface is projected onto
an image plane which has an inclination, i, and is located along the negative y-axis. The height of the radial
τ = 1 surface, hτ=1(rmid), at a midplane radius, rmid, is given by Eq. 3.2. The figure shows a disk projection
with i = 42◦, PA= 90◦, h0 = 0.14, χ = 1.17, and a disk inner radius of 15 au at a distance of 100 pc.

effect on the radial distance. More specifically, the observer’s view on the near and far
side of an inclined and flaring disk will be grazing and frontal, respectively, which will
increase and decrease, respectively, the calculated distance compared to the value which
only takes into account the disk inclination.

3.2.2 Flaring disk projection

Here, we lay out a numerical method for retrieving r2-scaled images and phase functions,
taking into account how a flaring disk surface projects onto the image plane. We approx-
imate the height of the scattering surface of the protoplanetary disk, hτ=1(rmid), with a
power law function,

hτ=1(rmid) = h0rχmid, (3.2)

where h0 is a normalization constant for the disk height, rmid the disk radius in the
midplane, and χ the power law exponent that determines whether the τ = 1 surface has a
flat (χ = 1) or flaring (χ > 1) shape. We assume that the disk is axisymmetric and rotate
the radial τ= 1 profile around the z-axis from which we obtain a grid of coordinates in
the disk surface that is visible in scattered light. Next, we project the disk surface onto the
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image plane for a given disk inclination, i. The image plane, (xim, yim), is placed along the
negative y-axis such that a point on the disk surface at midplane radius rmid, azimuthal
angle φ, and disk height hτ=1(r) projects to the image plane as (see Fig. 3.1)

xim = rmid sinφ,

yim = hτ=1(r) sin i − rmid cosφ cos i.
(3.3)

The image is then rotated in order to align the major axis position angle, PA, with the
observation,

xim,rot = xim cosΘ− yim sinΘ,

yim,rot = xim sinΘ+ yim cosΘ,
(3.4)

where Θ = PA− 90◦ is the image rotation angle and (xim,rot, yim,rot) are the new image
plane coordinates. Since the projection of the coordinates in the disk surface results in
an unevenly spaced sampling of the image plane, we use linear interpolation to resample
the image plane onto an evenly spaced (10 mas) grid of points in the xim,rot and yim,rot

direction, which correspond to right ascension and declination, respectively.
Now that we know how the disk surface projects onto the detector plane and vice

versa, we can map physical quantities to the observed scattered light image. For example,
the distance from the star to the point of scattering in the disk surface where τ = 1 in
radial direction is given by

r =
q

r2
mid + hτ=1(rmid)2, (3.5)

and the scattering angle, Ψ, by which stellar photons scatter towards the image plane is
defined as

cos (π−Ψ) = sin
�π

2
+ γ

�

cos (π+φ) sin i + cos
�π

2
+ γ

�

cos i, (3.6)

with the disk opening angle given by

γ= arctan
�

hτ=1(rmid)
rmid

�

. (3.7)

For an observed scattered light image, we use the right ascension and declination pixel
coordinates to interpolate the model image plane. This provides an estimate of the
scattering radius and scattering angle in each pixel which can be used to calculate r2-
scaled images and dust phase functions.

3.3 New view on the HD 100546 disk surface

As an application for the scattered light mapping method, we used archival polarimetric
imaging observations of the protoplanetary disk around HD 100546. The data includes
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Geometrically flat disk: r2-scaled Qᵩ Flaring disk: r2-scaled Qᵩ Flaring disk: r2-scaled total intensity

Figure 3.2: Left: VLT/SPHERE coronagraphic R′ band Qφ image of HD 100546 (Garufi et al. 2016). The image
is r2-scaled with a correction only for the inclination of the disk. Center: The same Qφ image with a correction
for both the inclination and height of the flaring disk surface. Right: Reconstructed r2-scaled total intensity image
obtained by applying a correction for the degree of polarization on the Qφ image. All images show a 2.′′0× 2.′′0
field of view on the same linear color scale with equal minimum and maximum value. Orange corresponds to
positive values, blue to negative values, and black is the zero-point. The 155 mas diameter coronagraph has
been masked out. The contours of the left and center image show the radial distance from the central star to the
point of scattering in the disk surface that is used for the r2-scaling. The contours of the right image show the
local scattering angles that are used to calculate the phase function and estimate the total intensity.

SPHERE (Beuzit et al. 2008) PDI observations with the Very Large Telescope (VLT) in the R′

band (λc = 0.63 µm) that were obtained in 2015 with the optical sub-instrument ZIMPOL
(Thalmann et al. 2008) and presented by Garufi et al. (2016). Furthermore, it includes
VLT/NACO (Lenzen et al. 2003) H band (λc = 1.66 µm) and Ks band (λc = 2.18 µm) PDI
observations from Avenhaus et al. (2014a) that were obtained in 2013.

HD 100546 is a Herbig Be star at a distance of 97± 4 pc (van Leeuwen 2007) which is
surrounded by a protoplanetary disk (Pantin et al. 2000). The disk inclination and major
axis position angle have been measured in several studies, for example, i = 41.◦94± 0.◦03
and PA = 145.◦14± 0.◦04 (Pineda et al. 2014), i = 44◦ ± 3◦ and PA = 146◦ ± 4◦ (Walsh
et al. 2014), i = 42◦ ± 5◦ and PA = 145◦ ± 5◦ (Ardila et al. 2007). The near side of the
disk is most likely along the southwest minor axis (PA= 235◦) and the far side along the
northeast minor axis (PA = 55◦). This is inferred from the preceding and receding CO
lines (Pineda et al. 2014) and from assuming that the observed spiral arms are trailing
(Ardila et al. 2007; Boccaletti et al. 2013; Avenhaus et al. 2014a). The 15 au cavity edge
in the SPHERE R′ band scattered light image shows no indication of an offset with respect
to the central star (Garufi et al. 2016).

3.3.1 Stellar irradiation corrected images

Polarimetric differential imaging observations measure the linear polarization components
of the Stokes vector, Q and U , which are often converted into their azimuthal counterparts,
Qφ and Uφ . The Qφ image contains all polarized flux in the single scattering limit with
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only positive pixel values in the case of a noise-free disk detection with positively polarizing
dust grains. Scattered light images are often scaled with the square of the distance from
each pixel to the star in order to correct for the dilution of stellar radiation field. This
provides a better representation of the spatial distribution of the dust grains in the disk
surface and enhances faint structures at large disk radii.

The r2-scaled image is usually obtained by calculating the deprojected distance from
each pixel to the star in a geometrically flat disk for a given inclination and position angle,
while the vertical extent of the disk is neglected (e.g., Avenhaus et al. 2014a; Garufi et al.
2016). In this case, the distance calculation is symmetric with respect to the major axis
and pixels that are on opposite sides of the major axis are scaled by the same amount. This
introduces large errors for inclined and flaring disks because the distances on the near
side will be underestimated while the distances on the far side will be overestimated. The
left image in Fig. 3.2 shows the r2-scaled R′ band Qφ image with a correction applied only
for the inclination of the HD 100546 disk. In that case, the far side appears brighter in the
r2-scaled image than the near side of the disk (Avenhaus et al. 2014a; Garufi et al. 2016).

For a more realistic r2-scaling, we use the MCMax (Min et al. 2009) radiative transfer
model from Mulders et al. (2013a) to estimate the height of the τ = 1 surface of the
HD 100546 disk. The radiative transfer model was constructed to fit Hubble Space Telescope
(HST) scattered light images in the optical and near-infrared, as well as the spectral energy
distribution (SED). We retrieved the radial τ= 1 height from the model in the R′, H, and
Ks bands and performed a least-squares fit of Eq. 3.2 from which we obtained h0 = 0.14
and χ = 1.17 for the three filters. The τ = 1 height is very similar in the R′, H, and Ks

bands, with differences in h0 and χ only after the second decimal. We note that the flaring
of the τ = 1 surface (χ = 1.17) is smaller than the flaring of the pressure scale height,
Hp = 0.04 au (r/au)1.3 (Mulders et al. 2013a), because the height of the τ= 1 surface is
determined by the combined effect of the parametrized pressure scale height and surface
density.

The center image in Fig. 3.2 shows the Qφ image with a r2-scaling that is calculated
with the power law profile that was obtained from the radiative transfer model. Each
pixel of the original Qφ image has been multiplied with the squared distance from the star
to the point of scattering in the disk surface as given by Eq. 3.5. The resulting r2-scaled
image appears significantly different from the one constructed with the geometrically flat
assumption with the near side (southwest) of the disk clearly being brighter than the far
side (northeast). The reason for this is apparent from the scattering radius contours in the
left and center images of Fig. 3.2. The contours are symmetric with respect to the disk
major axis for the geometrically flat case. In reality, the scattering distance is projected
asymmetrically with respect to the disk major axis because of the flaring geometry of the
disk surface.
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3.3.2 Dust phase functions

The scattering phase function of dust grains depends on several parameters including their
size, shape, composition, and internal structure (e.g., Bohren & Huffman 1983; Muñoz
et al. 2006; Min et al. 2012, 2016). To gain insight into the scattering properties of the
dust grains residing in the HD 100546 disk surface, we obtained the phase function from
the unscaled Qφ polarized intensity images. In Sect. 3.3.1, we used the scattered light
mapping method to determine the scattering radius and scattering angle associated with
each image pixel (see contours in the center and right images of Fig. 3.2, respectively).
This allows us to construct a phase function from all pixel values within a certain distance
range from the star.

Figure 3.3 shows the derived phase functions for the R′, H, and Ks band PDI observa-
tions. We have used all the pixels that correspond to disk radii between 80 and 100 au,
corrected each pixel value for the effect of stellar irradiation, and determined the scattering
angle for each pixel with Eq. 3.6. The pixel values are binned in 36 linearly spaced scat-
tering angle bins between 0◦ and 180◦. The polarized intensity phase functions (dashed
lines in Fig. 3.3) are constructed from the mean scattering angle and the mean r2-scaled
Qφ flux in each bin. The uncertainties are calculated as 3σ/

p
N , with σ the standard

deviation and N the number of pixels, from the corresponding r2-scaled Uφ images.
The polarized intensity phase function is controlled by the combined effect of the total

intensity phase function and the degree of polarization. In the single scattering limit (Qφ
is dominated by single scattered light), the degree of polarization is given by the single
scattering polarization, which in case of silicate dust grains can often be approximated
by a bell-shaped curve, both for small and large grains, but also spherical or aggregate in
structure (e.g., Mishchenko et al. 2000, 2002; Volten et al. 2001; Murakawa 2010; Min
et al. 2005, 2016). Therefore, we use the Rayleigh single scattering polarization,

P = −
cos2Ψ − 1
cos2Ψ + 1

, (3.8)

to estimate the total intensity phase functions (solid lines in Fig. 3.3) by dividing the
polarized intensity phase functions with the single scattering polarization. We note that
normalizing the bell-shaped polarization curve to a lower peak value will not affect the
phase function because it is shown in normalized flux units. The phase functions show an
isotropic part for scattering angles in the range of 50◦–100◦ and a steeply rising part below
50◦ (see also Ardila et al. 2007). The lower and upper limit scattering angles that are
probed in the HD 100546 disk surface are approximately 32◦ and 113◦, respectively. The
overall shape of the derived phase functions is similar in the R′, H, and Ks bands, although
the steepness of the forward scattering slope increases towards shorter wavelengths.

Since we have estimated the degree of polarization in each pixel (neglecting multiple
scattering effects), we can reconstruct a total intensity image of the disk by dividing each
Qφ pixel value with the degree of polarization. We have normalized the bell-shaped
polarization curve to a peak value of 0.5 which is typical for compact aggregate dust
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Figure 3.3: Left: Observed polarized intensity phase functions (dashed lines) and reconstructed total intensity
phase functions (solid lines) that are calculated by assuming a bell-shaped degree of polarization (dotted line).
The polarized intensity phase functions have been obtained from the Qφ scattered light images in the R′, H, and
Ks bands. Each phase function has been normalized to its peak value. The error bars show three standard errors of
the mean obtained from the corresponding Uφ images. Right: Total intensity phase functions of the VLT/SPHERE
R′ band observation for different geometries of the radial τ = 1 disk surface (see Eq. 3.2). Throughout this work
we use h0 = 0.14 and χ = 1.17 (purple data points) which were obtained from the radiative transfer model of
Mulders et al. (2013a). The purple shaded region shows the effect of the inclination (40◦– 45◦) on the derived
phase function for the τ= 1 geometry with h0 = 0.14 and χ = 1.17.
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grains (Min et al. 2016). The single scattering polarization of fluffy aggregates will also be
bell-shaped, although the peak value will be higher than for compact aggregates (Tazaki
et al. 2016). The r2-scaled total intensity image with a contour overlay of the scattering
angles is shown on the right side of Fig. 3.2. The image is shown with the same color
scaling as the r2-scaled Qφ images and shows that the near side of the disk is very bright
in total intensity due to the forward scattering nature of the dust grains. The r2-scaled
scattered light decreases continuously in azimuthal direction away from the near side
minor axis and shows a slight minimum around scattering angles of 100◦. Towards the far
side minor axis, there is a slight increase in brightness, possibly by the beginning of the
backward scattering peak of the phase function (see Sect. 3.4.2) and/or an intrinsically
enhanced surface brightness from an asymmetry in the disk structure (Garufi et al. 2016).

3.4 Discussion

3.4.1 Interpretation of scattered light images

Application of the scattered light mapping method on the PDI observations of HD 100546
has shown that the flaring shape of the radial τ = 1 surface significantly affects the r2-
scaled images and phase functions. More generally, using a geometrically flat disk for the
r2-scaling might lead to a misinterpretation when the disk surface is inclined and flaring.
The calculated r2-scaled Qφ image (see center image of Fig. 3.2) and the derived phase
functions (see left plot of Fig. 3.3) differ significantly from earlier results in the literature.
Specifically, previous studies seemed to show r2-scaled Qφ images that are brighter on
the far side of the disk than the near side which has been explained by a backward peak
of the phase function whereas the beginning of the forward peak of the phase function
would explain the small amount of scattered light flux from the near side (Quanz et al.
2011; Avenhaus et al. 2014a; Garufi et al. 2016). Our results show the opposite: the near
side of the disk is brighter in the r2-scaled Qφ image than the far side.

With the scattered light mapping, we find that part of the forward scattering peak of
the phase function is probed on the near side of the disk and possibly the beginning of the
backward scattering peak is visible on the far side of the disk. The two dark regions in the
r2-scaled Qφ image that are aligned with the major axis (see Fig. 3.2) are likely the result
of the combined effect of the total intensity phase function and the degree of polarization.
More specifically, the total intensity phase function peaks in forward direction (the near
side of the disk) while the degree of polarization peaks at a 90◦ scattering angle (near the
major axis). This results in a minimum in polarized intensity around scattering angles of
50◦. This is clearly seen from the minimum in the polarized intensity phase functions in
the left plot of Fig. 3.3.

An alternative explanation for the low surface brightness regions in the r2-scaled Qφ
image is a scenario in which a warped inner disk is casting shadows on the outer disk
(Avenhaus et al. 2014a; Garufi et al. 2016). This seems unlikely for two reasons. First, a
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shadow that is cast by a misaligned inner disk is expected to be visible on the outer disk
rim as well, which is not the case here (Marino et al. 2015; Stolker et al. 2016b). Second,
the boundary of the low surface brightness regions is on one side approximately aligned
with the major axis of the outer disk, which would require the inner disk to have the same
position angle as the outer disk which would be coincidental. Future observations will
establish if the HD 100546 polarized surface brightness pattern is also visible in other,
similarly inclined and flaring disks.

3.4.2 Evidence for aggregate dust grains

The derived total intensity phase functions of the HD 100546 disk are presented in the left
plot of Fig. 3.3 and show an overall similar shape in the R′, H and Ks bands. The steeply
rising forward scattering peak below scattering angles of 50◦ and the isotropic phase
function at intermediate scattering angles indicate that the dust grains in the disk surface
are large (2πa ¦ λ, with a the grain radius and λ the photon wavelength). Smaller grains
have a more moderate forward scattering peak or scatter approximately isotropically at
all scattering angles (e.g., Min et al. 2016). The phase functions show an increase in the
steepness of the forward scattering peak towards smaller wavelengths, which is expected
because the dust grains will become larger compared to the photon wavelength.

Large compact grains settle efficiently towards the midplane (Dubrulle et al. 1995);
therefore, it is expected that the dust grains in the disk surface of HD 100546 will have
an aggregate structure which provides them with aerodynamic support against vertical
settling. This is consistent with the results from Mulders et al. (2013a) who have shown
that the red color, low albedo, and small brightness asymmetry of total intensity scattered
light observations with HST are an indication of large aggregate dust grains in the disk
surface of HD 100546.

The scattered light observations of HD 100546 probe only part of the dust phase
function and in particular large scattering angles are not observed. The reconstructed total
intensity phase functions (see left plot of Fig. 3.3) show the beginning of the backward
scattering peak as expected for large aggregate dust grains (Min et al. 2016; Tazaki et al.
2016). However, the presence and strength of the observed backward peak depends on
the assumed geometry of the disk surface. The right plot in Fig. 3.3 shows the derived
phase function from the R′ band image for different power law profiles of the disk height
which shows a large difference between a geometrically flat and a flaring surface.

For this analysis, we have assumed that the observed flux is dominated by single
scattered light. A more detailed radiative transfer study is required to investigate the
effect of multiple scattering on the derived phase function. Also, we have neglected
the effect of dust composition, which especially has an effect on the single scattering
polarization (Muñoz et al. 2006). However, the dust composition of the disk is likely
dominated by silicate materials, which all have comparable refractive indices and single
scattering polarization curves that are approximately bell-shaped (e.g., Volten et al. 2001).
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3.5 Conclusions

Nevertheless, the assumption of a bell-shaped single scattering polarization may have
introduced a bias in the analysis.

3.5 Conclusions

We present a numerical method, scattered light mapping, for the interpretation of scattered
light images of protoplanetary disks. The method considers how a flaring disk surface
projects on the image plane of the observer. In this way, the scattering radii and scattering
angles can be mapped to the pixels of a scattered light image such that stellar irradiation
corrected images and phase functions can be retrieved. The main conclusions are the
following:

• Taking into account the projection effect of a inclined and flaring disk surface on
the image plane can have a significant effect on the calculation of stellar irradiation
corrected images and dust phase functions. An estimate of the height of the τ= 1
surface is required which can be obtained from a radiative transfer model that
reproduces, at minimum, the infrared excess of the SED, or by fitting ellipses to
concentric structures, such as rings and gaps, in a scattered light image of an inclined
disk (Ginski et al. 2016).

• Application of the mapping method on polarized scattered light images of the
protoplanetary disk around HD 100546 revealed that the near side is brighter than
the far side both in polarized intensity and total intensity, as opposed to earlier work
with results inferred from a geometrically flat disk geometry.

• The derived dust phase functions from the R′, H, and Ks band Qφ images of
HD 100546 indicate that large (2πa ¦ λ) dust grains dominate the scattering
opacity in the disk surface. Large dust grains in the disk surface are expected to
have an aggregate structure which prevents them from settling efficiently towards
the midplane.
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Abstract

The protoplanetary disk around the F-type star HD 135344B (SAO 206462) is in a tran-
sition stage and shows many intriguing structures both in scattered light and thermal
(sub-)millimeter emission which are possibly related to planet formation processes. We aim
to study the morphology and surface brightness of the disk in scattered light to gain insight
into the innermost disk regions, the formation of protoplanets, planet-disk interactions
traced in the surface and midplane layers, and the dust grain properties of the disk surface.
We have carried out high-contrast polarimetric differential imaging (PDI) observations
with VLT/SPHERE and obtained polarized scattered light images with ZIMPOL in the
R and I bands and with IRDIS in the Y and J bands. The scattered light images and

81



4 Shadows cast on the transition disk of HD 135344B

surface brightness profiles are used to study in detail structures in the disk surface and
brightness variations. We have constructed a 3D radiative transfer model to support the
interpretation of several detected shadow features. The scattered light images reveal with
unprecedented angular resolution and sensitivity the spiral arms as well as the 25 au cavity
of the disk. Multiple shadow features are discovered on the outer disk with one shadow
only being present during the second observation epoch. A positive surface brightness
gradient is observed in the stellar irradiation corrected (r2-scaled) images in southwest
direction possibly due to an azimuthally asymmetric perturbation of the temperature
and/or surface density by the passing spiral arms. The disk integrated polarized flux,
normalized to the stellar flux, shows a positive trend towards longer wavelengths which
we attribute to large (2πa ¦ λ) aggregate dust grains in the disk surface. Part of the
the non-azimuthal polarization signal in the Uφ image of the J band observation can
be attributed to multiple scattering in the disk. The detected shadow features and their
possible variability have the potential to provide insight into the structure of and processes
occurring in the innermost disk regions. Possible explanations for the presence of the
shadows include a 22◦ misaligned inner disk, a warped disk region that connects the inner
disk with the outer disk, and variable or transient phenomena such as a perturbation of
the inner disk or an asymmetric accretion flow. The spiral arms are best explained by one
or multiple protoplanets in the exterior of the disk although no gap is detected beyond the
spiral arms up to 1.′′0.
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4.1 Introduction

Protoplanetary disks around young stars are the birth environments of planets and studying
them is essential for understanding the planet formation process. High-resolution imaging
of protoplanetary disks in scattered light and thermal (sub-)millimeter emission reveals
morphological structures related to disk evolution and planet-disk interactions among
others. Transition disks with large dust cavities are of particular interest because they
comprise a small sample of protoplanetary disks that are thought to be in the last stage of
disk evolution and possibly planet formation during which the disk evolves from gas-rich
protoplanetary disk to gas-poor debris disk. The spectral energy distributions (SED) of
transition disks are characterized by a deficit in the infrared excess, relative to typical
primordial disk targets, which is usually interpreted as a consequence of dust depletion in
the inner regions of the disk (e.g., Strom et al. 1989; Skrutskie et al. 1990; Espaillat et al.
2014). Imaging of transition disks can unambiguously establish whether a dust cavity is
indeed present as well as other structures in the disk. Scattered light imaging at optical
and near-infrared wavelengths traces small (micron-sized) dust grains in the disk surface
whereas resolved (sub-)millimeter continuum observations trace the thermal radiation of
larger (mm-sized) dust grains in the disk midplane.

HD 135344B (SAO 206462) is an F4Ve star (Dunkin et al. 1997) with a transition
disk which is located in the Scorpius OB2-3 (Upper Centaurus Lupus) star forming region
at a distance of 140± 42 pc with an estimated age of 8+8

−4 Myr (van Boekel et al. 2005).
The star is part of a visual binary system and has a separation of 21′′ from the primary
star, HD 135344 (SAO 206463) (Mason et al. 2001), which is an A0V star (Houk 1982).
HD 135344B has been classified as a group Ib source by Meeus et al. (2001) because
the SED rises in the mid-infrared yet lacks a 10 µm silicate emission feature. Group I
sources are expected to feature a large gap and exhibit mid-infrared excess dominated by
reprocessing of stellar flux by the rim and the flared surface of the outer disk (Maaskant
et al. 2013). The infrared excess of the HD 135344B disk is LIR/L∗ = 0.53 which is a
typical value for group I protoplanetary disks (Dominik et al. 2003). The main parameters
of the system are summarized in Table 4.1.

Analysis of the SED by Brown et al. (2007) suggested that a large dust cavity with
a radius of 45 au is present in the disk. Dust continuum (sub-)millimeter observations
have confirmed the presence of the dust cavity and show a crescent-shaped asymmetry
with a factor of two emission contrast due to an azimuthal asymmetry in the thermal disk
structure and/or the distribution of the large dust grains (Brown et al. 2009; Lyo et al.
2011; Andrews et al. 2011; Pérez et al. 2014; Pinilla et al. 2015b). ALMA observations of
13CO and C18O revealed a 25 au gas cavity in which the CO surface density is reduced by
a factor of 10000 (van der Marel et al. 2016).

The HD 135344B disk was first detected in scattered light with the Hubble Space Tele-
scope (HST) which showed part of the outer disk but there was no unambiguous detection
of any substructures (Grady et al. 2009). Subaru/HiCIAO H band polarimetric imaging
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Table 4.1: Main parameters of HD 135344B

Parameter Value Reference

Right ascension (J2000) 15h 15m 48.s44 Tycho-2 catalog (Høg et al. 2000)

Declination (J2000) −37◦ 09′ 16.′′059 Tycho-2 catalog (Høg et al. 2000)

B [mag] 9.21 ± 0.02 Tycho-2 catalog (Høg et al. 2000)

V [mag] 8.708 ± 0.017 Tycho-2 catalog (Høg et al. 2000)

R [mag] 8.302 ± 0.016 Sitko et al. (2012)

I [mag] 7.979 ± 0.017 Sitko et al. (2012)

Y [mag] 7.80 ± 0.32 Estimated with a linear fit

J [mag] 7.279 ± 0.026 2MASS catalog (Skrutskie et al. 2006)

H [mag] 6.587 ± 0.031 2MASS catalog (Skrutskie et al. 2006)

Ks [mag] 5.843 ± 0.020 2MASS catalog (Skrutskie et al. 2006)

AV [mag] 0.3 Andrews et al. (2011)

Spectral type F4Ve Dunkin et al. (1997)

L∗ [L�] 7.8 Andrews et al. (2011)

M∗ [M�] 1.7 Müller et al. (2011)

R∗ [R�] 1.4 Müller et al. (2011)

Teff [K] 6810 Müller et al. (2011)

Ṁ [M� yr−1] (0.6−4.2)×10−8 Sitko et al. (2012)

Distance [pc] 140± 42 van Boekel et al. (2005)

Age [Myr] 8+8
−4 van Boekel et al. (2005)

Dust mass [M�] 1.7× 10−4 van der Marel et al. (2016)

Gas mass [M�] 2.4× 10−2 van der Marel et al. (2016)

Outer disk inclination [deg] 11 Lyo et al. (2011)

Outer disk position angle [deg] 62 Pérez et al. (2014)

observations by Muto et al. (2012) revealed two spiral arms which were discussed in the
context of spiral density waves. Garufi et al. (2013) carried out VLT/NACO polarimetric
imaging observations in the H and Ks bands which resolved a 28 au cavity. The outer radius
of the scattered light cavity is approximately 20 au smaller than the (sub-)millimeter cavity
which can be explained by spatial segregation of micron-sized and mm-sized dust grains
(Garufi et al. 2013) which is a natural outcome of particle trapping by a pressure maximum,
for example due to planet-disk interactions (e.g., Rice et al. 2006; Pinilla et al. 2012a; Zhu
et al. 2012; de Juan Ovelar et al. 2013). More recently, angular differential imaging (ADI)
observations with the Gemini Planet Imager (GPI) were presented by Wahhaj et al. (2015)
who recovered the spiral arms and new streamer-like features.

The near-infrared-excess in the SED of HD 135344B is an indicator for dust at small
orbital radii (Brown et al. 2007; Carmona et al. 2014). A dust belt at sub-au distance from
the star was confirmed by mid- and near-infrared interferometric observations (Carmona
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et al. 2014; Menu et al. 2015) with possibly a misalignment of the inner and outer disk
(Fedele et al. 2008). Multi-epoch spectroscopic and near-infrared photometric observations
show variability over the course of months which might be related to instabilities in or
perturbations of the inner disk (Sitko et al. 2012). HD 135344B is accreting at a rate of
10−8 M� yr−1 (Sitko et al. 2012) and rotating near break-up velocity (Müller et al. 2011).

We aim to study the morphology and surface brightness of the HD 135344B disk in
scattered light to gain better insight into previously detected structures. This requires
high-resolution and high-contrast imaging with the best sensitivity possible. Therefore,
we use polarimetric differential imaging (PDI; e.g., Kuhn et al. 2001; Apai et al. 2004a)
which is a powerful technique to suppress the unpolarized speckle halo from a star and
reveal the scattered light from a protoplanetary disk surface which is orders of magnitude
fainter (e.g., Quanz et al. 2011; Hashimoto et al. 2012; Grady et al. 2013; Avenhaus et al.
2014a; Thalmann et al. 2015).

In this paper, we present R, I , Y , and J band VLT/SPHERE (Spectro-Polarimetric
High-contrast Exoplanet REsearch; Beuzit et al. 2008) PDI observations of HD 135344B.
The spiral arms and dust cavity are detected with unprecedented angular resolution and
sensitivity, and several new disk features are revealed. Total intensity images that have
been obtained with SPHERE will be presented in a forthcoming paper (Maire et al. 2017).
In Sect. 4.2, we describe the observations and data reduction procedure. In Sect. 4.3, we
study the morphology, surface brightness and color of the scattered light. In Sect. 4.4, we
use a 3D radiative transfer model to provide a possible interpretation for several detected
shadow features and we fit the shape of the spiral arms in the context of planet-disk
interactions. In Sect. 4.5, we discuss the results with a focus on the innermost disk regions,
the formation of spiral arms, and Atacama Large Millimeter/submillimeter Array (ALMA)
dust continuum observations. In Sect. 4.6, we summarize the main conclusions.

4.2 Observations and data reduction

The observations were carried out during the nights of 30 March 2015 (Y band), 31 March 2015
(R and I band), and 02 May 2015 (J band) with the SPHERE instrument which is mounted
on the Nasmyth A platform of the Unit Telescope 3 (UT3) at ESO’s Very Large Telescope
(VLT). ZIMPOL (Zurich IMaging POLarimeter; Thalmann et al. 2008; Schmid et al. 2012)
and IRDIS (Infra-Red Dual-beam Imager and Spectrograph; Dohlen et al. 2008; Langlois
et al. 2014) are the optical and near-infrared imaging component of SPHERE, respectively.
SPHERE contains an extreme adaptive optics system (SAXO) to correct for atmospheric
wavefront perturbations (Fusco et al. 2006; Petit et al. 2014).

4.2.1 SPHERE/ZIMPOL

HD 135344B was observed simultaneously with the R_PRIM filter (λc = 0.626 µm, ∆λ =
0.149 µm) and the I_PRIM filter (λc = 0.790 µm, ∆λ = 0.153 µm) in the SlowPol
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4.2 Observations and data reduction

detector mode of ZIMPOL. The instrument converts the polarization of the incoming light
into two intensity modulated beams with a polarization modulator and a polarization
beam splitter. Each of the two beams is registered on an individual demodulating detector
with a field of view of 3.′′5× 3.′′5. In SlowPol mode, the de-modulation frequency of the
two orthogonal polarization directions is reduced to ∼27 Hz which is a factor of ∼36
lower than in FastPol mode (Bazzon et al. 2012; Schmid et al. 2012). This enables a
longer readout time for each individual frame and a factor of ∼10 reduction of readout
noise. This mode is particularly useful for background limited regions of the image. The
effective pixel scales are 3.5837± 0.0006 by 3.6045± 0.0005 mas and 3.5873± 0.0005
by 3.6081 ± 0.0006 mas for camera 1 (I band) and camera 2 (R band), respectively
(Ginski et al., in prep.). The difference in pixel scale comes from a remaining anamorphic
magnification difference between the horizontal and vertical detector direction, even if
mostly compensated by the toric mirrors in the common path infrastructure (CPI; Hugot
et al. 2012).

The ZIMPOL observations were carried out with a detector integration time (DIT) of
10 s to reach a high signal-to-noise (S/N) but without strongly saturating the detector. No
coronagraph was used in order to be sensitive to the innermost disk regions but the data
is not usable inside approximately 30 mas due to saturation effects. The central octopole
pattern that is visible between 30 and 100 mas in both the Qφ and Uφ images (see Fig. 4.1)
is likely an instrumental effect and/or a low-wind effect which reduces the S/N very close
to the star. Unsaturated frames were obtained with the use of an additional neutral density
filter (∼10−1 transmissivity). This allows us to estimate the angular resolution of the
images and to do a photometric calibration (see Appendix 4.A). The average differential
image motion monitor (DIMM) seeing during the observations was ∼0.′′7.

Four half-wave plate (HWP) positions were cycled (0◦, 45◦, 22.5◦, and 67.5◦) to enable
construction of Stokes +Q, −Q, +U , and −U , respectively. Each HWP orientation was
successively used for eight integrations. The observations comprised three dithering
positions with steps of 71 mas to minimize the contribution of bad pixels. A total number
of 26 complete polarimetric cycles were obtained and a single polarimetric cycle and single
dithering position was used for the total intensity measurement. The total integration time
per HWP position was 960 s and an additional 40 s per HWP position with the neutral
density filter (see Table 4.2).

The raw frames of the ZIMPOL observations were split into the two beams, R and I
band, and the polarization states were extracted from the odd and even detector rows
(Thalmann et al. 2008). Standard data reduction routines were applied including flat field,
bias frame, and bad pixel correction (Avenhaus et al. 2014b). The stellar position was
determined using an asymmetric 2D Gaussian fit because of the non-square nature of the
ZIMPOL pixels. We have used a correction of −1.188◦ for the rotational offset of the HWP
with respect to true north (see Eq. 4.2) which is determined by minimizing the integrated
signal in the Uφ image. The frames have been upscaled by a factor of two in vertical
direction to make the pixels square, they were centered with the derived stellar location,
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and non-linear pixels have been masked out. Instrumental polarization is corrected by
equalizing the integrated flux of the ordinary and extraordinary beam between 0.′′1 and
1.′′0 (Avenhaus et al. 2014b). Qφ and Uφ frames (see Sect. 4.2.3) were obtained for each
HWP cycle and combined with a mean-stacking. Astrometric calibration was performed
on the final Qφ and Uφ images (Ginski et al., in prep.). A more exhaustive description of
the data reduction technique is provided in the appendix of Avenhaus et al. (2014b).

The angular resolution of the ZIMPOL observations is determined from a reduced and
non-saturated total intensity frame. The full width half maximum (FWHM) of the point
spread function (PSF) is 33.5 mas and 28.5 mas for R and I band, respectively, which are
comparable due to the smaller diffraction limit in R band but a higher Strehl ratio in I
band.

4.2.2 SPHERE/IRDIS

In addition to the ZIMPOL PDI observations, we carried out IRDIS dual-polarization imaging
(DPI) observations at two different epochs approximately one month apart. We note that
PDI and DPI are equivalent techniques but there is an instrumental difference between
ZIMPOL and IRDIS (Thalmann et al. 2008; Langlois et al. 2014). We observed HD 135344B
with the BB_Y filter (λc = 1.043 µm, ∆λ = 0.140 µm) and without coronagraph during a
HWP experiment which resulted in an on-source integration time of 151 s per HWP position
with a DIT of 0.84 s. The IRDIS detector has a pixel scale of approximately 12.26 mas
per pixel and a 11′′ × 11′′ field of view. The HWP that controls the orientation of the
polarization was cycled through 0◦, 45◦, 22.5◦, and 67.5◦ to obtain the linear components
of the Stokes vector. We completed seven polarimetric cycles with an average DIMM seeing
of ∼0.′′9 (see Table 4.2).

A deeper IRDIS observation was done with the BB_J filter (λc = 1.245 µm, ∆λ =
0.240 µm) for which we used a small apodized Lyot coronagraph with an inner working
angle (IWA) of 80 mas. The total integration time per HWP position was 1152 s with
a DIT of 32 s corresponding to 12 completed polarimetric cycles. A non-coronagraphic
(unsaturated) frame was obtained at the start and the end of the observations with a 0.84 s
DIT and an additional neutral density filter with ∼10−1 transmissivity. Seeing conditions
were good (∼0.′′7) and the spiral arms were visible after a single detector integration.

The ordinary and extraordinary beam were extracted from the raw frames of the
IRDIS detector after which a dark frame, flat field, and bad pixel correction were applied
(Avenhaus et al. 2014b). To accurately determine the position of the star behind the
coronagraph we used dedicated center calibration frames at the beginning and the end of
the science sequence. These are coronagraphic images in which a periodic 2D modulation
is applied to the deformable mirror that causes four equidistant echoes of the stellar PSF
to appear in a cross-shaped pattern outside of the coronagraph (Marois et al. 2006b;
Sivaramakrishnan & Oppenheimer 2006). A linear interpolation between the two center
frames is used to determine the stellar position in all frames. For the non-coronagraphic Y
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band observations, we have determined the stellar position by fitting a 2D Moffat function
to the saturated PSF profile.

Similar to the ZIMPOL observations, the instrumental polarization of the J band obser-
vation is corrected by equalizing the ordinary and extraordinary beam. The instrumental
polarization of the Y band observations is determined by integrating the flux in an annulus
with an inner radius of six pixels and outer radius of nine pixels centered on the star
for Stokes Q and U separately. The corresponding total intensity frames are multiplied
with the integrated flux value after which it is subtracted from the Stokes Q or U image
(Canovas et al. 2011). The Qφ and Uφ images were obtained from the Stokes Q and
U images with a mean stacking. The angular resolution of the IRDIS J band image is
38.5 mas. No unsaturated frames were obtained during the Y band observations and a
determination of the angular resolution from the science data is not possible.

4.2.3 Azimuthal Stokes parameters

We convert the linear Stokes parameters, Q and U , into their azimuthal counterparts, Qφ
and Uφ , which are defined as (cf. Schmid et al. 2006):

Qφ =Q cos2φ + U sin2φ

Uφ =Q sin2φ − U cos2φ,
(4.1)

where φ is the position angle of a location (x , y) in the disk image with respect to the
stellar position (x0, y0). The azimuthal location, measured in counterclockwise direction
from the positive x-axis, is given by

φ = arctan
y − y0

x − x0
+ θ , (4.2)

where θ corrects for small instrumental offsets such as an angular misalignment of the
HWP. In this way, Qφ > 0 for single scattered light from protoplanetary dust grains that
introduce positive polarization at the observed scattering angles. This implies that the
polarization vectors point in azimuthal direction, in contrast to Qφ < 0 which corresponds

to polarization in radial direction. The polarized intensity, PI =
p

Q2 + U2, is similar to
the Qφ flux when multiple scattering can be neglected. In that case, the Uφ image does
not contain any scattered light from the disk and can be used to estimate the noise level
of the Qφ image. In contrast to PI , Qφ does not contain any bias from computing the
squares of Q and U when noise is present in the image (Schmid et al. 2006).

4.3 Results

4.3.1 Polarized light imagery

Figures 4.1 and 4.2 show the ZIMPOL and IRDIS polarized intensity images, respectively,
and the corresponding S/N maps of HD 135344B. The disk is clearly detected with all
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Figure 4.1: ZIMPOL R band (top two rows) and ZIMPOL I band (bottom two rows) polarized intensity images.
The field of view is 1.′′4× 1.′′4 and the central star is positioned in the center of each image. The left column
shows the Qφ and Uφ polarized intensity images (see Sect. 4.2.3). The center column shows the Qφ and Uφ
images scaled with the deprojected distance squared from the star to each pixel for an inclination of 11◦ and
a position angle of the major axis of 62◦. All images are shown on a linear color stretch, with companion Qφ
and Uφ images having the same minimum and maximum value. Orange corresponds to positive values, blue to
negative values, and black is the zero point. The right column shows the signal-to-noise (S/N) maps of the Qφ
and Uφ images which are obtained from the Uφ images. The contour levels correspond to the standard deviation
values that are shown on the right of the S/N map colorbar.
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further details.
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filters and a great amount of structure is seen with high S/N in the Qφ images. The
left columns show the unscaled Qφ and Uφ polarized intensity images and the center
columns the stellar irradiation corrected (r2-scaled) Qφ and Uφ images for which each
pixel has been multiplied with the square of the deprojected distance to the stellar position
at the center of each image. The correction compensates for the inverse-square law of the
irradiation of the disk by the central star and attempts to provide an estimate of the spatial
distribution of the dust grains in the disk surface. We have assumed a disk inclination of
11◦ and a position angle of the major axis of 62◦ (see Table 4.1) and did not correct for
the vertical extent of the disk.

Negative valued pixels are identified in the central regions of the unscaled Qφ images,
where instrumental effects, PSF smearing effects (Avenhaus et al. 2014a), and low-wind
effects dominate, and also in the outer disk regions were the scattered light flux becomes
comparable to the background noise level. The inner dust disk of HD 135344B is expected
to be located at sub-au distance from the star (Carmona et al. 2014) and a direct detection
is not possible. However, the signal pattern in the inner regions of the ZIMPOL images is
expected to contain some of the smeared scattered light from the inner disk but at this
point it is not clear how significant this is with respect to the instrumental signal.

The S/N maps in Figs. 4.1 and 4.2 are estimated from the Uφ images. We binned the
pixel values in linearly spaced annuli (one pixel wide) around the star and calculated the
standard deviation within each annulus which yields an estimate of the noise level in the
Qφ image as function of radial separation from the star. The S/N is calculated from the
ratio of the absolute pixel values in the Qφ image and the Uφ standard deviation in the
corresponding annuli. For the Uφ S/N maps, we used the ratio of the absolute pixel values
in Uφ image and the standard deviations from the Uφ annuli.

Multiple scattering in a moderate inclined and axisymmetric disk will produce non-
azimuthal polarization in the Uφ image with values up to ∼5% of the Qφ flux (Canovas
et al. 2015). For a nearly face-on disk, the Uφ signal will be lower since forward scattering
of large dust grains (2πa ¦ λ, with a the grain radius and λ the photon wavelength)
reduces the number of multiple scattered photons that are directed towards the observer. A
hard color stretch of the J band Uφ image (see Fig. 4.2) is required to reveal the non-zero
residual.

We determine the ratio of the azimuthally integrated Uφ and Qφ signal in 25 linearly
spaced annuli around the star between 0.′′05 and 1.′′0 (see Fig. 4.3). The number of bins is
chosen such that the width of each annulus is approximately equal the angular resolution
of the image. The J band observation is used for this analysis because of the high S/N
compared to the other filters. We have used the absolute pixel values because the annulus
integrated Uφ signal from a face-on and axisymmetric disk will be zero. As expected, the
ratio approaches unity both in the cavity (®0.′′2) and the outermost disk region (¦0.′′7)
because the scattered light flux in the Qφ image is similar to the noise level. The integrated
Uφ signal is between 2.5% and 3% of the integrated Qφ signal where the S/N is largest,
that is, where the Uφ/Qφ ratio reaches a minimum in Fig. 4.3. This might suggest that
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Figure 4.3: Azimuthally integrated ratio of the Uφ and Qφ polarized surface brightness. It reaches a minimum
of the order of a few percent around high S/N disk locations. The error bars show 5σ as derived from the Uφ
image. The dashed lines show the 25 au scattered light cavity, the 46 au millimeter cavity from Andrews et al.
(2011), and the outer radius at which the spiral arms are visible.

the effect of multiple scattering in the disk is non-negligible.

4.3.2 Disk morphology and brightness asymmetries

The disk is clearly detected from approximately 0.′′1 up to 0.′′7 in the r2-scaled Qφ images of
both ZIMPOL and IRDIS (see Figs. 4.1 and 4.2). Additionally, there is a tentative detection
of the disk in J band from 0.′′7 to 1.′′0 (see Sect. 4.3.4). We have identified a number of
structures in the r2-scaled Qφ images which are related to the morphology and surface
brightness of the disk. The features have been labeled in Fig. 4.4 and will be described in
more detail below. The figure shows a color composite image of the r2-scaled ZIMPOL R
and I band images. We have scaled the I band image by a factor of 1.05 to correct for the
larger photometric flux in I band with respect to R band (Coulson & Walther 1995).

Two prominent spiral arms, S1 and S2 (Muto et al. 2012; Garufi et al. 2013), are
visible in all Qφ images (see Fig. 4.4) and can be traced from the outer disk cavity edge at
∼0.′′2 to ∼0.′′6 (∼28-64 au). Spiral arm S1 separates from the cavity edge at a position
angle (east of north) of ∼80◦ and spiral arm S2 at a position angle of ∼260◦, both spiral
arms span an azimuthal range of ∼240◦. The spiral arms are approximately azimuthally
symmetric in their location and pitch angle and have a surface brightness contrast of a
factor of 2-3 with the background disk in the r2-scaled images. There appears to be a
spiral arm branch on the east side of the disk, also detected by Garufi et al. (2013), which
we label S3 (see also the r2-scaled J band image in Fig. 4.2 where this feature is better
visible). A kink in the S1 spiral arm is visible at a position angle of 225◦ (see Fig. 4.4)
which is identified by the sudden change in pitch angle of the spiral arm. We will discuss
this feature in Sect. 4.5.2. We infer that the near side is along the southern minor axis
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and I band (green). The field of view is 1.′′4× 1.′′4 and the main features that have been identified are labeled.

because of the preceding and receding CO lines (Pérez et al. 2014) and assuming that the
observed spiral arms are trailing.

The scattered light cavity, initially revealed by Garufi et al. (2013), is clearly visible
and has an approximate radius of 0.′′18 (25 au). The cavity edge of the outer disk will be
studied in the context of spatial segregation of dust grain sizes in Appendix 4.B. Multiple
surface brightness depressions, which are unlikely to be related to changes in disk or dust
properties, are in particular well detected in the high S/N J band observation. These
features are likely shadows that are cast by the innermost disk regions. We will identify
the shadow features and elaborate on their detection in Sect. 4.3.5.

All filters show in the r2-scaled Qφ image a positive surface brightness gradient in
southwest direction. In particular the ZIMPOL images show a distinct bright wedge-shaped
region (see Fig. 4.4). The mean r2-scaled pixel value in the bright wedge between 0.′′15
and 0.′′7 is a factor of 3.7 larger than the mean value from the same sized wedge in
opposite direction. A possible interpretation of this brightness gradient will be discussed
in Sect. 4.5.3.

The ZIMPOL and IRDIS observations reveal a similar disk morphology yet several
differences in surface brightness are visible. The flux contrast of the S2 spiral arm with
the S1 spiral arm, measured on opposite sides of the major axis, is approximately a factor
of five larger in the ZIMPOL R band image compared to the IRDIS J band image. The
faintness of the S2 spiral arm in the ZIMPOL images could be a shadowing effect by the
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Figure 4.5: Disk-to-star flux ratio as determined from the Qφ image, which only includes polarized scattered
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squares fit of a linear function and the solid lines are the normalized transmission curves of the three filters.

outer disk rim which will become optically thin higher above the midplane at shorter
wavelengths. The ZIMPOL images show a bright blob in the S2 spiral arm at a position
angle of ∼100◦ which does not seem to be affected by the shadowing of the outer disk rim
possibly due to a local perturbation of the surface density or temperature which may result
in an increased scattered light flux. A striped pattern in azimuthal direction is present in
the ZIMPOL data which is likely an artifact of the rotation of the telescope spiders during
the observation (see Fig. 4.4).

4.3.3 Disk color in polarized light

The fraction of stellar light that scatters from the disk surface towards the observer depends
on disk properties such as the pressure scale height and surface density, as well as dust
properties such as the single scattering albedo, phase function, and polarizability (which
are related to grain size, structure, and composition). We determine the disk scattering
efficiency from the R, I , and J band observations by calculating the disk integrated polarized
intensity in the Qφ image with an annulus aperture (0.′′1–2.′′0) centered on the star (only
disk signal because the stellar halo is unpolarized) and we use a 2.′′0 circular aperture to
calculate the integrated total intensity of an (unsaturated) total intensity image (mainly
stellar light). A correction is applied for the difference in DIT of the Qφ polarized intensity
frame and the total intensity frame. Additionally, we correct the total intensity frame for
the transmissivity of the neutral density filter. We have neglected foreground extinction
since it will affect the scattered light flux and stellar flux equally. For this analysis we could
not include the Y band observations since no unsaturated frames were obtained during
the HWP experiment.

95



4 Shadows cast on the transition disk of HD 135344B

Figure 4.5 shows the disk-to-star flux ratio of the R, I , and J band images. The
uncertainties are derived from the Uφ image by propagating the error on each pixel value
(see S/N maps of Figs. 4.1 and 4.2) to an error bar on the integrated flux ratio. A weighted
least squares fit of a linear function shows that the disk scattering efficiency increases
towards longer wavelengths. If we assume that the degree of polarization is approximately
the same for the three filers (since it is only weakly dependents on wavelength), then
we can conclude that the disk integrated polarized intensity is intrinsically red in color
consistently in R, I , and J band (see also the red color of the composite ZIMPOL image in
Fig. 4.4). We note that the scattering geometry in the disk is very similar in the optical
and near-infrared although near-infrared observations probe slightly deeper in the disk
surface.

For sub-micron sized dust grains, the scattering cross section will be significantly larger
at shorter wavelengths due to the λ−4 wavelength dependence in the Rayleigh regime. We
observe an opposite effect which indicates that larger dust grains (2πa ¦ λ) dominate the
scattering opacity in the disk surface. Large dust grains give the disk a red appearance in
scattered light because the shorter wavelength photons scatter more strongly in forward
direction (i.e., into the disk) which makes the disk more faint at shorter wavelengths
(Mulders et al. 2013a). Large dust grains in the disk surface need to have an aggregate
structure which prevents them from settling efficiently towards the disk midplane. A
detailed multi-wavelength study of the optical properties of compact dust aggregates by
Min et al. (2016) showed that the effective albedo (scattering albedo with the forward
scattering peak of the phase function excluded) of micron-sized aggregate dust grains
increases from optical to near-infrared wavelengths.

4.3.4 Surface brightness profiles

We use the (unscaled) Qφ images to obtain polarized surface brightness profiles along the
major and minor axis of the disk which are shown in Fig. 4.6. A radial cut is made through
the disk with an azimuthal width of 10◦ and 41, 35, and 30 linearly spaced bins in radial
direction between 0.′′05 and 1.′′0 for R, I , and J band, respectively. The number of bins has
been chosen such that the bin width is approximately equal to the angular resolution of
the image. The error bars show 1σ deviation in the corresponding bins of the unscaled Uφ
images. The Y band observation is excluded from the surface brightness profiles because
no unsaturated total intensity frames were obtained which made a photometric calibration
not possible.

Figure 4.6 shows the difference of the disk polarized surface brightness and the stellar
magnitude in the same filter (see Table 4.1). In this way, each surface brightness profile is
normalized to the stellar flux and depends mainly on the scattering properties of the dust
grains (e.g., Quanz et al. 2012). We note that the IRDIS photometric calibration has a
larger uncertainty than the ZIMPOL photometric calibration because we derive a zero-point
for the J band observation from the 2MASS stellar magnitude and the detector integrated
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Figure 4.6: Polarized surface brightness profiles along the major axis (top) and minor axis (bottom) of the
HD 135344B disk. The position angle of the axis (measured east of north) is shown in the top left and right, and
the colors indicate different filters. Data points show the mean Qφ surface brightness and the error bars show
1σ uncertainties determined from the corresponding Uφ image. We have rejected bins in which the mean Qφ
count rate is negative as well as lower limit error bars that correspond to negative flux values. We note that the
error bars do not include the uncertainty from the photometric calibration. The dotted lines show 1σ and 5σ
background levels in the Qφ J band image at large separation from the star.

total intensity with only applying a correction for the filter response (see Appendix 4.A for
more details). Therefore, comparing the surface brightness between different wavelengths
can only be done approximately. In general, the scattered light is red in color, consistent
with the disk integrated color obtained in Sect. 4.3.3, with local deviations from this overall
trend. The dotted lines in Fig. 4.6 show 1σ and 5σ of the background noise in the J band
Qφ image which has been determined with a 100 pixel radius aperture at large separation
from the star.

The surface brightness profiles are overall similar in shape and the disk is clearly
detected up to ∼0.′′7. Two evident maxima are visible along each direction with the
innermost maximum at ∼0.′′2 corresponding to the cavity edge of the outer disk, possibly
intertwined with a spiral arm. The second surface brightness maximum is located around
∼0.′′3–0.′′4 which is caused by a spiral arm. The S2 spiral arm is relatively faint around
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the major axis in the ZIMPOL images which was also seen in Fig. 4.4. The profiles along
the 62◦ and 152◦ position angles show a third maximum around ∼0.′′55 which was also
detected by Garufi et al. (2013). It is most visible in the J band surface brightness profile
as a result of the high S/N disk detection. On the west side of the disk (PA = 242◦ and
PA = 332◦), there is a tentative detection of the disk between 0.′′7 and 1.′′0. In that region,
the J band flux is comparable to the 5σ level of the background noise in Qφ .

The slope of the surface brightness profile beyond the spiral arms is determined by
the shape of the unperturbed disk surface. Therefore, we fit the azimuthally averaged
Qφ profile between 0.′′7 and 0.′′9 with a power law function. An azimuthally averaged
profile was used in order to enhance the faint scattered light flux at large disk radii. We
performed a weighted least squares fit of a linear function in log-log space with the weights
given by the standard deviations of the Uφ bins. The best-fit results of the power law
exponents are −4.33± 0.11, −3.83± 0.15, −1.22± 0.40, and −2.71± 0.07 for R, I , Y ,
and J band, respectively. The values indicate that the surface height at which the disk in
radial direction reaches an optical depth of unity might have a flat and not a flaring shape
at disk radii ¦100 au (Whitney & Hartmann 1992).

4.3.5 Shadow features and indications for variability

Figure 4.7 shows a projection of the r2-scaled Qφ images from Figs. 4.1 and 4.2 onto a polar
coordinates grid. The polar projections point out more clearly surface brightness changes
in radial and azimuthal direction and we identify multiple local depressions in surface
brightness which appear over a large radial distance with a modest azimuthal gradient. It
seems unlikely that this is related to changes in dust properties and/or scattering geometry
given the near face-on orientation of the disk (inclination is 11◦), as well as the large
radial extent and the azimuthal width of the local minima in surface brightness. Therefore,
we interpret the surface brightness depressions as shadows that are cast by the innermost
disk regions.

In particular the r2-scaled Qφ J band image shows with high S/N the locations and
shapes of the shadow features. In the J band polar projection (top image of Fig. 4.7),
we identify three shadow lanes (A, B, and C) at position angles of approximately −56◦,
34◦, and 169◦, respectively, which manifest themselves as dark vertical bands in the
polar projection (dashed lines). Additionally, a broader shadow (D) is identified which
is bound by shadow lanes A and B. The decrease in surface brightness at the shadow
locations is quantified in the bottom right of Fig. 4.9 which shows the radially integrated
surface brightness of the unscaled Qφ J band image. The figure shows that the location of
shadowed region D is bound by shadow lanes A and B but it is distinct from shadows A
and B in terms of integrated surface brightness.

The SPHERE PDI observations were carried out during two different epochs which
were approximately one month apart (see Table 4.2). Here we refer to the R, I , and
Y band observations as epoch 1 and the J band observations as epoch 2. Interestingly,
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Figure 4.7: Polar projections of the r2-
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a comparison of the polar projections of the two epochs in Fig. 4.7 shows that shadow
feature C is present in the J band image but appears to be absent in the image projections
of epoch 1. A possible explanation for shadow features A, B, and D is a warped inner disk.
We will explore this scenario with a radiative transfer model in Sect. 4.4.1 and discuss the
interpretation of the shadows in Sect. 4.5.1.

4.4 Modeling

4.4.1 Radiative transfer: shadows from a warped disk

A striking discovery of the SPHERE PDI observations is the presence of multiple shadows
that are cast on the outer disk of HD 135344B. In Sect. 4.3.5, we identified four shadow
features (A, B, C, and D) in the J band Qφ image (see Fig. 4.7) and we showed that shadow
feature C was only present in the second observation epoch. To explain shadow features
A, B, and D, we propose a scenario in which the unresolved inner disk of HD 135344B is
misaligned with respect to the outer disk and both are connected through a warped disk
region.

To test the warped disk hypothesis, we use the 3D radiative transfer code MCMax3D,
which fully includes multiple scattering and polarization, to qualitatively reproduce shadow
features A, B, and D. Shadow feature C is not included in the model because it appears to
be variable and its origin is uncertain (see the discussion in Sect. 4.5.1). Also the spiral
arms are not included since the shadow features are not affected by the presence of the
spiral arms and including them would add unnecessary complexity.

We use the 3D version of the continuum radiative transfer code MCMax (Min et al.
2009) which calculates the thermal structure of the disk for a radially parametrized surface
density distribution with a rounded disk rim (Hughes et al. 2008; Mulders et al. 2013b):

Σ(r) = Σ0r−ε exp

�

−
�

r
Rtap

�2−ε�

exp

�

−
�

1− r/Rround

w

�3�

, (4.3)

where Σ0 is a normalization constant, Rin < r < Rout the disk radius, Rtap the tapering-off
radius, ε the surface density power law index, Rround the radius were the rounding of
the surface density sets in, and w a measure for how round the disk rim is. The surface
density profile is scaled to the total dust mass, Mdust, within each zone. The vertical density
distribution is assumed to be Gaussian, in cylindrical coordinates given by

ρ(r, z) =
Σ(r)
p

2H(r)
exp

�

−
z2

2H(r)2

�

, (4.4)

where H(r)/r = (H0/r0)(r/r0)ψ is the parametrization of the aspect ratio, H(r) the
pressure scale height, H0/r0 the aspect ratio at reference radius r0, and ψ the flaring
index.
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Table 4.3: MCMax3D model parameters

Parameter Zone 1 Zone 2 Zone 3

Rin [au] 0.2 1 25

Rout [au] 1 25 200

Rtap
1[au] 70 70 70

Rround [au] 0.3 - 27

w2 0.3 - 0.3

Mdust [M�] 2× 10−9 2× 10−11 4× 10−4

ε3 1 3 1

H0/r0
4 0.01 0.01 0.07

r0
5[au] 1 1 30

ψ6 0 0 0.25

α7 10−3 10−1 10−3

amin [µm] 0.01 0.01 0.01

amax [µm] 1 1 1000

apow -3.5 -3.5 -3.5

i [deg] -11.5 -11.5 : 11 11

PA [deg] 75 75 : 62 62

1 Tapering-off radius (see Eq. 4.3);
2 Roundness of the disk rim (see Eq. 4.3);
3 Surface density power law index (see Eq. 4.3);
4 Reference aspect ratio;
5 Reference radius;
6 Flaring index (see Eq. 4.4);
7 Turbulent mixing strength (Shakura & Sunyaev 1973).

The grain size distribution of the dust is a power law with index apow and a minimum
and maximum grain size of amin and amax, respectively, for which we use values from
model 5 of Carmona et al. (2014) (see Table 4.3). The dust composition is 80% silicates
and 20% carbon and the porosity of the grains is approximated with effective medium
theory and set to 25%. We consider the grains to be irregular in shape by setting the
maximum volume void fraction used for the distribution of hollow spheres (DHS) to 0.8
(Min et al. 2005). The composition, porosity, and irregularity are set to typical values from
the European FP7 project DiscAnalysis (DIANA; Woitke et al. 2016). Grain size dependent
dust settling is calculated with the prescription from Woitke et al. (2016) who follow the
method from Dubrulle et al. (1995) but provide an adjustment for the parametrized vertical
gas structure. The method assumes an equilibrium between gravitational settling and
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zone 3: outer disk

zone 1: inner disk

zone 2: disk warp

25 au

Figure 4.8: Architecture of the MCMax3D radiative transfer model (exaggerated for clarification of the disk
warp). The misaligned inner disk (zone 1) and outer disk (zone 3) are shown in yellow. The warped disk region
(zone 2), which transitions the orientation of the inner disk towards the outer disk, is shown in red.

turbulent mixing and depends on a single free parameter, the turbulent mixing strength α.
The main parameters of the radiative transfer model are specified in Table 4.3. We adopt
the stellar temperature, luminosity, mass, and distance from Table 4.1.

The radiative transfer model for HD 135344B consists of three different zones which
are independent in their disk structure and dust properties. We refer to those as zone 1, 2,
and 3 which correspond to the misaligned inner disk, the warped transition region, and
the outer disk, respectively (see Fig. 4.8). The location, shape, and surface brightness of
shadow lanes A and B are mainly determined by the radial width, orientation, aspect ratio,
and dust mass of the inner disk, as well as the aspect ratio and flaring of the outer disk.
Shadow feature D is cast by the warped disk region and is mainly affected by the dust
mass, surface density exponent, and the turbulent mixing strength of zone 2. Also the
spatial scale on which the inner disk midplane transitions towards the outer disk midplane
(see Eq. 4.5) affects shadow feature D.

The disk warp (zone 2) is modeled by transitioning the inner disk (zone 1) orientation
stepwise towards the outer disk (zone 3) orientation. The inclination, θMCMax3D, of the
warped part of the disk is given by

θMCMax3D = θin + (θout − θin)

�

R− Rout
inner

Rin
outer − Rout

inner

�pwarp

, (4.5)

with Rin,out
inner the inner/outer radius of the inner disk, Rin,out

outer the inner/outer radius of the
outer disk, and pwarp a parameter determining how quickly the inclination of the warped
disk changes. We note that θMCMax3D is the inclination in the MCMax3D model and not the
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4.4 Modeling

Figure 4.9: Synthetic Qφ (top left) and Uφ (bottom left) polarized intensity images and the radially collapsed
surface brightness from the radiative transfer model (top right) and the IRDIS J band image (bottom right). The
inset of the synthetic Qφ image shows the PSF core of the J band observation. The MCMax3D radiative transfer
model has been constructed to qualitatively reproduce shadow features A, B, and D. Both images have been
scaled with the squared distance from each pixel to the star and are shown on a linear color stretch with the Uφ
color stretch 100 times harder than the Qφ stretch. The 80 mas inner working angle of the coronagraph of the J
band observation has been masked out. The red dashed line in the top right figure shows the same radiative
transfer model but without the warped disk region (zone 2). The vertically dashed lines show the locations of
the surface brightness minima of shadow features A, B, and C. The error bars of the integrated surface brightness
show 1σ of the corresponding position angle bin in the Uφ image.

inclination with respect to the detector plane. The azimuthal orientation in the warped
part of the disk, φMCMax3D, is changing in a similar way from the inner disk towards the
outer disk. A power law exponent of pwarp = 0.2 gave the best result for reproducing
shadow feature D.

Figure 4.9 shows the synthetic r2-scaled Qφ and Uφ images in J band as well as the
radially integrated surface brightness of the synthetic and the observed Qφ image. The
synthetic Stokes Q and U images have been convolved with the PSF core from the J band
observation (see inset of the synthetic Qφ image in Fig. 4.9) before converting them into
their azimuthal counterparts. The radially integrated surface brightness is obtained from
the unscaled Qφ images by adding all pixels between 0.′′2 and 0.′′7 in 33 linearly spaced
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4 Shadows cast on the transition disk of HD 135344B

position angle bins. The number of bins is chosen such that the bin width at the inner
radius approximately equals the angular resolution of the image. The error bars show 1σ
of the pixel values in the corresponding position angle bin of the Uφ image. The error bars
of the high S/N MCMax3D image correspond to a real spread in the Uφ signal as a result
of multiple scattering in the disk because the synthetic Qφ and Uφ image are noise-free.
For the observed J band image, it is a combined effect of multiple scattering and noise
residual (see Sect. 4.3.1).

The radiative transfer model reproduces qualitatively the location, shape, and the
surface brightness contrast of shadow features A, B, and D both in the polarized inten-
sity image and the radially collapsed surface brightness. The inner disk requires a 22◦

misalignment with the outer disk, a relatively small aspect ratio (h0 = 0.01), and a dust
mass of 2× 10−9 M� to reproduce shadow features A and B. Reproducing shadow feature
D requires a warped disk region (zone 2) with a steep surface density profile (ε = 3)
and a dust mass of 2 × 10−11 M�. This is consistent with the SED suggesting that the
inner dust disk emission is optically thick in thermal emission but transitions to optically
thin in the cavity. Furthermore, we used α= 10−1 for zone 2 to make sure that the dust
grains are vertically mixed. The effect of the warped disk region is shown in the radially
integrated surface brightness of the MCMax3D model (top right of Fig. 4.9). The red
dashed line shows the surface brightness of the same radiative transfer model but with
zone 2 removed. In that case, only shadow features A and B are visible and the depression
in surface brightness of shadow feature D is absent. Although shadow features A, B, and
D are qualitatively reproduced, we note that the solution is not unique given the large
number of free parameters that have an effect on the shadows. A more detailed study of
each parameter is beyond the scope of this paper. Also, we did not attempt to fit the SED
and the resolved millimeter emission.

4.4.2 Spiral arms as tracers of protoplanets

Although several mechanism for the excitation of spiral arms exist (see the discussion
in Sect. 4.5.2), in this section we will study in more detail the scenario in which the
HD 135344B spiral arms have been excited by forming protoplanets. A low-mass pro-
toplanet triggers density waves at the Lindblad resonances of the disk in which it is
embedded (Ogilvie & Lubow 2002). Interference of different azimuthal modes results
in a one-armed spiral which can be approximated with linear perturbation theory when
Mp/M∗ << (H(r)/r)3, where Mp is the mass of the protoplanet, M∗ the stellar mass, H(r)
the pressure scale height, and r the disk radius. Higher order perturbation terms become
important when Mp/M∗ ∼ (H(r)/r)3 which can lead to the presence of secondary spiral
arm (Juhász et al. 2015; Zhu et al. 2015).

The shape of a planet-induced spiral arm as derived from density wave theory in the
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Figure 4.10: Best-fit spiral arm solutions for the protoplanets inside (green) and outside (purple) the scattered
light cavity (see also Table 4.4). Blue points are the surface brightness maxima along each spiral arm that are
used for the χ2 fitting. The plus symbols indicate the positions of the best-fit protoplanets.

linear or weakly non-linear regime is given by (Rafikov 2002)
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(4.6)

where ζ is the power law index in the Ω∝ r−ζ disk rotation profile and η the power
law index that determines the steepness of the sound speed profile, cs ∝ r−η. The
polar coordinates of the protoplanet location are (rp,φp) and the disk aspect ratio at the
protoplanet location is given by hp = cs(rp)/(rpΩ(rp)). The pitch angle of the spiral arm
depends mainly on the temperature at the launching point of the density wave.

We use Eq. 4.6 to fit simultaneously spiral arms S1 and S2 in the r2-scaled Qφ J band
image (e.g., Muto et al. 2012; Grady et al. 2013; Benisty et al. 2015) by selecting 27
and 38 azimuthally equidistant points of surface brightness maxima along the S1 and S2
spiral arm, respectively. We aim to find two separate solutions by restricting the radial
position of the protoplanets to be either inside or outside the scattered light cavity. The disk
aspect ratio is limited to 0.05< hp < 0.4 such that it is consistent with radiative transfer
modeling (Andrews et al. 2011; Carmona et al. 2014) and the temperatures required are
still physical. The rotational profile is assumed to be Keplerian with ζ= 3/2 and we use
the flaring index, ψ= ζ−η− 1= 0.25, from the radiative transfer model in Sect. 4.4.1.
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4 Shadows cast on the transition disk of HD 135344B

Table 4.4: Spiral arm best-fit results

Protoplanets inside the scattered light cavity Prior Best-fit value

Aspect ratio hS1 [0.05, 0.4] 0.4

Planet S1 radial separation rS1 [au] [0, 28] 24.3

Planet S1 position angle φS1 [deg] [0, 360] 10.4

Planet S2 radial separation rS2 [au] [0, 28] 21.9

Planet S2 position angle φS2 [deg] [0, 360] 245.2

Protoplanets beyond the scattered light cavity Prior Best-fit value

Aspect ratio hS1 [0.05, 0.4] 0.16

Planet S1 radial separation rS1 [au] [28, 168] 168.0

Planet S1 position angle φS1 [deg] [0, 360] 52.2

Planet S2 radial separation rS2 [au] [28, 168] 99.0

Planet S2 position angle φS2 [deg] [0, 360] 354.8

Changing η did not significantly change the results so it was fixed to 0.25. The image is
deprojected by the disk inclination after which we performed a χ2 minimization of the
parameter grid which consists of 30, 70, and 70 linearly spaced values for hS1, rS1/rS2 and
φS1/φS2, respectively. We fit the launching point of both spiral arms and the aspect ratio
at the launching point of spiral arm S1. The aspect ratio at the launching point of the S2
spiral arm is scaled with the flaring index from the aspect ratio of the S1 spiral arm. We
note that linear perturbation theory requires two protoplanets to explain the two spiral
arms which will be discussed in Sect. 4.5.2.

The best-fit results, together with the parameter priors, are given in Table 4.4 and the
spiral arm solutions are superimposed on the r2-scaled J band image in Fig. 4.10. For the
protoplanet solutions inside the scattered light cavity, we are not able to fit the innermost
points of the surface brightness maxima (see Fig. 4.10). A better fit would require a disk
aspect ratio larger than the upper limit of 0.4 which corresponds to temperatures that are
unphysical at the disk radius that is studied. A similar result was obtained for the spiral
arms of MWC 758 (Benisty et al. 2015). The second scenario, in which the protoplanets
are located beyond the scattered light cavity, gives a more realistic best-fit result for the
aspect ratio, hS1 = 0.16, and the brightness maxima in Fig. 4.10 are traced well by the
best-fit spiral arms. However, the radial and azimuthal coordinates of those protoplanets
show a degenerate correlation because the launching point of the density wave (i.e., the
kink in the spiral arm) is not found by the fitting routine. The 2D Bayesian probability
distributions of each set of free parameters and their marginalized probability distributions
are shown in Fig. 4.14 of Appendix 4.C.

106



4.5 Discussion

4.5 Discussion

4.5.1 Shadows as a probe for the innermost disk regions

The polarized scattered light images that have been obtained with SPHERE show multiple
local minima in surface brightness which we have interpreted as shadows that are cast
by dust located in the vicinity of the star (see Sect. 4.3.5). Even though high-contrast
imaging with SPHERE allows us to resolve disk structures at small angular separations
from the star, the inner disk of HD 135344B lies at an expected angular separation of
∼7 mas which is well beyond the reach of SPHERE. Therefore, the shadow features and
possible variability provide a unique way of probing the innermost disk regions.

Features A and B are narrow shadow lanes that could have been cast by a misaligned
inner disk, similar to HD 142527 (Marino et al. 2015), because their location appears to
be stationary between epoch 1 and 2. A misaligned inner disk will be replenished by gas
and dust flowing from the outer disk, through a disk warp, towards the inner disk (e.g.,
Casassus et al. 2015) with a mass accretion rate of 10−8 M� yr−1 (Sitko et al. 2012). A
warped disk region might cast a (broad) shadow which is approximately bound by the
shadows from the inner disk. This could explain shadow feature D which manifests itself
as a subtle dimming of the surface brightness.

Shadow feature C is clearly detected in the J band observation but appears to be absent
in the R, I , and Y band observations which indicates a variable or transient origin of this
shadow such as an instability in or perturbation of the inner disk (Sitko et al. 2012), an
accretion funnel flow (Müller et al. 2011), an (aperiodic) outflow from the rapidly rotating
star (Müller et al. 2011), or an inclined circumplanetary disk.

To probe the dynamics of the innermost disk region, it would be possible to use
variability of the casted shadows. In particular, an alternation in shape, location, and
brightness of the shadow features gives an indication of the geometry, optical thickness,
and variability timescale of the shadow casting dust. Time-dependent processes such as
precession of a warped inner disk, asymmetric accretion flows, local perturbations of the
inner disk, or a dusty disk wind may alter the shadows on various timescales.

Although a comparison of the two observation epochs shows a hint of variability for the
direction and shape of shadows A and B (see Fig. 4.7), the R, I , and Y band observations
are of significantly lower S/N than the J band observations which makes it difficult to
compare with high precision the shadow locations in the polarized scattered light images.
In addition, the wavelength dependent dust opacities might alter the shape of the shadow
features which could resemble variability. Future observations will determine if these
differences are explained by changes in the inner most disk regions or by the wavelength
dependent dust opacities. Also, follow-up observations may provide insight into the
variable or transient nature of shadow feature C which was only detected during in the
second observation epoch.

A shadow that is cast by a clump in the vicinity of the central star will show an azimuthal
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Figure 4.11: Left: IRDIS J band r2-scaled Qφ image shown with a ten times harder linear color stretch compared
to the image in Fig. 4.2. Orange corresponds to positive pixel values, blue to negative pixel values, and black
is the zero point. The 80 mas inner working angle of the coronagraph has been masked out. Features from
the telescope spiders are clearly visible. Right: IRDIS J band r2-scaled Qφ image convolved with an elliptical
Gaussian kernel (132× 94 mas) to match the angular resolution of the ALMA Band 9 observation from Pérez
et al. (2014). The superimposed contours show the ALMA Band 9 (0.45 mm) dust continuum with the beam
size in the bottom left. We assumed that the star is located in the cavity center of the ALMA image.

gradient when the Keplerian timescale of that clump is similar to or smaller than the time
delay related to the finite speed of light with which the shadow traverses the disk. The
variable shadow feature C shows a slight azimuthal gradient which could be a light travel
time effect. The detected radial extent of shadow C is approximately 0.′′35 which translates
into an 6.8 hr time of flight. Over this distance, the position angle of the shadow changes
by ∼25◦ which would correspond to the orbital rotation of the clump while the shadow is
traversing the disk with the speed of light. Translating this into an orbital frequency gives
a radius of ∼0.06 au.

4.5.2 The origin of the spiral arms

Spiral arms have been observed in scattered light images of several protoplanetary disks,
including HD 135344B (Muto et al. 2012; Garufi et al. 2013; Wahhaj et al. 2015), MWC 758
(Grady et al. 2013; Benisty et al. 2015), HD 100546 (Boccaletti et al. 2013; Avenhaus
et al. 2014b), HD 142527 (Casassus et al. 2012; Rameau et al. 2012; Canovas et al. 2013;
Avenhaus et al. 2014a), and HD 100453 (Wagner et al. 2015a). They are caused by local
perturbations of the disk surface density and/or scale height but their origin is still under
debate. Interestingly, all these disks are in a transition stage and contain a large dust
cavity which could be related to the observed spiral arms. Several mechanisms have been
proposed, planet-disk interactions and gravitational instabilities will be discussed below.

Low-mass protoplanets embedded in a gaseous disk are known to excite density waves
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at Lindblad resonances which generates a one-armed spiral through their constructive
interference (Goldreich & Tremaine 1979; Ogilvie & Lubow 2002). Spiral arm fitting in
Sect. 4.4.2 showed that the spiral arms are best explained by protoplanets located exterior
of the spiral arms since this allows for a physical aspect ratio of the disk, in contrast to
the protoplanet solutions interior of the spiral arms. However, it was assumed that each
spiral arm is excited by an individual low-mass, Mp/M∗ ® 10−3, planet. Several authors
have shown, using 3D hydrodynamical and radiative transfer simulations, that a massive,
Mp/M∗ ¦ 6× 10−3, protoplanet in the exterior of the disk will excite both the m= 1 and
m= 2 spiral arm with a morphology, pitch angle, and surface brightness contrast similar
to HD 135344B and MWC 758 (Dong et al. 2015b; Zhu et al. 2015; Fung & Dong 2015).
A kink is visible in the S1 spiral arm (see Fig. 4.4) which could be related to the launching
point of the spiral density wave by a forming protoplanet (Muto et al. 2012). Fitting of the
spiral arms did not result in a protoplanet solution at the location of the kink but Fig. 4.10
shows that the surface brightness maxima deviate from the best-fit solutions around this
location.

The gap width that will be opened by the gravitational torque of a forming protoplanet
is approximately given by the Hill radius, RH = r(q/3)1/3 with r the disk radius and q the
planet-star mass ratio, but can be as wide as 5 RH (Dodson-Robinson & Salyk 2011). A
massive protoplanet exterior of the HD 135344B spiral arms is expected to have opened
a wide gap which might have been visible in scattered light. The left image in Fig. 4.11
shows the J band r2-scaled Qφ image on a hard color stretch which reveals scattered light
up to disk radii of 1.′′0 without any indication of a gap exterior of the spiral arms. However,
the depth of the gap in scattered light depends on the aspect ratio which, for a flaring disk,
increases towards larger disk radii (Crida et al. 2006).

Spiral density waves are also triggered by self-gravity in case the protoplanetary disk
is massive enough to become gravitationally unstable (e.g., Cossins et al. 2009; Kratter
et al. 2010). We use the Toomre parameter to estimate the stability of the HD 135344B
disk against self-gravity which is given by (Toomre 1964)

Q(r) =
k(r)cs(r)
πGΣ(r)

, (4.7)

where k(r) is the epicycle frequency, cs(r) the sound speed, G the gravitational constant,
Σ(r) the total surface density, and Q(r)® 1 corresponds to a gravitationally unstable disk.
We assume a Keplerian disk, optically thin temperature profile and estimate the disk mass
from the optically thin ALMA band 7 (0.85 mm) dust continuum (Pinilla et al. 2015b).
The disk mass is given by

Mdisk(r) =
Fν(r)d2

κνBν(T )
, (4.8)

where Fν is the flux density, d the distance to the source, κν the millimeter dust opacity,
and Bν(T) the Planck function. We use κν = 0.1(ν/1012Hz) cm2 g−1 (Beckwith et al.
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Figure 4.12: Toomre parameter calculated from the ALMA band 7 (0.85 mm) dust continuum (Pinilla et al.
2015b) with a typical gas-to-dust ratio of g/d = 100, g/d = 80 (van der Marel et al. 2016), and g/d = 4
(Carmona et al. 2014). The dashed lines show the 25 au scattered light cavity, the 46 au millimeter cavity from
Andrews et al. (2011), and the outer radius at which the spiral arms are visible.

1990) which implicitly includes a gas-to-dust ratio of g/d = 100 and has a typical opacity
slope for a protoplanetary disk in which grain growth has occurred (Testi et al. 2014).
However, we note that Carmona et al. (2014) estimated g/d = 4 from detailed modeling
of line observations, which would imply a strong gas depletion throughout the disk. In
contrast with van der Marel et al. (2016) who obtained g/d = 80 from CO line and dust
continuum observations with ALMA.

Figure 4.12 shows the calculated Toomre parameter as function of disk radius with a
minimum of ∼10 around 80 au which is an order of magnitude above the Toomre criterion
when a gas-to-dust ratio of 100 is used. However, we note that the derivation of the
Toomre parameter contains a number of uncertainties and assumptions such as the dust
opacity, gas-to-dust ratio, temperature profile, and the exclusion of the dust mass in larger,
centimeter sized grains. A marginal instability could have enhanced the amplitude and
pitch angle of the spiral arms when triggered by one or multiple protoplanets (Pohl et al.
2015).

4.5.3 The interplay of surface and midplane

The polarimetric scattered light images show an overall positive surface brightness gradient
towards the southwest side of the disk in the r2-scaled Qφ images of all filters. The
gradient follows approximately the major axis and can therefore not be attributed to
forward scattering. In addition, no strong forward scattering effect is expected given the
low inclination of the disk (see the radiative transfer model in Sect. 4.4.1). Thus, the
surface brightness gradient is presumably related to an asymmetry in the height of the
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τ = 1 disk surface. A local increase in scale height, surface density, or turbulence will
alter the effective cross section and optical depth of the disk which results in a change in
scattered light flux directed towards the observer. The surface brightness asymmetry is
observed on a global scale up to 1.′′0 (140 au) as shown in the left panel Fig. 4.11. The
integrated surface brightness is approximately a factor 1.1 larger on the west side of the
disk compared to the east side, calculated by adding all Qφ pixel values between 0.′′7 and
1.′′0 in two position angle bins from 45◦ to 135◦ and from 225◦ to 315◦ for east and west,
respectively.

The right panel of Fig. 4.11 shows the r2-scaled J band Qφ image convolved with an
elliptical Gaussian beam (132× 94 mas) in order to match the angular resolution of the
ALMA band 9 observation from Pérez et al. (2014) (contours in Fig. 4.11). The brightness
maxima of the scattered light and sub-millimeter observation approximately overlap which
could be an indication that the asymmetry in the ALMA observations is related to the
spiral arms in the PDI image (Pérez et al. 2014). More specifically, the crescent-shaped
asymmetry might be resolved into spiral arms by employing the longest baselines available
for ALMA (Quanz 2015). The offset between the peak of scattered light and millimeter
emission could be a projection effect of a slightly inclined and flaring disk since millimeter
observations probe the disk midplane whereas scattered light observations probe the disk
surface.

Spiral arms excited by protoplanets possess an angular pattern velocity which is equal
to the Keplerian angular velocity of the protoplanet. The gas surface density is expected to
be larger within the spiral arms and shocks might be generated as the spiral arms traverse
the disk which can locally affect the scattered light flux. The ALMA band 9 data (see
Fig. 4.11) is optically thick in the peak of the emission Pérez et al. (2014) and presumably
traces the temperature of the disk. The peak emission coincides with a maximum of the
r2-scaled scattered light flux which might suggest that a temperature perturbation in the
midplane has enhanced the disk height around the location of the kink in the S1 spiral
arm. Future ALMA observations with higher angular resolution will reveal if the millimeter
asymmetry is indeed related to the spiral arms and if the scattered light asymmetry can be
explained by temperature and/or surface density perturbations in the midplane.

4.6 Conclusions

We have carried out VLT/SPHERE polarimetric differential imaging observations in R and
I band with SPHERE/ZIMPOL and Y and J band with SPHERE/IRDIS which reveal the
transition disk around HD 135344B in scattered light with high angular resolution. We
have studied the morphology and surface brightness of the disk in the context of the
innermost disk regions, the origin of the spiral arms, ALMA dust continuum observations
and dust grain properties in the disk surface. A possible interpretation of shadow features
A, B, and D has been supported by an MCMax3D radiative transfer model. The main
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conclusions of this work have been summarized below.
Conclusions on the shadow features:

• Multiple low surface brightness regions were discovered which have been interpreted
as shadows casts by the innermost disk regions. An inner disk component that is 22◦

inclined with respect to the outer disk can explain shadow features A and B. A warp
in the disk, that connects the misaligned inner and outer disk, can explain shadow
feature D which is broad and bound by shadow features A and B.

• Shadow feature C is clearly detected in the J band observation but appears to be
absent in the earlier R, I , and Y band observations. The variable or transient nature
of this shadow could be explained by several scenarios, including a local perturbation
of the inner disk or an accretion funnel flow from the inner disk onto the star.

Conclusions on the spiral arms:

• An explanation for the spiral arms could not be uniquely determined. In the context
of linear perturbation theory, the spiral arms are best explained by two protoplanets
orbiting exterior of the spiral arms. Protoplanet solutions inside the scattered light
cavity seem unlikely because the spiral arm pitch angles would require unphysical
disk temperatures.

• The surface brightness contrast and symmetry of the spiral arms indicate that a
single massive protoplanet might have excited both the primary and secondary spiral
arm interior of its orbit (Dong et al. 2015b; Zhu et al. 2015; Fung & Dong 2015),
however no gap is detected in scattered light beyond the spiral arms up to 1.′′0.

• Alternatively, there could be a marginal gravitational instability around 80 au given
the large uncertainties on the calculated Toomre parameter.

Additional conclusions:

• The scattered light flux shows a positive gradient towards the southwest side of the
disk in the stellar irradiation corrected Qφ images which approximately coincides
with the asymmetry of the sub-millimeter continuum emission. This could be the
result of a temperature and/or surface density perturbation possibly related to the
passing spiral arm.

• The disk color in polarized light is red which is an indication that large dust grains
(2πa ¦ λ) dominate the scattering opacity in the disk surface. Large dust grains in
the disk surface are expected to have an aggregate structure which provides them
with aerodynamic support against settling towards the disk midplane.

• Part of the non-azimuthal polarization signal in the Uφ image of the J band observa-
tion is likely the result of multiple scattering in the disk.
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This paper makes use of the following ALMA data: ADS/JAO.ALMA#2012.1.00158.S and
ADS/JAO.ALMA#2011.0.00724.S. ALMA is a partnership of ESO (representing its member
states), NSF (USA) and NINS (Japan), together with NRC (Canada), NSC and ASIAA
(Taiwan), and KASI (Republic of Korea), in cooperation with the Republic of Chile. The
Joint ALMA Observatory is operated by ESO, AUI/NRAO and NAOJ.

4.A Photometric calibration

A photometric calibration is required for an absolute surface brightness comparison be-
tween filters. In this appendix, we will explain the photometric calibration procedure for
the ZIMPOL and IRDIS observations.

The magnitude per pixel of the ZIMPOL observations is given by (Schmid et al., in
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4 Shadows cast on the transition disk of HD 135344B

prep.)

m∗(F) = −2.5 log C̄∗(F) + zp(F)− X K1(F)−mmode(F), (4.9)

where C̄∗ is the mean count rate in each pixel, zp(F) the zero point magnitude for a
given filter F , K1(F) the atmospheric extinction parameter, X the airmass of the obser-
vation, and mmode a correction of the zero point for the instrument configuration. The
zero point magnitudes for the R and I band filter are 24.29 and 23.55, respectively, the
atmospheric extinction parameters are 0.106 mag am−1 and 0.078 mag am−1 for R and I
band, respectively, and the instrumental mode correction for SlowPol mode of ZIMPOL
is mmode = −1.93 (Schmid et al., in prep.). The airmass of the observations is provided
in Table 4.2. The pixel values of the Qφ and Uφ images have been corrected for the DIT
such that pixel values are given in counts s−1. The magnitude per pixel is converted into a
surface brightness with (Quanz et al. 2011)

S = m∗ + 2.5 log A, (4.10)

where A is the square of the pixel scale in arcsec2 and S is in mag arcsec−2. The uncertainty
in the ZIMPOL photometric calibration is approximately 10%.

As a photometric check, we determine the magnitude of HD 135344B from the data and
compare this with a literature value. We use the unsaturated frames that were obtained at
the end of the ZIMPOL observations and correct those for both the DIT and the response
function of the neutral density filter. We subtract 0.1 counts s−1 from each pixel to correct
for the dark current level of a 10 s DIT with ZIMPOL as estimated from the PSF profile. We
use circular aperture photometry (1.′′5 radius aperture centered on the star) to determine
the integrated flux and we assume this to be the photometric signal of HD 135344B. From
Eq. 4.9, we obtain a magnitude of 8.48 and 8.12 for R and I band, respectively, which are
very similar to the literature values given in Table 4.1.

For the IRDIS observations, we do a more approximate photometric calibration as
described in Quanz et al. (2011) which leads to a larger photometric uncertainty than the
ZIMPOL calibration. The J band observation was carried out with a coronagraph but non-
coronagraphic, unsaturated frames were obtained at the start and end of the observation
(see Sect. 4.2). The IRDIS Y band observation was carried out without coronagraph and
all frames are saturated in the PSF core. No unsaturated frames were obtained during the
HWP experiment and we can not perform a photometric calibration on this data set.

We perform circular aperture photometry (1.′′5 radius aperture centered on the star)
on a reduced, unsaturated total intensity image in J band and assume this to be the
photometric signal from HD 135344B. Next, we correct the total intensity image, the Qφ
image, and the Uφ image for their DIT (see Table 4.2). Also a correction is applied for
the transmissivity of the J band filter and the neutral density filter. We can now estimate
the zero point of the IRDIS J band observation by comparing the detector integrated J
band flux with the 2MASS magnitude. The zero point count rate is given by (Quanz et al.
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4.B The cavity edge of the outer disk

Table 4.5: Cavity edge best-fit results

Filter Maximum [au] FWHM [au]

ZIMPOL R band 24.23± 0.07 11.33± 0.28

ZIMPOL I band 24.55± 0.06 11.59± 0.26

IRDIS Y band 24.47± 0.08 10.82± 0.40

IRDIS J band 24.67± 0.04 11.11± 0.14

2011):

IZP = ICR100.4m2MASS , (4.11)

where ICR is the aperture photometry count rate and m2MASS the 2MASS magnitude of
HD 135344B. From the inversion of Eq. 4.11, we can convert the count rate for each pixel
to magnitude and subsequently to surface brightness (see Eq. 4.10). We note that the
IRDIS photometric calibration includes a number of uncertainties and assumptions which
leads to an estimated photometric error of 30-40%.

4.B The cavity edge of the outer disk

Spatial segregation of different dust grain sizes is expected to occur around a planet-
induced gap edge (Zhu et al. 2012; de Juan Ovelar et al. 2013). The resolved millimeter
cavity of the HD 135344B disk is indeed larger than the scattered light cavity as a result
of dust filtration (Garufi et al. 2013). We will investigate if dust segregation also affects
the location of the outer disk cavity edge in the ZIMPOL and IRDIS images by calculating
azimuthally averaged brightness profiles. The profiles of the R, I , Y , and J band images
are shown in Fig. 4.13 with each profile normalized to its peak-value and given an arbitrary
offset. We perform a weighted least squares fit of a Gaussian profile to the points between
0.′′1 and 0.′′2 with the weights provided by 1σ from the corresponding Uφ bins at the same
disk radii. The location of the cavity edge is given by the brightness maximum and the
width of the cavity edge is given by the FWHM of the Gaussian profile.

The best-fit values, provided in Table 4.5, are very similar for all filters. The errors are
derived from the χ2 minimization and are smaller than the spatial uncertainty from the
pixel scales. We may conclude that there is no clear evidence of a wavelength dependence
in the location and width of the cavity edge between the ZIMPOL and IRDIS data. The
result is consistent with the red color of the scattered light (see Sect. 4.3.3) since the
scattering opacity in the optical and near-infrared will be gray for grains that are large
compared to the wavelength. For smaller grains, the scattering opacity is larger at shorter
wavelengths which would have caused a smaller cavity radius in the optical. The FWHM
of the cavity edge is approximately 80 mas which means that it is resolved with both the
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Figure 4.13: Azimuthally averaged polarized surface brightness around the cavity edge of the outer disk. The
profiles are shown in normalized units and with arbitrary offsets. The data points show the mean Qφ value
in each bin and the error bars show 1σ deviations in the corresponding Uφ bin. Solid lines show the best-fit
Gaussian profiles (see also Table 4.5).

ZIMPOL and IRDIS observations (see Sect. 4.2).

4.C Spiral arm fitting probabilities

Figure 4.14 shows the 2D Bayesian probability distributions of each set of free parameters
that were used for the simultaneous fitting of spiral arm S1 and S2 as explained in
Sect. 4.4.2. The marginalized probabilities are shown in the top row of each column.
The Bayesian probabilities are determined with exp (−χ2/2) from the χ2 solutions and
normalized to a probability integrated value of unity.

116



4.C Spiral arm fitting probabilities

Figure 4.14: Bayesian probabilities for the simultaneous fit of spiral arms S1 and S2 (see Fig. 4.4). The
protoplanet locations have been restricted to either inside (top triangle diagram) or outside the scattered light
cavity (bottom triangle diagram). The exponent of the sound speed profile is kept fixed to η = 0.25. The
colored maps are the 2D probabilities of each set of free parameters and the top row of each column shows the
marginalized probabilities of the free parameters that were fit.
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Abstract

We present multi-epoch VLT/SPHERE polarimetric differential imaging observations
of the protoplanetary disk around the pre-main-sequence F4V-type star HD 135344B
(SAO 206462). The J -band observations reveal, with high spatial resolution (∼41 mas,
6.4 au), the polarized scattered light flux from the surface layer of the outer disk beyond
∼20 au. Azimuthal brightness variations are identified in all data sets with temporal varia-
tions between all epochs, likely related to the asymmetrically shading dust distribution
in the sub-au inner disk. These shadows manifest themselves as narrow lanes, cast by
localized density enhancements, and broader features which possibly trace the larger
scale dynamics of the inner disk. We acquired REM visible and near-infrared photometry,
partially overlapping with the SPHERE observations, which show flux variations up to
10% in the JHK bands and appear to be correlated with the presence of the shadows.
Analysis of archival VLTI/PIONIER H-band visibilities constrain the orientation of the inner
disk to i = 18.2◦+3.4

−4.1 and PA= 57.3◦ ± 5.7◦, consistent with an alignment with the outer
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5 Variable dynamics in the inner disk of HD 135344B

disk or a minor disk warp of several degrees. The latter scenario could explain the broad,
quasi-stationary shadowing in N-NW direction in case the inclination of the outer disk is
slightly larger. The correlation between the near-infrared excess of the inner disk and the
illumination/shadowing of the outer disk is quantified with a grid of radiative transfer
models. The variability of the scattered light contrast requires the presence of dust at rela-
tively high altitudes in the inner disk atmosphere (H/r ® 0.2). Possible mechanisms that
may cause azimuthally asymmetric variations in the optical depth (∆τ < 1) through the
atmosphere of the inner disk include turbulent fluctuations at the inner rim, a dusty disk
wind, an asymmetric replenishment of the inner disk, and disturbances by a decretion flow
from the rapidly rotating star, possibly enhanced by a minor disk warp. A fine temporal
sampling is required to follow day-to-day changes of the shadow patterns which may be a
face-on variant of the UX Orionis phenomenon.
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5.1 Introduction

5.1 Introduction

Spatially-resolved observations provide detailed insight into the physical and chemical
processes occurring in protoplanetary disks. The disk around the intermediate-mass star
HD 135344B (SAO 206462) is a suitable target to be observed with high-resolution due
to its proximity (156± 11 pc; Gaia Collaboration et al. 2016), spatial extent (∼1.′′15 in
the scattered light; Grady et al. 2009), low inclination (16◦; van der Marel et al. 2016),
and brightness from visible to millimeter wavelengths (see Carmona et al. 2014, for a
multiwavelength radiative transfer study). The disk is classified as a transition disk (e.g.,
Espaillat et al. 2014) with a large dust cavity resolved at continuum (sub)millimeter
wavelengths (Rcav = 51 au at 156 pc; Andrews et al. 2011). In scattered light, two
symmetric spiral arms have been detected (Muto et al. 2012), which might indicate the
presence of a massive gas giant in the outer disk (Dong et al. 2015b). So far, only upper
limits on planet masses have been derived from direct imaging observations (3 MJup at
0.′′7; Maire et al. 2017). The cavity radius in scattered light (Rcav = 27 au at 156 pc;
Stolker et al. 2016b), tracing micron-sized grains in the disk surface, is located inward with
respect to the large grains in the disk midplane which can be explained by planet-induced
dust filtration (Garufi et al. 2013). The scattered light cavity coincides with a region in
which the surface density of CO gas is significantly reduced (van der Marel et al. 2016).

Pre-main-sequence stars are commonly variable at optical and near-infrared wave-
lengths on various timescales, for example due to rotational modulation by stellar spots,
variable accretion, dust obscuration, and structural changes in the inner disk (e.g., Eiroa
et al. 2002). Variability also occurs at mid-infrared wavelengths, for example, Spitzer/IRS
spectra show a typical anti-correlation between the amplitude of the near- and mid-infrared
emission, indicating changes in the height of the inner disk at sub-au distance and conse-
quent shadowing of the disk further outward (Espaillat et al. 2011). The spectral energy
distribution (SED) of HD 135344B contains a large near-infrared excess (FNIR/F∗ = 0.27;
Garufi et al. 2017) due to the presence of hot dust in the innermost disk region (Brown et al.
2007). The near-infrared continuum emission is variable up to 20–30% while the 10 µm
flux exhibits fluctuations of 60% (Grady et al. 2009; Sitko et al. 2012). Furthermore, Grady
et al. (2009) observed an anti-correlation between the strength of the J - and L′/M ′-band
fluxes which was linked to geometrical changes of the inner disk.

Multi-wavelength polarimetric differential imaging observations by Stolker et al.
(2016b) revealed three shadow lanes in the J band and a broader shaded region bound
by two of the shadow lanes. A comparison with optical images from a month earlier
showed that the southern J -band shadow lane was not present in the RI bands, pointing
towards a transient or variable origin. Those shadows are presumably cast by dust in the
sub-au inner disk which is asymmetrically perturbed and/or misaligned with respect to
the outer disk (Stolker et al. 2016b). Similarly, Wisniewski et al. (2008) found that the
scattered light flux from the protoplanetary disk around HD 163296 showed variations
between different imagery epochs obtained with the Hubble Space Telescope (HST). This
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5 Variable dynamics in the inner disk of HD 135344B

might indicate a time-variable shadowing of the outer disk by scale height variations of
the inner disk wall (Wisniewski et al. 2008), in line with the photometric variability in the
near-infrared due to structural disk changes near the dust sublimation zone (Sitko et al.
2008). Furthermore, Ellerbroek et al. (2014) reported enhanced extinction in the optical
for HD 163296, lasting from a few days up to a year, which was interpreted as caused by a
dusty disk wind.

In this paper, we present multi-epoch, polarized scattered light imagery of the pro-
toplanetary disk around HD 135344B that were obtained with the Spectro-Polarimetric
High-contrast Exoplanet REsearch (SPHERE; Beuzit et al. 2008) instrument. We aim to
detect and characterize brightness variations caused by shading dust in the sub-au inner
disk. The shadow patterns and their variability allow us probe to the physical processes
occurring in the innermost disk region which are not directly accessible by high-contrast
imaging instruments. The scattered light images are complemented with multi-epoch
visible and near-infrared photometry, that we aim to link to the scattered light variations,
and near-infrared interferometry, allowing us to place constraints on the orientation of the
inner disk.

5.2 Observations and data reduction

5.2.1 SPHERE/IRDIS dual-polarimetric imaging

Imaging polarimetry data sets were obtained on 2016 May 03, 2016 May 11, 2016 June 22,
and 2016 June 29 with the near-infrared imager (IRDIS; Langlois et al. 2014) of SPHERE
at the European Southern Observatory’s Very Large Telescope (VLT). Observations were
carried out with the broadband J filter (BB_J, 1.245 µm) in dual-polarimetric imaging
(DPI) mode. The pixel scale of the detector is 12.26 mas pix−1 (Maire et al. 2016). An
apodized Lyot coronagraph was employed (N_ALC_YJH_S, 185 mas mask diameter),
allowing for an integration time of 32 s. The four standard half-wave plate orientations
were cycled with 2 or 4 subsequent integrations per half-wave plate orientation. The
extreme adaptive optics system (SAXO; Fusco et al. 2006) provided a typical Strehl ratio
of ∼75% in the H band (see Table 5.1).

Seeing conditions were mostly good (<0.′′7) except on 2016 May 11 when the obser-
vations were executed with an average seeing of 2.′′1 and the presence of strong winds.
Nonetheless, the AO loop remained closed for a total integration time of 17 min. The
integration time was 34 min or longer for the other observations. The point spread func-
tion (PSF) of the sequence on 2016 May 03 was partly affected by low-order aberrations
caused by low wind speeds (1.4 m/s on average). The PSF quality was evaluated from
the non-coronagraphic images recorded by the differential tip-tilt sensor after which 13
polarimetric cycles were removed, leaving a total of 11 cycles (47 min).

Standard calibration procedures were applied with the SPHERE data reduction and
handling (DRH) pipeline (v0.18.0; Pavlov et al. 2008b) which included sky subtraction, flat
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5 Variable dynamics in the inner disk of HD 135344B

field correction, and bad pixel interpolation. The frames with the horizontally and vertically
polarized flux were separated and subsequently processed by a custom pipeline for dual-
polarimetric imaging data. We obtained coronagraphic images with four symmetric satellite
spots before and after the science sequence, induced by a periodic modulation applied
to the deformable mirror. These frames were used to determine the position of the star
behind the coronagraph. To center the coronagraphic DPI data, we interpolated linearly
between the start and end position of the star. Stokes Q and U images were obtained with
the double-difference method (Hinkley et al. 2009) and subsequently collapsed with a
mean stacking.

To correct for instrumental polarization, we use the method described by Canovas et al.
(2011) which assumes that the central star is unpolarized. The Uφ signal, which provides
an estimate of the noise level in the single-scattering limit, was minimized by stepwise
changing the inner and outer radius of the annulus used to measure the (assumed to be
unpolarized) signal close to the star. The azimuthal counterparts of the Stokes Q and U
images, Qφ and Uφ , were calculated with an additional minimization applied on the Uφ
image by correcting for a minor rotational offset of the half-wave plate (Avenhaus et al.
2014b) for which the optimized values ranged from −2.0◦ to −1.3◦. We note that the
procedure of minimizing the Uφ signal is not strictly valid because part of the scattered
light flux from the disk will be present in the Uφ image due to multiple scattering (Canovas
et al. 2015). The effect will be relatively small when the disk inclination is low, however,
the high signal-to-noise ratio (S/N) of the disk detection around HD 135344B might reveal
a real signal in the Uφ image (Stolker et al. 2016b). Finally, the images are rotated by
−1.8◦ towards the true north orientation (Maire et al. 2016).

Flux frames were obtained at the start of each sequence, by shifting the star away from
the coronagraph, with a shorter integration of 0.87 s and an additional neutral density filter
(ND1.0) in the optical path to avoid saturation. The flux frames are used to determine the
angular resolution of the images (see Table 5.1), as well as the scattered light contrast of
the disk (see Sect. 5.3.1). The data reduction procedure included a dark frame subtraction,
flat field correction, and bad pixel interpolation. To remove any residual background and
bias from the images, we calculated for each detector column the mean pixel value (with
the inner 1.′′5 masked) and subtracted that value from all pixels in that column. The PSF
of HD 135344B was fitted with a 2D Gaussian profile which yielded a typical FWHM of
41 mas. More details on the observations and conditions are provided in Table 5.1.

5.2.2 REM visible and near-infrared photometry

HD 135344B was observed with the Rapid Eye Mount (REM) at La Silla, Chile, in June
2016. The visible camera, ROSS2, is a simultaneous multi-channel imaging camera which
delivers the g ′r ′i′z′ bands onto four quadrants of the same CCD detector. A dichroic
enables simultaneous observations with the infrared camera, REMIR, with a similar field of
view of 10′×10′. Observations were executed with 3 s exposures in the g ′r ′i′z′ bands and
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5.2 Observations and data reduction

1 s exposures in the JHK bands. For the JHK photometry, a standard five-position dither
pattern was used and additional sky frames were obtained. Data was acquired during a
total of twelve nights but the data of two nights were rejected due to thick clouds.

The photometry of HD 135344B was measured differentially with respect to HD 135344A
(SAO 206463), an A0V star with a separation of 21′′ from HD 135344B, which appears
to be photometrically stable (Sitko et al. 2012). Differential photometry allowed us to
measure with high precision the absolute fluxes of HD 135344B also in variable condi-
tions or with the presence of thin clouds. The JHK magnitudes of HD 135344A were
retrieved from the 2MASS catalog (Skrutskie et al. 2006) while the g ′r ′i′z′ magnitudes
were calculated through a transformation of the BVRI magnitudes with the relations from
Jordi et al. (2006). The BVRI magnitudes of HD 135344A were obtained from Sitko et al.
(2012): B = 7.879± 0.003 mag, V = 7.756± 0.003 mag, R = 7.708± 0.006 mag, and
I = 7.662± 0.004 mag.

5.2.3 PIONIER interferometry

We retrieved all the available archival near-infrared interferometric data of HD 135344B
from the PIONIER instrument (Le Bouquin et al. 2011) at the Very Large Telescope Inter-
ferometer (VLTI). The data were taken during multiple epochs from 2011 to 20131. The
instrument recombines the four auxiliary telescopes which were positioned in the short
(A1-B2-C1-D0), intermediate (D0-G1-H0-I1), and long (A1-G1-I1-K0) baseline configura-
tions. The projected baseline, B, ranged from 7 m to 135 m, enabling a maximum angular
resolution of λ/2B = 1.2 mas across the seven spectrally dispersed channels in the H band
(R' 40). Each observation of HD 134453B was preceded and followed by an observation
of a calibration star to characterize the instrumental and atmospheric contribution to
the visibilities and closure phases (i.e., the transfer function). Calibration stars were
identified with the SearchCal tool (Bonneau et al. 2006, 2011). The data were reduced
with the pndrs package, described in detail by Le Bouquin et al. (2011). The 27 cali-
brated OIFITS files (Pauls et al. 2005) are available in the Optical interferometry
DataBase (OiDB) (Haubois et al. 2016).

The observing conditions were best during the two epochs in April 2011 with a co-
herence time of ∼5 ms and a seeing of 0.′′5–0.′′7, while the conditions were significantly
poorer when the other data sets were taken. We rejected low S/N measurements by
selecting only the data points where the error estimates were in the first quartile of the
total distribution of errors. The dominating factor in the error estimate is the stability of
the transfer function during the night which is determined by the temporal scatter of the
calibrator visibilities. For each data set, the quality assessment was done independently
for the six visibilities, four closure phases, and seven spectral channels. The selected
measurements were retrieved from 11 out of 13 epochs, with 2011 May 26 and 2012 April

1UT dates: 2011 April 27 and 29, 2011 May 26 and 27, 2011 June 3, 2011 August 7 and 8, 2012 March 6,
28, 29 and 30, 2012 April 27 and 2013 May 15.
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27 excluded.

5.3 Results

5.3.1 Multi-epoch polarized light imagery

Scattered light images are displayed in chronological order (top to bottom) in Fig. 5.1.
Besides the newly obtained data sets from 2016, we also show the 2015 J -band imagery
from Stolker et al. (2016b). The first column shows the unscaled Qφ images, defined such
that positive values correspond to azimuthally polarized flux. The images are normalized
to the disk-integrated Qφ flux, measured with an annulus aperture between 0.′′1 and 1.′′0,
and shown with identical dynamical range. The second column shows the corresponding
Uφ images, containing flux with a ±45◦ rotational offset of the direction of polarization
with respect to the Qφ flux. The third column contains the Qφ images with a stellar
irradiation correction applied (i.e., r2-scaling). The fourth column shows unsharp-masked
images that were obtained by smoothing the r2-scaled Qφ images with a Gaussian kernel
(σ = 200 mas) and subtracting the smoothed images from the original r2-scaled images.
This procedure enhances the contrast of small scale features by removing low spatial
frequencies. The dynamical range of the unsharp-masked images is limited to positive
values and for each image separately normalized to the peak intensity.

The SW direction (PA = 180◦–270◦) of the disk, located around the major axis (see
Fig. 5.1), appears relatively bright in all r2-scaled images. In contrast to the shadowing
variations, the origin of that brightness enhancement is presumably intrinsic since the
bright wedge in scattered light coincides with the (sub)millimeter emission peak of the
crescent-shaped dust continuum (Pérez et al. 2014; Stolker et al. 2016b). An enhancement
of the surface density and/or midplane temperature will elevate the height of the τ= 1
surface, therefore, a larger geometrical cross section of the disk surface is irradiated which
increases the scattered light flux. In this work, we focus on local brightness variations
between the five epochs. We refer the reader to Muto et al. (2012); Garufi et al. (2013);
Stolker et al. (2016b) for a detailed analysis and discussion of the scattered light detection
of the spiral arms and cavity edge.

The Uφ images in Fig. 5.1 contain contributions from noise, insufficient correction of
the instrumental polarization, multiple scattered light, and possibly smeared light from
the unresolved inner disk behind the coronagraph. The residual signal could not fully be
removed with the minimization steps explained in Sect. 5.2.1. We distinguish between two
different type of signals in the Uφ images which appear to be related to the total integration
time and therefore the S/N. First, the relative contribution of noise is particularly well
visible at separations ¦ 300 mas from the star in the last three epochs for which the total
integration time was shortest while the relative contribution is lower in the first two epochs.
Second, the Uφ images show an enhanced signal within 300 mas of which the relative
strength is larger in the first two epochs. The inner signal reaches only mildly above
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Figure 5.1: Multi-epoch polarized scattered light images of HD 135344B in the J band. The columns show from
left to right the unscaled Qφ images, unscaled Uφ images, r2-scaled Qφ images, and an unsharp-masked version
of the r2-scaled Qφ images. The field of view of each image is 1.′′4× 1.′′4 with north and east in upward and
leftward direction, respectively. The surface brightness of the images has been normalized to the integrated
Qφ flux (see main text for details). The dynamical range of the color stretch is fixed in each column except for
the unsharp-masked images. The dynamical range of the Uφ images is a factor 10 smaller than the partner Qφ
images. Orange corresponds to positive values, blue to negative values, and black is the zero point. The extent
of the coronagraph has been masked out. The major axis position angle of the outer disk, PA = 63◦ (purple line;
van der Marel et al. 2015b), and the inner disk, PA= 57.3◦ ± 5.7◦ (yellow line; see Sect. 5.3.4), are shown in
the top row.
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5 Variable dynamics in the inner disk of HD 135344B

the background noise level in the remaining epochs. The inner Uφ signal appears to be
variable between epochs revealing a variety of brightness patterns. For example, the first
epoch shows a complex pattern of multiple positive and negative lobes whereas the second
epoch displays an anti-symmetric signal which is bisected in a positive and negative side.
The increasing strength of the innermost Uφ signal with increasing S/N might be a result
of multiple scattered light from the cavity edge, possibly modulated by the changes in and
shadowing by the inner disk, although we can not exclude a contribution of uncorrected
instrumental polarization. The relative strength of the Uφ flux with respect to the Qφ flux
is quantified in Sect. 5.3.3.

5.3.2 Asymmetric Qφ brightness variations

A comparison of the r2-scaled Qφ images in Fig. 5.1 shows epoch-to-epoch brightness
variations. Azimuthal brightness minima are visible in all images with variations in their
location, shape, and strength. The locality of the brightness minima (e.g., the shadow lane
at PA = 169◦ on 2015 May 03) points towards a shadowing effect, likely caused by dust in
the (unresolved) sub-au inner disk (Stolker et al. 2016b). Furthermore, the brightness
changes occur on a much shorter timescale (the finest temporal resolution is 8 days) than
the Keplerian timescale of the outer disk which is located beyond ∼27 au. In addition
to the shadowing variations, minor brightness variations are visible in the unscaled Qφ
images from the cavity edge down to the coronagraph, possibly related to the flow of gas
and small dust grains from the outer disk.

Azimuthal brightness variations, and their changes between epochs, are more evidently
revealed with polar projections of the scattered light images which are displayed in Fig. 5.2.
For clarity, we choose the unsharp-masked images for the identification of the shadow
features in the polar projections. We caution that applying an unsharp mask may introduce
a bias in the identification of brightness variations. However, the shadow features, that we
will discuss below and are marked with arrows in Fig. 5.2, are also visible in the regular
r2-scaled Qφ images, but the contrast between shadowed and non-shadowed regions is
smaller.

Asymmetric illumination/shadowing variations are visible in the scattered light im-
agery of all five epochs. Here we list the main characteristics of the shadow features, in
consonance with the locations that are pointed out in Fig. 5.2:

• Epoch 1, 2015 May 03 - Three narrow shadow lanes are present at position angles
of 34◦, 169◦, and 304◦, and an azimuthally broader dimming is visible in N-NW
direction which is bound by two of the shadow lanes (Stolker et al. 2016b).

• Epoch 2, 2016 May 04 - The eastern half of the disk is mildly shadowed, approxi-
mately in the position angle range of 10◦–170◦. Deeper shadows are superimposed
near the edges of the global shadow. The deepening is particularly well visible
in the north, extending at the cavity edge from PA = −50◦ to PA = 50◦. Radially
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Figure 5.2: Polar projections of the r2-scaled, unsharp-
masked Qφ images shown in chronological order (top
to bottom). North corresponds to PA= 0◦ and positive
position angles are measured east from north. Localized
and broad shadow features are indicated with solid and
dashed arrows, respectively.

129



5 Variable dynamics in the inner disk of HD 135344B

outward, the location of the shadow shows an azimuthal gradient. There is a hint of
a localized shadow lane at PA= 170◦, approximately colocated with the southern
shadow lane in the first epoch.

• Epoch 3, 2016 May 12 - The bisection of the brightness distribution from the second
epoch seems to have disappeared although the poor observing conditions and the
short total integration time (see Table 5.1) make the identification of the shadows
challenging. The broad, northern shadow from the previous epoch is still present.
There is also a hint of the broad, southern shadow whereas the narrow southern
shadow has disappeared.

• Epoch 4, 2016 June 22 - A broad shadow is present between PA = −90◦ and PA = 30◦

upon which finer shadow variations are superimposed, including narrow shadow
lanes at the boundary with the non-shadowed region, similar to the northern shadow
features in the first epoch. The shadow lane at PA = 30◦ possibly coincides with the
location of the NE shadow lane detected in first epoch.

• Epoch 5, 2016 June 30 - The cavity edge is shadowed between PA = −45◦ and
PA = 40◦ while shadowing of the exterior spiral arm only occurs from PA = 0◦

onwards. The radial extent of the broad shadow increases with increasing position
angle, similar to the broad shadows in the first and second epoch. The shadow
covers the full radial extent of the disk between PA = 0◦ and PA = 40◦, similar to
the shadow feature at the same location in the second and third epoch. The narrow
shadow lanes from the fourth epoch seem to have disappeared.

A quantification of the azimuthal brightness variations is shown in Fig. 5.3. The mean
Qφ flux is measured in position angle bins of 10◦ wide across a radial separation of 0.′′1–0.′′7
and divided by the angular area of a pixel. The polarized surface brightness (in counts s−1

arcsec−2) is normalized to the total Stokes I flux (in counts s−1) which is measured with a
circular aperture on the unsaturated, non-coronagraphic flux frames after a correction for
the integration time and response of the neutral density filter. The optimal aperture size
(1.′′5) was determined by measuring the photometric flux with a large range of aperture
sizes (up to 3.′′0) from which it was established that the total encompassed flux flattened
for apertures larger than ∼ 1.′′5. By normalizing the scattered light flux to the total flux,
we implicitly assume that stellar photons and thermal inner disk photons scatter with the
same probability from the outer disk, that is, any obscuration of the outer disk affects the
stellar radiation and thermal disk emission equally. The mean error bar is calculated from
the standard error on the individual contrast points.

The polarized surface brightness contrast in Fig. 5.3 shows typical values in the range of
2–6×10−3, except in the SW direction (PA = 240◦) where the contrast goes up to 8×10−3.
The integrated disk brightness consists mainly of signal from the cavity edge and the
spiral arms (see unscaled Qφ images in Fig. 5.1) which are both asymmetrically shadowed
resulting in dimming variations of 20–45%. The contrast variation is minimal (10%) in

130



5.3 Results

0 60 120 180 240 300

Position angle [degrees]

2

3

4

5

6

7

Po
la

riz
ed

 s
ur

fa
ce

 b
rig

ht
ne

ss
 c

on
tr

as
t

1e 3

Mean error bar

2015 May 03

2016 May 04

2016 June 22

2016 June 30

Mean contrast

Optical depth

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
O

ptical depth difference

Figure 5.3: Polarized brightness of the disk normalized to the total Stokes I flux. The plot shows four of the
SPHERE epochs (colored dashed lines), the mean contrast (black solid line), and the relative optical depth
variation between the minimum and maximum contrast (black dashed line, right y-axis). The gray shaded area
covers the total variation of the contrast between the epochs. The mean error on the contrast, across all epochs
and position angles, is shown on the bottom of the figure (see main text for details). The image from 2016 May
12 has been excluded since it was affected by the poor observing conditions.

SW direction where a large-scale density and/or scale height enhancement is present.
The opening angle of the scattering surface is larger in SW direction such that shadowing
by the inner disk requires dust to be located at higher altitude above the midplane. The
contrast variations provide an upper limit on the local changes in optical depth through the
inner disk atmosphere. The stellar radiation that is transmitted through the atmosphere
will be attenuated by a factor e−τ, therefore, the relative change in optical depth, ∆τ, can
be calculated from the minimum and maximum contrast (see Fig. 5.3). However, this only
provides an upper limit on the optical depth variations because the total flux does also
affect the contrast and is correlated with the shadowing of the outer disk (see Sect. 5.4.3).

5.3.3 Photometry and scattered light contrast

Multi-epoch photometry in the g ′r ′i′z′ and JHK bands are displayed in Fig. 5.4, covering
ten nights between 2016 June 07 and 2016 July 04 with nearly a daily sampling from June
16 till June 22. The error bars reflect the uncertainty on both the science and calibration
star. The early June photometry in the g ′r ′i′z′ bands starts with a minor increase of 3%,
remains approximately constant in mid-June, and increases with 2% by the end of June.

The temporal course of the JHK photometry appears more irregular with variations of
up to 10% with respect to the mean (horizontally dashed lines in Fig. 5.4) in the JHK
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Figure 5.4: Visible and near-infrared photometry obtained with the Rapid Eye Mount during 10 nights in June
2016. The mean and standard deviation of the fluxes are provided by the horizontally dashed lines and shaded
regions, respectively. Photometric monitoring overlapped with the two most recent SPHERE epochs of which
the UT dates are indicated with vertically dotted lines. The arrows point in the direction of the increasing and
decreasing near-infrared variation which overlaps with the SPHERE epochs.

bands. During the first half of June 2016, the fluxes increased with approximately 6%,
9%, and 10% in the J , H, and K bands, respectively, following the trend of the g ′r ′i′z′

fluxes but with a larger fractional increase. In mid-June, also the JHK fluxes remained
approximately constant but they increased further from June 22 onwards, in contrast to
the g ′r ′i′z′ fluxes. The final epoch shows a decline in the J and H bands while the K
band photometry remained constant. Although the JHK variability in the first part of
June seems correlated with the g ′r ′i′z′ photometry, in the second half no correlation is
apparent, that is, the JHK fluxes increased up to 10% with respect to the mean while the
g ′r ′i′z′ photometry remained constant. The total temporal coverage of the photometry is
too short to reveal any trends and the sampling is too sparse to resolve possible variations
on timescales less than one day.

In addition to the absolute REM photometry, we measured the relative disk photometry
of the SPHERE data which is presented in Fig. 5.5. The disk-integrated polarized flux was
determined from the Qφ and Uφ images with an annulus aperture (0.′′1–1.′′0) centered
on the star. The Stokes I flux was measured with a circular aperture (1.′′5 radius) from
the dedicated flux frames. Absolute pixel values were used for the Uφ photometry. The
photometric contrast is calculated as the ratio of the Qφ and Stokes I flux after correcting
for the difference in integration time and the response of the neutral density filter. Relative
photometry allows for an epoch-to-epoch analysis without requiring an absolute flux
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Figure 5.5: Top: Integrated polarized scattered light contrast (black crosses) of the five J -band SPHERE epochs.
Bottom: The integrated Stokes I flux (purple, squares) and the disk-integrated Qφ flux (red, closed circles),
shown in arbitrary normalized units. The disk-integrated Uφ flux (green, open circles) is computed from the
absolute pixel values and shown relative to the Qφ flux with a factor 10 enhancement. The uncertainties are
given at a 5σ level.

calibration, assuming that both the coronagraphic sequence and the total flux data were
obtained during similar observing conditions. The Qφ and Uφ surface brightness errors are
computed as the standard deviation within an aperture centered on each pixel with a radius
of 62 mas (i.e., 1.8 resolution elements) and propagated accordingly to an integrated error
(3%–5%). The uncertainty on the total flux (1%–2%) is computed in a background-limited
region as the standard error of the sum, σ

p

Npix, with an annulus aperture equal in size
to the aperture used for the Stokes I photometry.

The integrated contrast in Fig. 5.5 varies between 5.4 × 10−3 and 7.2 × 10−3. The
photometry is not calibrated so only relative variations of Qφ/Stokes I and Uφ/Qφ are
meaningful. The second epoch shows a consistent decrease of both the Qφ and Stokes I
flux with respect to the first epoch. In the third epoch, the contrast decreased by 20%
possibly due to the poor observing conditions (see Sect. 5.2.1), particularly affecting the
Qφ photometry. During the last two epochs, the relative increase of the total flux is large
compared to the Qφ flux, resulting in relatively low contrast. The increase of the total flux
during the last epochs seems consistent with the REM photometry (see June 22 and 30 in
Fig. 5.4). The relative Uφ photometry shows an increase in the second epoch due to the
residual within 200 mas (see Sect. 5.3.1), possibly caused by multiple scattered light from
the inner and/or outer disk, while the relative Uφ photometry in the third epoch is larger
due to the enhanced noise residual.
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Figure 5.6: Left: Squared visibilities (V 2) of in the VLTI/PIONIER H-band channels with R' 40 (top) and the
fitting residuals of the ellipsoidal brightness model (bottom). Right: Coverage of the (u, v)-plane, shown with
the same color coding as the visibilities.

5.3.4 Parametric model fitting of the visibilities

The normalized, squared visibilities, V 2, across the spectrally dispersed H-band channels
of the multi-epoch PIONIER observations are displayed in the left panel of Fig. 5.6. The
visibilities decrease continuously with increasing spatial frequency (i.e., B/λ), indicating
that the region from which the H-band flux originates is resolved. At the longest baselines,
there appears no turnover point to an asymptotic value of the stellar flux so the circumstellar
emission is not over-resolved. The closure phases, ∆φ, are consistent with zero within
the error bars (|∆φ|® 3◦), therefore, the brightness distribution of the inner disk is point
symmetric within the uncertainties and at the spatial resolution probed by the observations.
There is no significant dispersion visible, for visibility points obtained with baselines of
similar lengths but different position angles, which implies that the inclination of the inner
disk is small. The diagonal scatter of the visibilities can be attributed to noise or intrinsic
variability of the object. Coverage of the (u, v)-plane is shown in the right panel of Fig. 5.6.

The orientation and characteristic radius of the inner disk H-band emission is de-
termined by fitting, in Fourier space, a parametric model to the visibilities, following
the procedure described in detail by Lazareff et al. (2017). This allowed us to apply a
χ2 minimization and to assign formal error bars to the inferred parameter values. We
parameterize the H-band emission with an elliptical brightness distribution that is radially
parameterized by a weighted combination of a Gaussian and pseudo-Lorentzian profile.
The inner rim is not fully resolved by the longest baselines which justifies an ellipsoidal
distribution instead of a broadened ring.

The best-fit model (χ2 = 1.10) corresponds to an inclination and major axis position
angle of 18.2◦+3.4

−4.1 and 57.3◦ ± 6.3◦, respectively. The values are, within the uncertainties,
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very similar to those of the outer disk (see discussion in Sect. 5.4.1). The best-fit position
angle is shown in Fig. 5.1 in comparison with the outer disk value from van der Marel et al.
(2015b). The half-flux semi-major axis is 0.71±0.03 mas (= 0.11 au) which implies that a
significant fraction of the H-band emission originates from within the silicate sublimation
radius (Rsub = 0.2 au; Carmona et al. 2014). A detailed overview of the fitting results is
provided in Appendix 5.A where the best-fit values of all parameters are listed with their
dependence on the cutoff level of the selection criterion for the (u, v) points.

We caution that the visibilities were combined from multiple epochs while the inner
disk is variable on a timescale of days or less (see Sect. 5.3.3). The visibilities in Fig. 5.6
depend on the absolute H-band flux and the relative contributions of the disk and the star.
Therefore, an additional uncertainty has been introduced by combining the visibilities
from multiple epochs while the absolute H-band flux is variable and not measured at the
nights of the observations. Also, we made the assumption that the orientation of the inner
disk did not change due to precession between those epochs.

5.4 Discussion

5.4.1 Interferometric and scattered light constraints on the
(mis)alignment of the inner disk

The relative orientation of the inner and outer disk is determined by their inclination
with respect to the plane of the sky and their position angle of the major axis. The two
disk components will be aligned if both values are identical. If not, the misalignment is
defined by the angle between the normal vectors of the two midplane orientations. The
inclination and position angle of the outer disk of HD 135344B have been measured in
several studies (see Carmona et al. 2014, for an overview). Here we list those values that
were derived from spatially-resolved (sub)millimeter CO observations: i = 11.8◦ ± 0.5◦

and PA= 64◦ ± 2◦ (Lyo et al. 2011), i = 20◦ and PA= 63◦ (van der Marel et al. 2015b),
i = 16◦ and PA= 63◦ (van der Marel et al. 2016). In Sect. 5.3.4, we found that the inner
disk inclination and position angle are i = 18.2◦+3.4

−4.1 and PA= 57.3◦ ± 5.7◦, respectively.
The values are consistent with the orientation of the outer disk within the uncertainties of
the model fitting and the available inclination values for the outer disk. An alignment of
the inner and outer disks would imply that the asymmetric shadow variations on the outer
disk are only a result of optical depth variations through the inner disk atmosphere.

This result is in contrast to several earlier studies which suggested a misalignment
of the inner and outer disk (Fedele et al. 2008; Grady et al. 2009; Stolker et al. 2016b).
A misalignment of 22◦ was inferred by Stolker et al. (2016b) from the presence of two
shadow lanes on the boundary of a broad, more subtle shadow (epoch 1 in Fig. 5.1) which
also appeared to be present one month earlier in SPHERE/ZIMPOL imagery acquired
in the RI bands. The additional epochs presented in Fig. 5.1 reveal that none of the
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J -band shadows are fully stationary in their location, width, and depth so the suggested
misalignment of 22◦ seems unlikely. However, we can not exclude a minor disk warp given
the uncertainties on both the inner and outer disk orientation. For example, combining
the outer disk values from van der Marel et al. (2015b) and the inner disk values from
Sect. 5.2.3 yields a possible misalignment of 2.6◦ when the error bars are neglected. This
scenario will be discussed in more detail below.

In addition to the H-band visibilities, the location and width of the shadows provide
further constraints on the orientation of the inner disk with respect to the outer disk.
Three scenarios are possible: (i) the inner disk and outer disk are aligned such that
shadowing occurs only through uplifting of dust in the inner disk atmosphere, (ii) a
minor misalignment (∆θ ' 1◦–2◦) is present which is not enough to cast a direct shadow
but additional perturbations of the inner disk will cause preferential shadowing in the
direction where elevation of the inner disk above the outer disk midplane is largest, (iii)
an intermediate misalignment (∆θ ' 2◦–10◦) is present which casts a broad, (quasi-
)stationary shadow when the misalignment of the inner disk is similar to the opening angle
of the τ= 1 scattering surface of the outer disk. The provided misalignment angles are
approximate values which depend on the exact disk structure, in particular the dust scale
heights of the inner and outer disk. A large misalignment (¦ 10◦) can directly be excluded
given the interferometric constraints on the inner disk orientation and the absence of
two stationary shadow lanes similar to HD 142527 (∆θ = 70◦; Marino et al. 2015) and
HD 100453 (∆θ = 72◦; Benisty et al. 2017). An example of the third scenario is the
broad shadow detected by HST on the TW Hya disk (∆θ = 8◦; Rosenfeld et al. 2012).
Intriguingly, in that object the shadow moves with a rotational period of 16 yr, possibly
related to a companion-induced precession of a disk warp (Debes et al. 2017).

A possible misalignment of the two disk components relies also on the identification of
the near and far side of both the inner and outer disk. Spatially resolved observations of
CO gas show a redshifted and blueshifted velocity in SW and NE direction, respectively
(e.g., Pérez et al. 2014). This implies that the near side of the outer disk is along SE
direction of the minor axis if we assume that the spiral arms in scattered light follow a
trailing motion. For the inner disk, there is no direct constraint on the near/far side at the
angular resolution of the PIONIER observations. However, the misalignment will be ∼38◦

if the near side of the inner disk is in NW direction, a scenario that can be excluded by the
absence of a consistent pair of shadow lanes in the scattered light images. This means
that the near side of the inner disk will be located in SE direction in case the inner and
outer disk are mildly misaligned.

The inclination of the inner disk could be either smaller or larger than the outer disk
given the uncertainties on its orientation (see Sect. 5.2.3) which could result in a broad
shadow in approximately NW or SE direction, respectively. Interestingly, a broad shadow
does seem present in all images in N-NW direction (see Fig. 5.2) although with small
variations in its precise location, shape, and depth. We speculate that this quasi-stationary
shadow might be cast by a minor disk warp of several degrees. This would imply that
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Figure 5.7: Raytraced Qφ images of the DIANA radiative transfer model of HD 135344B (Woitke et al. 2016).
Left: The inner disk is aligned with the outer disk. Right: The misalignment of the inner disk is 2.6◦, by adopting
the best-fit inclination and position angle from Sect. 5.3.4. Images have been convolved with a Gaussian kernel
(FWHM = 41 mas) to match the angular resolution of the SPHERE imagery. Surface brightness values are
provided along the major and minor axis direction of the outer disk.

the inclination of the inner disk is slightly smaller (i.e., more face-on) than the outer disk.
Variable fine structure is present in the N-NW shadow which requires additional optical
depth variations through the atmosphere of the inner disk as will be discussed in more
detail in Sect. 5.4.2.

A broad dimming was also present in NW direction in the Subaru/HiCIAO H-band
imagery by Muto et al. (2012) and the VLT/NACO H and Ks-bands imagery by Garufi et al.
(2013). This was interpreted in both studies as a depolarization effect which can occur
when the disk is inclined because the polarization efficiency peaks around the major axis
where scattering angles are close to 90◦ (e.g., Murakawa 2010; Min et al. 2012). The
inclination of the outer disk is relatively small (20◦; van der Marel et al. 2015b) so a strong
depolarization effect might not be expected. Continuing the earlier speculation, the broad
dimming in the HiCIAO and NACO imagery might be the same quasi-stationary shadowing
effect as seen in the SPHERE imagery, possibly related to a minor disk warp.

To illustrate this scenario, we have adopted the DIANA (Disc Analysis; Woitke et al.
2016) radiative transfer model of HD 135344B. The left image in Fig. 5.7 displays the
raytraced Qφ image for a setup in which the inner disk is aligned with the outer disk
(i = 20◦, PA = 63◦; van der Marel et al. 2015b). A mild depolarization effect is seen in
both directions of the minor axis but the effect is slightly stronger on the near side (SE)
due to the flaring geometry of the disk surface (Min et al. 2012). In the right image of
Fig. 5.7, we changed the orientation of the inner disk to the best-fit values from Sect. 5.3.4.
The atmosphere of the inner disk casts a mild shadow on the outer disk in NW direction,
reminiscent of the broad shadow on the cavity edge of the SPHERE images in Figs. 5.1
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and 5.2. In opposite direction, the outer disk becomes more strongly irradiated which
introduces an azimuthal brightness modulation along the cavity edge (see also Rosenfeld
et al. 2012), although intertwined with the modulation by the polarization efficiency of
the outer disk. A misalignment of ∼2.6◦ would be comparable to the disk warp seen in
the debris disk around β Pic (∆θ = 4.6◦; Heap et al. 2000).

5.4.2 Origin of the shadows and their variability

Shadowing of the outer disk occurs when dust in the sub-au inner disk is elevated to heights
that are similar to the height of the outer disk scattering surface. Figures 5.1 and 5.2
show that the shadowing occurs azimuthally asymmetric with evident temporal variations.
Although a broad shadow is present in N-NW direction of all epochs (see Fig. 5.2), none
of the shadows appear to be stationary. This implies that the atmosphere of the inner disk
is a dynamical environment in which the gas and the micron-sized dust grains (which are
dynamically coupled) are subjected to processes that change their vertical distribution. In
Sect. 5.3.2, we identified the most prominent azimuthal brightness variations and noticed
that the shadows can be classified into two categories, (i) localized shadow lanes and
(ii) broader shadows that are tens of degrees wide. The shadow variations are caused by
relatively small density enhancements in the atmosphere of the inner disk with the relative
optical depth changes being smaller than unity (see Fig. 5.3).

The shadow lanes are presumably cast by localized changes in the vertical structure of
the inner disk. For example, hydrodynamical fluctuations, such as turbulent eddies and
filaments, at the location of the puffed-up inner rim may produce short-lived obscuration
events (Dullemond et al. 2003; Flock et al. 2017). Or, catastrophic collisions between
planetesimals, possibly stirred-up by a planet (Kenyon & Bromley 2004), will locally
enhance the dust density although a gaseous environment will affect the dust dynamics
differently than in a debris disk. The brightness depth of the shadow lanes appears
typically larger than the broader shadows (e.g., epoch 1 in Fig. 5.1) indicating larger
density enhancement. Indeed, there is no evident radial dependence in the depth of the
shadow lanes even though the height of the flaring outer disk increases with radius. In
contrast to the broad shadow features, their widths have a clear radial dependence which
is presumably related to the extent of the inner disk variation and the radially-dependent
height of the outer disk surface. However, the situation is more complex because the
azimuthally asymmetric perturbation of the disk surface by the spiral arms. The broad
shadows are typically deepest at the cavity edge but their strength weakens towards larger
radii which is presumably an effect of the increasing outer disk height with radius (e.g.,
epoch 5 in Fig. 5.2). The broad shadows in N-NW direction show an azimuthal gradient,
possibly a result of the asymmetric spiral arm perturbation in addition to the radial increase
by the global disk flaring. Detailed modeling may provide a quantitative constraint on the
thickness of the inner and outer disk.

Short-term variability of the shadows can be caused by orbital motion of dust clumps
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in the inner disk and vertical motion of gas and dust which locally changes the optical
depth through the atmosphere of the inner disk. Long-term shadow variability could be
related to a companion-driven precession of a disk warp (Lai 2014; Debes et al. 2017)
or a variable outflow such as a disk wind which lifts the dust to high altitudes above the
midplane (Ellerbroek et al. 2014). The H-band flux is emitted from a characteristic radius
of 0.11 au (see Sect. 5.3.4) which corresponds to a Keplerian timescale of 10 days, similar
to the finest temporal sampling of the SPHERE imagery (8 days). The vertical response of
the disk occurs also on the Keplerian timescale meaning that a local perturbation of the
disk will settle again to an equilibrium state within approximately one orbit. However, the
orbital timescale provides a lower limit on the response timescale as it depends on the
local heating and cooling timescales of the gas. The SPHERE sampling is too sparse to
determine the timescale by which the shadow features appear and disappear, therefore,
disentangling variability due to orbital motion and the (dis)appearance of shadows is not
possible.

HD 135344B is an F4V-type star with a weak magnetic field (〈Bz〉 = 32± 15 G; Hubrig
et al. 2009) so a magnetic coupling to and warping of the inner disk seems unlikely. Indeed,
with the absence of a breaking mechanism, the star has been able to spin-up to a near
break-up rotational velocity (Müller et al. 2011). The fast rotation might drive a viscous
decretion disk, similar to classical Be stars (Rivinius et al. 2013), by which gas from the
stellar atmosphere spreads outward, possibly creating disturbances in the inner disk by an
interaction with the inward accretion flow. Fairlamb et al. (2015) measured an accretion
rate of 10−7.4 M� yr−1 and Sitko et al. (2012) determined a factor of two variation during
the course of a few months. Therefore, accretion of gas and dust from the outer disk
might be an irregular process, possibly mediated by one or multiple companions inside
the large dust cavity, such that the inner disk gets asymmetrically replenished leading to
local density enhancements and possible shadow variations.

The innermost disk regions are strongly irradiated by the central star. The near-infrared
emission, hydrogen line fluxes, and the He Roman1 line profile are all variable on various
timescales related to the physical processes occurring in the inner disk and near the
stellar surface (Grady et al. 2009; Sitko et al. 2012). The variable P Cygni profile of the
He Roman1 line is likely related to a wind whose orientation changes on timescales of a
day or less (Sitko et al. 2012) which is launched in the star-disk interaction region (e.g.,
Edwards 2009). Micron-sized dust grains in the inner disk atmosphere could be entrained
by a photoevaporative wind that is driven by the UV radiation of the star (Owen et al. 2011;
Hutchison et al. 2016) or dust could be uplifted by a centrifugally driven disk wind (Bans
& Königl 2012). Alternatively, the central star could drive a wind from the circumplanetary
disk of a planetary companion (Tambovtseva et al. 2006) or disk perturbations by a
companion on an inclined orbit may also cause an asymmetric illumination of the disk
(Demidova et al. 2013). X-ray flares can also affect the vertical dust distribution by
modulating the ionization fraction in the surface of the inner disk, therefore, enhancing
the amount of charged grains that get accelerated by the stellar or disk magnetic field (Ke
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et al. 2012), although the magnetic field of HD 135344B is weak (Hubrig et al. 2009). An
extended low-density atmosphere could be supported by the magnetic field of the inner
disk which may explain a large near-infrared excess and possible shadowing (Turner et al.
2014). Three-dimensional radiation nonideal magnetohydrodynamical simulations show
turbulent velocities in the inner disk up to 10% of the sound speed and a nonaxisymmetric
shadow on the outer disk cast by a dead zone-induced vortex (Flock et al. 2017).

The JHK fluxes in Fig. 5.4 show variations up to 10% (see also Grady et al. 2009;
Sitko et al. 2012) while the g ′r ′i′z′ fluxes varied only by 1–2%, indicating that mainly the
inner disk is affecting the near-infrared variability. For reference, the J -band photometry
of HD 135344B consists of 69% stellar radiation and 31% thermal emission from the
inner disk (see Sect. 5.4.3). Small variations of the stellar brightness might be related to
episodic accretion events, photospheric/chromospheric activity, stellar pulsations, minor
attenuation variations by an (optically thin) dust envelope, or increased scattering from the
inner disk. The scattered light flux from the inner disk is in the optical∼1% of the total flux
so structural changes in the inner disk may cause a change both in thermal emission and
scattered light. In that case, the photometric variations in the visible should be correlated
with variations in the near-infrared which seems the case in the first half of the REM
photometry but not the second half. The innermost Uφ signal appears also variable which
could be related to a multiple scattering effect of the asymmetric illuminated cavity edge.
It was noted by Garufi et al. (2017) that HD 135344B belongs to a sub-category of group I
protoplanetary disks with a very large near-IR excess of which all objects show spiral arms,
as well as shadows in most cases.

UX Orionis stars (UXORs) are a subclass of Herbig Ae/Be stars which are characterized
by sudden declines in brightness up to several magnitudes in the optical, associated with
increased extinction and polarization, which suggests changes of the column density in
the line of sight towards the star (Waters & Waelkens 1998). It has been proposed that
such photometric variations could be caused by orbiting dust clouds when the disk is
observed almost edge-on (Grinin et al. 1994) although alternative explanations involving
disk winds (Grinin & Tambovtseva 2003) and turbulent filaments (Dullemond & Dominik
2004) exist. We notice a resemblance between the photometric variations of UXORs and
the spatially-resolved shadow variations on the disk surface around HD 135344B. Similar
processes could be invoked to explain the variability of both which may suggest that
HD 135344B is a face-on variant of the UXOR phenomenon.

5.4.3 Radiative transfer models of a shadowed outer disk

Shadow variations on the outer disk of HD 135344B by the sub-au inner disk depends
on changes in the vertical distribution of dust in the inner disk. More specifically, the
strength of the shadowing is set by the inner disk radius where the transition region from
optically thin to thick occurs highest above the midplane. The height of this transition
region is mainly determined by the pressure scale height and the surface density if the
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dust opacities are constant throughout the inner disk. For a flaring geometry, the thickest
part will be close to the outer edge of the inner disk. Alternatively, a puffed-up inner rim
may shadow the outer disk in case the exterior of the inner disk is fully shadowed by the
rim (Dullemond & Dominik 2004; Dong 2015).

To understand quantitatively the effect of the inner disk on the near-infrared excess
and the scattered light contrast, without making an assumption about the origin of the
shadows, we have constructed a grid of 20×20 radiative transfer models which are meant
as a proof of concept rather than an accurate fit of the data. We adopted the DIANA
model setup of HD 135344B which provides a multiwavelength fit to the SED and several
other gas and dust observables (Woitke et al. 2016). The inner disk is aligned with the
outer disk and ranges from 0.16 au to 0.21 au (at 140 pc), a bit beyond the characteristic
radius inferred from the H-band visibilities (see Sect. 5.3.4), with a surface density profile
parameterized as Σ∝ r−1.8 and a sharp inner rim. The pressure scale height profile is
parameterized as H∝ r−0.08 with the normalization provided by a reference aspect ratio,
H0/r0, at r0 = 0.2 au. The negative flaring index implies a decrease of the scale height
with increasing radius which is expected due to direct heating of the inner rim by the star.
The radial extent of the inner disk is small so the flaring index has only a minor impact
on the disk geometry. The grid covers values of the inner disk dust mass in the range of
10−11–10−7 M� and the inner disk aspect ratio, H0/r0, in the range of 0.005–0.25. The
flaring index of the outer disk is 1.14 with a reference aspect ratio of 0.16 at 50 au. The
radiative transfer and image raytracing was done with MCMax3D, a Monte Carlo continuum
radiative transfer code (Min et al. 2009).

For each model, we computed the disk-integrated Qφ intensity of the outer disk and
the total J -band flux which are displayed in the top panel of Fig. 5.8. Several effects of the
inner disk mass and the aspect ratio on the polarized intensity are evident in the colored
map. Increasing the aspect ratio from very small values up to ∼0.07 results in a larger
fraction of the stellar light being reprocessed by the inner disk and reemitted in the J band,
therefore, increasing the scattered light flux from the outer disk. Similarly, the increase of
the polarized intensity with increasing dust mass is also the result of a larger fraction of
thermal radiation from the inner disk scattering from the outer disk. In this regime of the
aspect ratio, the opening angle of the inner disk is too small to shadow the outer disk.

Shadowing of the outer disk by the inner disk starts to have an effect for H0/r0 ¦ 0.07
such that the opening angle of the inner disk atmosphere is comparable to or larger than the
opening angle of the scattering surface of the outer disk. The polarized intensity decreases
with increasing aspect ratio when the inner disk dust mass is smaller than ∼10−9 M�
because the optical depth through the inner disk atmosphere towards the outer disk
increases, therefore a larger fraction of the stellar light is attenuated by extinction in the
inner disk. For inner disk masses larger than∼10−9 M�, the effect of enhanced reprocessing
by the inner disk starts to dominate over the shadowing effect. More specifically, even
though increasing the aspect ratio beyond 0.07 will increase the amount of shadowing of
the outer disk, enhanced reprocessing by a larger amount of dust in the inner disk results
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Average SPHERE contrast

-1σ J-band flux

+1σ J-band flux

J = 5.6 ⨉ 10 -12 W m -2
J = 4.8 ⨉ 10-12 W m-2

J = 6.4 ⨉ 10 -12 W m -2

J = 7.2 ⨉ 10 -12 W m -2

Average REM J-band flux

+1σ contrast

-1σ contrast

Figure 5.8: Top: Radiative transfer simulations of the Qφ intensity of the outer disk (colored map) and the
J -band photometry (white contours). Center: Scattered light contrast (colored map) with the mean and 1σ
of the REM J -band flux (black dashed lines) and the contrast of the SPHERE imagery (white dashed lines).
The white cross denotes to the DIANA model of HD 135344B (Woitke et al. 2016). Bottom: Spectral energy
distributions (SEDs) of all models (black solid lines), superimposed by SED of the DIANA model (yellow dashed
line) and the photometry (red points; Carmona et al. 2014). Error bars of the photometry have been excluded
when they are smaller than the symbol.
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in an increased irradiation of the outer disk in the J band. Since the exponent is negative
for both the surface density and the scale height profile, the inner disk is thickest at the
location of the inner rim (i.e., the radius where the vertical τ = 1 surface is located highest
above the midplane). Consequently, reprocessed stellar light by the inner rim can directly
irradiate the outer disk, in contrast to an inner rim which is partly shielded from the outer
disk by a flaring scale height profile.

The J -band photometry of the radiative transfer models is superimposed on the polar-
ized surface brightness in the top panel of Fig. 5.1. The inner disk dust mass and aspect
ratio have a similar effect on the J -band flux because both parameters affect the amount of
reprocessing by the inner disk. While the stellar J -band flux remains constant, the thermal
emission from the inner disk is positively correlated with both the inner disk dust mass
and the reference aspect ratio.

An absolute flux calibration of the SPHERE data is not possible with high-precision so
we use a relative brightness measurement to compare the results from the grid of models
with the observations. The central panel of Fig. 5.8 displays the polarized surface brightness
contrast that has been computed with the same procedure described in Sect. 5.3.2, here,
simply given by the ratio of the mean polarized intensity of the outer disk and the total
J -band flux. The J -band flux and shadowing of the outer disk are interlinked in the lower
part of the disk mass regime, therefore, the contrast distribution across the grid appears
similar to the individual components in the top panel. In the regime of the large inner disk
mass and aspect ratio, the contrast balances between both the increasing scattered light
flux and the increasing J -band photometry. The latter dominates over the former such that
the contrast decreases towards the top right of the distribution, yet, the polarized intensity
has a significant effect on the contrast. This means that using a relative flux measurement
instead of an absolute one may lead to a degeneracy in the interpretation because a low
contrast could correspond to either a high or low polarized intensity.

The azimuthally and temporally averaged scattered light contrast of the SPHERE
observations, as well as the REM J -band photometry, are superimposed on the contrast
from the radiative transfer models in the central panel of Fig. 5.8. We rejected the third
quadrant because the brightness of the SW part of the disk is mainly determined by
the enhanced midplane density which would otherwise bias the characteristic contrast
variations by the shadowing. Significant changes in the total dust mass of the inner disk
are not likely to occur as the local viscous timescale will be multiple orders of magnitude
longer than the timescale probed with the SPHERE observations. For a fixed dust mass of
9.86×10−10 M� from the DIANA model, the observed scattered light contrast corresponds
to aspect ratio values in the range of 0.11–0.22, likely beyond what is expected from
a hydrostatically-supported disk (see central panel in Fig. 5.8). The observed J -band
fluxes on the other hand cover a lower aspect ratio regime (0.07–0.1). A less extended
atmosphere will be required when a small misalignment is present between the inner and
outer disk (see Sect. 5.4.1) in which case the estimated value of H0/r0 will be smaller.

We want to stress that the goal of the radiative transfer models is to provide a quan-
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titative estimate of the required extent of the inner disk atmosphere without making an
assumption about the origin of the near-infrared excess (e.g., super-refractory grains,
extended halo). Nonetheless, we may infer from the inconsistency in Fig. 5.8 between
the observed J -band flux and the scattered light contrast that an extended inner disk
atmosphere is required to explain the shadowing variations while providing a smaller
contribution to the near-infrared excess than predicted by the radiative transfer models.
Such a scenario might be achieved with an inner disk consisting of an optically thick but
geometrically thin component and an optically thin but geometrically extended component.
Also the relative abundances of amorphous silicates, amorphous carbon, and metallic iron
will affect the relative strength of the near-infrared excess and the outer disk shadowing.
Amorphous laboratory silicates have a single scattering albedo close to unity (Dorschner
et al. 1995) while the relative absorption cross section of carbon and iron grains is larger
(Zubko et al. 1996). Therefore, increasing the relative amount of silicate grains will lower
the near-infrared excess while the extinction through the atmosphere may remain large
enough to cast a shadow on the outer disk.

We also tested the dependence of the turbulence mixing strength, set by the dimen-
sionless viscosity parameter α, on the scattered light contrast and near-infrared excess.
The parameter controls the dust settling in the radiative transfer models by assuming
an equilibrium between upward turbulent mixing and downward gravitational settling
(Woitke et al. 2016). The turbulence/settling parameter mainly affects the brightness
contrast when its value is ®10−4–10−5 such that even the micron-sized grains slightly
settle. The maximum α value affecting the brightness contrast increases with increasing
aspect ratio. The dependence on the flaring index of the inner disk was also tested. For a
given reference aspect ratio there appeared no significant dependence on the flaring index
because the narrow radial extent of the inner disk.

5.5 Summary and conclusions

We have presented a multi-epoch scattered light study of the protoplanetary disk sur-
rounding HD 135344B, an isolated pre-main-sequence F4V-type star in the Scorpius OB2-3
association. Polarimetric differential imaging observations with VLT/SPHERE in the J
band revealed, with a spatial resolution of ∼6.4 au, azimuthal shadowing variations on the
outer disk, related to the vertical dust distribution in the sub-au inner disk. The imagery
shows irregularly changing shadow patterns between all epochs although similarities
have been identified. Shadows appear both as localized lanes and broader structures,
typically colocated, which likely trace small scale perturbations and large scale dynamics,
respectively. A broad, quasi-stationary shadow is present in N-NW direction of all scattered
light images, in particular well visible at the cavity edge where the outer disk scattering
surface is lowest. This might suggest that the inner disk is misaligned by several degrees,
requiring additional optical depth enhancements through the inner disk atmosphere to
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shadow the disk further outward. However, fitting of a parametric brightness model to
VLTI/PIONIER H-band visibilities provided a best-fit inclination and position angle which
is, within the error bars, consistent with the outer disk. The photometry showed only
minor variations (1–2%) in the g ′r ′i′z′ bands while the JHK fluxes varied up to 10%,
indicating significant changes in the amount of reprocessing of stellar light by the inner
disk. Variability of the photometry and shadowing appear to be correlated, both are related
to structural changes in the inner disk which we have quantified with a grid of radiative
transfer models. The observed variations in scattered light contrast require an extended
inner disk atmosphere (H/r ® 0.2), beyond what is inferred from the near-infrared excess
alone, highlighting the uncertainty about the origin of the near-infrared excess. The
variability of the shadows is likely related to the structure and dynamics of the inner disk,
whose H-band emission originates from a characteristic radius of 0.11 au, that is, inside
the silicate sublimation zone. Asymmetric shadowing variations by the inner disk might
be caused by mechanisms such as turbulent fluctuations, a dusty disk wind, asymmetric
and episodic accretion, and inner disk perturbations by a decretion flow from the rapidly
rotating star. Simultaneous constraints from scattered light, photometry, spectroscopy,
and/or near-infrared interferometry will provide more stringent constraints on the driving
processes in the inner disk for which an approximate daily sampling is required to trace
the fast disk dynamics.
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5.A Details on the visibility fitting

The PIONIER H-band visibilities can be expressed as (Lazareff et al. 2017),

V (u, v,λ) =
fs(λ0/λ)ks + Vc(u, v) fc(λ0/λ)kc

fs(λ0/λ)ks + fc(λ0/λ)kc
, (5.1)

where Vc is the visibility of the circumstellar component, ks and kc are the spectral index
of the stellar and circumstellar component, respectively, fs and fc are the fractional flux
of the stellar and circumstellar component at a reference wavelength λ0, and λ is the
wavelength of the spectral channel. The flux fractions of the star and circumstellar disk
are normalized such that fs + fc = 1.

2Available at http://oidb.jmmc.fr
3Available at http://www.jmmc.fr/searchcal
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As described in Sect. 5.3.4, the visibilities are fitted with an ellipsoidal brightness
distribution which is parameterized by a weighted combination of a Gaussian, FG(r), and
a pseudo-Lorentzian, FL(r), radial distribution which allows for some freedom in the
steepness of the asymptotic decay. The brightness distributions are derived from,

FG(r) =
ln2
πa2 exp

�

−
�

r
a

�2
ln 2

�

, (5.2)

FL(r) = a
2π
p

3

�

a2

3 + r2
�−3/2

, (5.3)

followed by an anamorphosis along the minor axis, and where r is the emission radius and
a the semi-major axis of the half-light isophote. The Hankel transforms of the brightness
distributions take a simple analytical form. The visibility of the circumstellar component
is,

Vc = (1− fL)VG + fLVL, (5.4)

where fL is a weighting factor for the contribution of the pseudo-Lorentzian component,
and VG and VL are the Hankel transforms of the Gaussian and pseudo-Lorentzian brightness
distribution, respectively.

The best fit results in Sect. 5.3.4 were obtained by selecting the first quartile of the
visibility data, on the basis of individual error estimates. Table 5.2 provides an overview
of all the fitting results of the PIONIER visibilities to show the effect of the cutoff level on
the best-fit values. The cutoff level in the cumulative distribution of the error estimates
is stepwise loosened from 25% up to 100%, that is, the first quartile and all available
data points, respectively. The error estimates for individual data points are derived
by the PIONIER reduction pipeline from the internal dispersion on a short timescale.
However, experience shows that other errors, not captured by the estimate, become
increasingly prevalent as the observing conditions degrade. Our choice of the first quartile
is a compromise between a severe selection that discards valid information and a loose
selection that includes corrupted data, as is reflected in the increase of the reduced χ2 in
Table 5.2.
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the transitional disk around HD 97048

with VLT/SPHERE
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Abstract

We studied the well known circumstellar disk around the Herbig Ae/Be star HD 97048
with high angular resolution to reveal undetected structures in the disk, which may be
indicative of disk evolutionary processes such as planet formation. We used the IRDIS
near-IR subsystem of the extreme adaptive optics imager SPHERE at the ESO/VLT to
study the scattered light from the circumstellar disk via high resolution polarimetry and
angular differential imaging. We imaged the disk in unprecedented detail and revealed
four ring-like brightness enhancements and corresponding gaps in the scattered light
from the disk surface with radii between 39 au and 341 au. We derived the inclination
and position angle as well as the height of the scattering surface of the disk from our
observational data. We found that the surface height profile can be described by a single

149



6 Scattered light gaps in the transitional disk around HD 97048

power law up to a separation ∼270 au. Using the surface height profile we measured the
scattering phase function of the disk and found that it is well consistent with theoretical
models of compact dust aggregates. We discuss the origin of the detected features and
find that low mass (≤1 MJup) nascent planets are a possible explanation.
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6.1 Introduction

6.1 Introduction

In the past two decades a large variety of planetary systems have been discovered by
indirect observation techniques such as radial velocity surveys (e.g., Udry & Santos 2007)
and transit searches (e.g., Batalha et al. 2013). To understand the formation process
of these planets we need to study the initial conditions and evolution of protoplanetary
disks. Intermediate mass Herbig Ae/Be stars are prime targets for such studies due to the
massive disks they are hosting. High resolution imaging observations have been performed
for a number of these disks in the past few years, for example, Muto et al. (2012) and
Wagner et al. (2015a) showed resolved spiral arms in the disks around SAO 206462
and HD 100453, while Augereau et al. (1999), Biller et al. (2015), Currie et al. (2016)
and Perrot et al. (2016) found asymmetric rings and gaps with increasing detail in the
transitional disk around HD 141569 A. These structures may be signposts of ongoing planet
formation. Indeed signatures of massive accreting protoplanets were directly detected
in recent years in the disks of LkCa 15 (Kraus & Ireland 2012; Sallum et al. 2015) and
HD 100546 (Quanz et al. 2013a, 2015; Currie et al. 2015). Furthermore, several prominent
young, massive planets orbiting stars of early spectral type were found through direct
imaging observations, such as β Pic b (Lagrange et al. 2009), HR 8799 b,c,d,e (Marois et al.
2008, 2010), HD 95086 b (Rameau et al. 2013c) and 51 Eri b (Macintosh et al. 2015).
Thus these stars enable us to study the beginning and the end of the planet formation
process at scales that we can spatially resolve.

HD 97048 is a young (2-3 Myr; van den Ancker et al. 1998; Lagage et al. 2006), well
studied Herbig Ae/Be star at a distance of 158+16

−14 pc (van Leeuwen 2007). The mass of the
star is estimated to be 2.5± 0.2 M� (van den Ancker et al. 1998). The star is well known
to harbor a large (≥600 au; Doering et al. 2007) circumstellar disk. The disk was first
spatially resolved in spectroscopy by van Boekel et al. (2004) using TIMMI2 in the mid-IR
and in imaging by Lagage et al. (2006) and Doucet et al. (2007) using VLT/VISIR with
filters sensitive to PAH emission features in the mid-IR. Follow-up studies revealed the
extended disk (between 320 au and 630 au) in optical scattered light (Doering et al. 2007),
as well as in near-IR polarized light (Quanz et al. 2012). However, no structures were
directly detected in the disk. From SED fitting combined with resolved Q-band imaging,
Maaskant et al. (2013) deduced the presence of a gap and a puffed up outer disk inner
edge at 34± 4 au.

We used the SPHERE (Spectro-Polarimetric High-contrast Exoplanet REsearch; Beuzit
et al. 2008) instrument at the ESO-VLT to observe HD 97048 in polarized and integrated
light. By applying the polarized differential imaging technique (PDI; Kuhn et al. 2001;
Apai et al. 2004b) as well as the angular differential imaging technique (ADI; Marois et al.
2006a) we were able to remove the flux from the central star to study the circumstellar
disk in unprecedented detail. In addition, we re-analyzed archival polarimetric VLT/NACO
(Lenzen et al. 2003; Rousset et al. 2003) data to compare them to our new observations.
We identified four ring-like brightness enhancements and associated brightness decreases
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6 Scattered light gaps in the transitional disk around HD 97048

that we discuss in the following sections.

6.2 Observation and data reduction

6.2.1 IRDIS polarimetric observations

The HD 97048 system was observed as part of the ongoing SPHERE guaranteed time
program to search and characterize circumstellar disks. Observations were carried out
with the infrared subsystem IRDIS (Infra-Red Dual Imaging and Spectrograph; Dohlen
et al. 2008) in the dual polarization imaging mode (DPI; Langlois et al. 2014) on February
20th 2016. Observing conditions were poor during the whole imaging sequence with
average seeing above 1.′′3 (coherence time of 3 ms). We reached a mean Strehl ratio
of 45%. We took 31 polarimetric cycles, each consisting of 4 data cubes, one per half
wave plate (HWP) position. Each data cube consisted of 2 individual exposures with
exposure times of 16 s, giving a total integration time of 64 min. All observations were
conducted with the broad-band J filter of SPHERE and with the primary star placed behind
an apodized Lyot coronagraph with a diameter of 145 mas. To determine the accurate
position of the star behind the coronagraph, dedicated center calibration frames with 4
satellite spots produced by a waffle pattern applied to the deformable mirror were taken
at the beginning and at the end of the observing sequence. We also took flux calibration
images at the beginning and at the end of the sequence with the star moved away from
the coronagraph and a neutral density filter inserted to prevent saturation.

For data reduction we first applied standard calibrations to each individual image,
which consisted of dark subtraction, flat fielding and bad-pixel masking. We then averaged
the two images in each data cube to obtain one image per HWP position and polarimetric
cycle. Each exposure contains two orthogonal polarization directions that were recorded
simultaneously. We split these images into two individual frames (left and right side,
corresponding to parallel and perpendicular polarized beam). To obtain the individual
Q+, Q−, U+ and U− frames for each polarimetric cycle (corresponding to HWP positions
of 0◦, 45◦, 22.5◦ and 67.5◦), we measured the precise position of the central star using
the center calibration frames on the left and right side of the image. We then aligned and
subtracted the right side of the image from the left side1. To correct for the instrumental
polarization introduced by the telescope optics, we then subtracted Q− from Q+ to obtain
a clean Stokes Q image (analog for Stokes U). We finally averaged all Stokes Q and U
images.

Since the HWP is only sensitive to instrumental polarization upstream of its position
in the optical path, there may be a small amount of instrumental polarization present in
the final Q and U images. This instrumental polarization is thought to be proportional

1We only interpolate one of the two beams to align the two polarization directions to minimize interpolation
artifacts.
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6.2 Observation and data reduction

to the total intensity image (Stokes I) as discussed by Canovas et al. (2011). We thus
subtracted a scaled version of Stokes I from our Q and U images. To obtain the scaling
factor we converted our Q and U images to the radial Stokes components Qφ and Uφ by the
formulas given in Schmid et al. (2006). A positive Qφ signal corresponds to an azimuthal
polarization direction and negative signal corresponds to a radial polarization direction. Uφ
contains all signal with polarization vector angles that are 45◦ from an azimuthal or radial
orientation. This signal is expected to be small for a centrally illuminated symmetrical
disk (Canovas et al. 2015). We then determined the scaling factor for our instrumental
polarization correction such that the flux in an annulus with an inner radius of 10 pix
(∼0.′′12) and an outer radius of 30 pix (∼0.′′36) around the stellar position in the Uφ frame
is minimized. After this step we created the final Qφ and Uφ images. These final reduced
images are shown in Fig. 6.1.

All images were astrometrically calibrated by observations of the close quadruple system
Θ1 Ori B observed with IRDIS in imaging mode using the same filter and coronagraph as
in our polarimetric observations. Details of the astrometric calibration procedure can be
found in Maire et al. (2016). We are using a pixel scale of 12.263±0.008 mas pix−1 and
a true north direction of -1.81±0.30 deg. We correct for the anamorphism between the
image x and y directions by stretching the y direction with a factor of 1.0060±0.0002.

6.2.2 IRDIS angular differential imaging observations

HD 97048 has also been observed on March 28th, 2016 as part of the SHINE (SpHere
INfrared survey for Exoplanets) program with IRDIS in Dual Band Imaging (DBI; Vigan
et al. 2010) mode operating in the H2 - H3 filters (λH2 = 1.593 µm, λH3 = 1.667 µm).
The sky was clear with an average seeing below 1.′′0 (average coherence time of 3 ms). We
obtained 80 frames of 64 s each during which the field of view rotated by 24.5◦. The mean
Strehl ratio during the sequence was 70%. The starlight was blocked with an apodized
Lyot coronagraph with a mask diameter of 185 mas. Out of mask images for photometric
calibration purposes as well as frames with the 4 satellite spots inserted for astrometric
calibration were obtained in the same sequence.

The data were first processed with the Data Reduction Handling (DRH; Pavlov et al.
2008a) tools at the SPHERE Data Center and follow the same reduction as the DPI data,
that is, sky subtraction, flat fielding, bad pixel removal, and recentering to a common
center. The true north correction is also identical to the DPI data. The two spectral
channels were co-added to achieve a higher signal to noise ratio.

Finally we employed three different angular differential imaging routines to suppress
the starlight. The results are shown in Fig. 6.1. The simple ADI routine creates a reference
image by median-combining all images in the sequence. This reference image is then
subtracted from each individual frame and they are subsequently de-rotated and combined.
As a second approach we used a principal component analysis (PCA) to create an orthogonal
basis set of the stellar PSF. For this purpose we utilized the PynPoint routine by Amara &
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Quanz (2012) with a set of 5 basis components. Note that PynPoint resamples the input
images to decrease the pixel size by a factor of 2. Finally we used the SHINE tool, SpeCal
(Galicher et al., in prep.), to suppress the starlight using the TLOCI algorithm (Galicher &
Marois 2011; Marois et al. 2014). TLOCI is a variant of the LOCI algorithm (Lafrenière
et al. 2007) which defines a linear combination of reference frames to be subtracted in
particular areas of the image called subtraction zones. It slightly differs from LOCI in the
shape of the areas since the so-called optimization zone (used to define the coefficients of
the linear combination) is centered on the subtraction zone (where the starlight is actually
subtracted). Here we used circular but relatively narrow annuli of 1.5 FWHM (full width
at half maximum of the PSF) width in radius. The optimization and the subtraction areas
are separated by a 1 FWHM gap which is neither used for optimization nor subtraction.
The selection of reference frames in the temporal sequence is determined by a parameter
which limit the amount of subtraction on real field object at any separation (here we set
this limit to 20%). Once a TLOCI solution is calculated for each science frame, all frames
are de-rotated to a common direction and median-combined. Since the TLOCI processing
resulted in the highest signal-to-noise detection of the disk features, the TLOCI image was
used for all subsequent analysis. However, we recover the same structures with all three
processing methods.

6.2.3 NACO polarimetric archival data

HD 97048 was previously observed with polarimetric differential imaging using VLT/NACO.
The observations were carried out on April 8th, 2006 and were previously analyzed by
Quanz et al. (2012). The system was observed in the H and Ks bands with a Wollaston
prism in place to split the ordinary and extraordinary polarized beams on the detector. A
stripe mask was introduced to block light from areas where both beams are overlapping.
In both filters the system was observed with a single frame exposure time of 0.35 s. For
each of the 4 HWP positions, 85 individual integrations were combined, leading to a total
integration time of 119 s per polarimetric cycle. In the H band, 12 polarimetric cycles
were recorded and 8 in the Ks band. Further details can be found in Quanz et al. (2012).

To compare the NACO data to our new SPHERE DPI observations we re-reduced the
data set using the same pipeline as for the IRDIS DPI observations, with small adjustments
to accommodate the different data structure and observation strategy. The main difference
in data reduction compared to the IRDIS data set is the absence of a coronagraph during
the NACO observations. Due to the short single frame exposure time of the NACO data the
central star was not saturated2. We could thus improve the accuracy of the polarimetric
differential imaging by re-centering each individual frame. This was done by fitting a
Moffat function to the stellar PSF. The resulting Qφ and Uφ frames are shown in Fig. 6.1.
No dedicated astrometric calibrators were imaged for the VLT/NACO data set. From Fig. 1

2Some of the frames were outside the linear response regime of the detector, this effect was stronger in the
Ks band than in the H band. For details we refer to Quanz et al. (2012).
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6.3 Disk features and geometry

in Ginski et al. (2014) we estimate a true north correction of 0.7◦ ± 0.2◦. We used the
nominal pixel scale provided in the image header.

6.3 Disk features and geometry

6.3.1 Description of detected features and comparison with earlier
observations

We detected several distinct features in our new SPHERE images, which we highlight
in Fig. 6.2. In polarized light (left panel of Fig. 6.2) we find a continuous disk down
to an angular separation of ∼75 mas, that is, the edge of our coronagraphic mask (the
cavity visible further in is only caused by the coronagraph). Going along the minor axis
towards the West we see a first depression in scattered light at ∼0.′′19 (Gap 1) directly
followed by a bright ring (Ring 1). Ring 1 is then followed by a continuous disk until
∼0.′′44 where we find a second depression in scattered light (Gap 2), followed again by a
ring (Ring 2). In our polarimetric data we then tentatively detect a further gap at ∼0.′′78
(Gap 3) followed by a narrow arc, which we believe is the forward scattering peak of yet
another ring (Ring 3). We conclude that due to the visible compression of the features
(specifically Ring 2) and the slightly increased surface brightness in the western direction
that this is the Earth-facing, forward scattering side of the disk. In our r2-scaled DPI
image (see Sect. 6.3.3) we also detect some flux on the far (eastern) side of the disk,
which we interpret as the extended backscattering signal of Ring 3 and possibly further
out structures. Lastly we note that the narrow horizontal bar that is visible in the DPI
images is a PSF artifact that was not completely suppressed during data reduction and has
no astrophysical origin.

In the ADI data (right panel in Fig. 6.2), the innermost region of the disk is not
accessible due to unavoidable self-subtraction effects in the data reduction process, thus
Gap 1 and Ring 1 are not (or are only marginally) visible. However, we clearly detect the
near, forward scattering side of Ring 2. In the ADI data we now see at high signal to noise
that Ring 2 is indeed followed by a gap (Gap 3) and another ring (Ring 3). Furthermore
we see that beyond Ring 3 there is yet another gap in the disk at ∼1.′′09 (Gap 4) which
is followed by another narrow ring (Ring 4) of which we again only see the forward
scattering side. The backscattering far sides of the individual rings are not detected in
the ADI image, presumably because their projected sizes are more extended and they
are weaker than the forward scattering sides and are thus completely self subtracted.
We note that in the ADI image the rings appear broken along the minor axis, somewhat
reminiscent of the recent SPHERE ADI images of the disk around HD 141569A (Perrot
et al. 2016). However, due to our complementary DPI data, we clearly see that this is only
an ADI artifact in the case of HD 97048. For a detailed discussion of the effect of the ADI
technique on images of circumstellar disks we refer to Milli et al. (2012).
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Figure 6.1: First row, left and middle: Reduced SPHERE DPI Qφ and Uφ images. Color scale and stretch are the
same for both images. North is up and East to the left. We have some residual signal in Uφ close to the center of
the image, which may be explained by imperfect centering of the coronagraphic data or by multiple scattering in
the inner disk. First row, right: Qφ scaled with the square of the separation from the central star to account for
the r2 dependency of the scattered light flux (see Sect. 6.3.3). Second row: SPHERE ADI images of the system
reduced with 3 different algorithms (simple ADI, PCA and TLOCI). In all cases the H2 and H3 band images were
combined to increase the signal. Third and fourth row, left and middle: NACO H and Ks-band Qφ and Uφ images
re-reduced by our team. Ring 2 and Gap 2 are clearly detected in Ks band. Third and fourth row, right: r2-scaled
Qφ NACO images analog to the corresponding SPHERE image.
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Figure 6.2: SPHERE/IRDIS DPI (left) and ADI (right) images of HD 97048. The recovered disk structure is
indicated. In the r2-scaled DPI image we see signal at the (forward scattering) positions of the two outermost
rings recovered in the ADI image. In addition, we see some signal on the far side of the disk that likely originates
from the backscattering side of these outermost rings.

HD 97048 was previously observed by Quanz et al. (2012) in polarized scattered light
in the H and Ks bands using VLT/NACO. They did not detect any of the features seen in
our observations. To better compare the NACO data to our new SPHERE observations,
we re-reduced the archival data as described in Sect. 6.2.3. While we clearly recover the
same cross-shaped inner region of the disk that was also found by Quanz et al. (2012), we
now also marginally detect Ring 2 in H band (especially the northern ansa, see Fig. 6.1).
Furthermore we unmistakably detect Ring 2 in the Ks-band image. It is still unclear what
produced the strong horizontal signal in the inner part of the disk in the NACO data.
However, it is not seen in the much higher quality SPHERE data, so it is presumably a PSF
or instrumental polarization artifact.

We used the NACO data to compare the recovered surface brightness in the H band
with our measurement in the J band to determine if there are any apparent color effects
present in the disk. We used the H band only since in Ks band most frames are outside of
the linear response regime of the detector close to the stellar position and can thus not be
calibrated photometrically. Figure 6.3 shows the surface brightness profile along the major
axis of the disk in northern (PA = 3◦, see Sect. 6.3.2) and southern (PA = 183◦) direction
obtained from the unscaled Qφ J -band image. The profile is obtained by selecting all
pixels that are azimuthally less than 10◦ away from the major axis. These pixels are binned
radially in 40 mas and 60 mas wide bins for SPHERE and NACO respectively, between
0.′′05 and 2.′′0. The error bars show 1σ uncertainties of the surface brightness in the
unscaled Uφ image. More specifically, we defined annuli at the same radial distance and
with the same radial width as the Qφ surface brightness bins and determined the standard
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Figure 6.3: Calibrated surface brightness profile along the major axis of the disk for our polarimetric SPHERE
J -band data, as well as archival NACO H-band data. No significant color effects are visible between the two bands
outside of Gap 1. The dotted horizontal lines give the sky background limit of our SPHERE data as measured in
the Qφ image.

deviation of the Uφ pixels within each annulus. The profiles in Fig. 6.3 show the surface
brightness contrast of the polarized scattered light from the disk with the stellar magnitude
(assuming 6.67±0.05 mag in the H band and 7.27±0.02 mag in the J band (Cutri et al.
2003) which allows us to compare our photometrically calibrated disk brightness in the J
and H bands.

We find that the surface brightness in the H band corresponds well with our own J -
band measurement, that is, we do not find a strong color dependency of the scattered light
surface brightness. This could be an indication that the scattered light signal is dominated
by particles larger than the wavelength, and for which thus no color dependency would
be expected. However, the disk structures are only detected at very low signal to noise
in the NACO image, thus further SPHERE observations in the visible and near infrared
wavelength range will be needed to confirm this finding.

6.3.2 Fitting of disk features and scattering height determination

To quantify the geometry of the disk we fitted ellipses to the rings and gaps detected
with high signal to noise in our SPHERE DPI and ADI data. Ellipses offset from the
stellar position should describe the features sufficiently, assuming that we are looking at a
axisymmetric, inclined, flared disk.
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∆ R.A. [mas] ∆Dec. [mas]
semi-major
axis [mas]

semi-major
axis [au]

semi-minor
axis [mas]

Gap 1 −1.3± 2.7 26.8± 7.6 248.2± 5.3 39.2± 4.1 190.4± 4.1

Ring 1 −6.5± 6.4 35.8± 0.8 293.8± 3.7 46.4± 4.7 225.4± 2.4

Gap 2 −90 ± 11 −9 ± 16 692 ± 11 109 ± 11 530.9± 8.1

Ring 2 −200 ± 17 −33 ± 26 1018 ± 28 161 ± 17 781 ± 15

Gap 3 −295 ± 39 −12 ± 32 1418 ± 62 224 ± 25 1088 ± 62

Ring 3 −395 ± 24 −28 ± 15 1735 ± 24 274 ± 28 1331 ± 22

Gap 4 −417 ± 33 −44 ± 29 1998 ± 23 316 ± 32 1533 ± 21

Ring 4 −441 ± 29 −64 ± 25 2156 ± 27 341 ± 35 1654 ± 24

Table 6.1: Ellipse parameters fitted to the visible rings and gaps in our scattered light images. We give the
offset of the ellipses from the central star position as well as the size of the major and minor axes for each fitted
feature. We also give the size of the semi-major axis in au, since it directly corresponds to the physical radius of
the de-projected rings. Inclination and position angle were fitted simultaneously for all structures resulting in a
single values of 39.9◦ ± 1.8◦ and 2.8◦ ± 1.6◦, respectively.

Our fitting procedure consists of a Monte Carlo routine that created 106 elliptical annuli
for each structure within boundaries such that the annuli trace the rings or gaps. We then
measured the flux in each of these annuli and found the annulus which maximizes the flux
in the case of the bright rings, or minimizes it in the case of the dark gaps. Since only the
DPI data shows the full rings we used only this data set to determine the position angle
and inclination of the disk. We specifically fitted Ring 1 and Ring 2 simultaneously in the
unscaled image for this purpose. To ensure a good fitting result the horizontal PSF artifact
that is visible in the DPI image was masked. In addition, we only used the backscattering
side of Ring 2 to set initial boundaries for the fit, but masked it during the fitting procedure.
This was done since the somewhat extended flux that we are detecting on the eastern side
of Ring 2 likely originates from the partially illuminated ’wall’ of Ring 2, that is, from a
different height as the forward scattering western side of the ring. This effect would be
expected to be much less significant for the innermost ring, thus we included the full ring
in the fit. The width of the measuring annulus was set to 2 pixels. This narrow width
was chosen to avoid contaminating flux in the annulus from further inside the disk, which
would dominate over the flux of the rings.

Using this procedure we find an inclination of the disk of 39.9◦ ± 1.8◦, slightly smaller
but consistent with the inclination of 42.8◦+0.8

−2.5 recovered by Lagage et al. (2006) with
isophote fitting of their PAH emission image. We further recover a position angle of the
major axis of the disk of 2.8◦ ± 1.6◦. The uncertainties of these values were computed
using the same procedure on the Uφ image for a noise estimation. These results are also
highly consistent with recent ALMA Cycle 0 observations of HD 97048 (Walsh et al. 2016),
who find a disk inclination of 41◦ and a position angle of 3◦.
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Figure 6.4: SPHERE/IRDIS DPI (left) and ADI (right) images with our best fitting ellipses superimposed. Fitted
rings are displayed as blue dashed lines, while fitted gaps are displayed as white solid lines. The green disk in
the center of the system indicates the size of the utilized coronagraphic mask.

Using the measured inclination and position angle we then individually fitted Gap 1
and Gap 2 in the DPI image as well as Ring 3 and Ring 4 and the corresponding gaps
in the ADI image. To constrain the size of the rings in the ADI image we set boundaries
such that the rings should include the faint western backscattering region visible in the r2

scaled DPI image.
We estimated reasonable error bars for each parameter by repeating the same fitting

procedure with the same boundaries for each sub-structure in the Uφ image for Ring 1, 2
and the associated gaps, and on the eastern side of the ADI image for Ring 3 and 4. This
was done to determine the influence of the background noise on the fitting procedure. The
resulting flux distributions after 106 measurements were fitted with a normal distribution.
We then considered the width of these normal distributions for each sub-structure to
determine a range of well fitting parameters. Finally we computed the standard deviation
of each parameter within this range to estimate the uncertainty of each parameter. The
results of our fitting procedure are listed in Table 6.1. We also show the best fitting ellipses
to the bright rings over-plotted in Fig. 6.4.

The increase of the offsets of the ellipses from the stellar position is most likely induced
by the flaring of the disk. We used these values along with our recovered inclination to
determine the surface height of the disk at which our scattered light signal originates. This
was also done by Lagage et al. (2006) for their mid-IR observations. For an illustration of
the involved geometry we refer to Fig. 6.5 (adapted from de Boer et al. 2016). We show
our results in Fig. 6.6 and the corresponding Table 6.2. The height of the disk that we
recover is slightly smaller than the one found by Lagage et al. (2006). This is not surprising
since they traced PAH molecule emission in their observation, which should originate at
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Separation [au] Height [au]

Gap 1 39.2± 4.1 0.3± 0.7

Ring 1 46.4± 4.7 1.6± 1.6

Gap 2 109.3± 11.2 22.2± 3.5

Ring 2 160.8± 16.9 49.3± 6.4

Gap 3 224 ± 25 72.6± 12.4

Ring 3 274.1± 28.0 97.3± 12.1

Gap 4 316 ± 32 102.7± 13.8

Ring 4 340.6± 34.8 108.6± 13.7

Table 6.2: Scattering surface height as function of stellar separation as calculated from the fitted ellipse offsets
and inclination given in Table 6.1.

the disk surface where the disk is directly irradiated by stellar UV flux. We find that the
scattering surface height H at a separation r from the star can be described reasonably
well with a single power law of the form H(r) = 0.0064 au · (r/1 au)1.73 up to a separation
of ∼270 au. The last two data points at 316 au and 341 au deviate significantly from this
power law. This may be explained by the disk surface layer becoming optically thin at
large separations such that the scattered light originates from a lower surface height. A
similar behavior is also visible at ∼350 au for the PAH emission shown in Fig. 2 of Lagage
et al. (2006).

Chiang & Goldreich (1997) show that for an irradiated disk, a typical value for the
flaring of 9/7≈ 1.3 should be expected. The exponent measured here is significantly larger
than that theoretical value. However, we have to keep in mind that the pressure scale height
for which the 9/7 exponent has been derived is entirely dependent on the temperature
and does not directly translate into the height where the disk becomes optically thick
for photons flying radially, so where we would expect the scattering surface to lie. One
possible explanation for the stronger surface flaring would be, that HD97047 has a more
shallow radial slope of the surface density that would push up the surface height in the
outer regions. Incidentally, this is consistent with the very low physical scale heigh that
we measure in the inner disk region, expressed in our fit by the very low prefactor of the
flaring power law. Effectively, the region inside ∼50 au is geometrically flat, pointing to a
very low surface density or extremely effective dust settling.

6.3.3 Scattered light phase function

The surface brightness of an inclined protoplanetary disk will be affected by the phase
function of the dust which depends on grain properties such as size, shape, structure
and index of refraction (e.g., Mishchenko et al. 2000). Therefore, a measurement of the
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6 Scattered light gaps in the transitional disk around HD 97048

Figure 6.5: Schematic cross section of the disk model suggested by our observations. The location and the height
of the depicted rings is to scale, while the width of individual features is not. We use Ring 3 as an example to
show the geometrical relation between the height and center offset of individual rings assuming an axisymmetric
disk. Please note that the gaps in the disk are shown empty in this schematic view for simplicity, while in reality
the gaps are likely not devoid of material. This figure was adapted from de Boer et al. (2016).

(polarization) phase function of the scattered light image will allow us to put constraints
on the grain properties in the disk surface of HD 97048. We follow the method from
Stolker et al. (2016a), which maps the scattered light image onto a power law shaped disk
surface. In this way, we can calculate the disk radius and scattering angle in each pixel
which is required to determine the scattering phase function and to construct r2-scaled
images that correct both for the inclination and thickness of the disk.

In Sect. 6.3.2, we used ellipse fitting to determine at several disk radii the height of the
disk surface where in radial direction the optical depth is unity. The power law that was
fitted to those data points (see Fig. 6.6) is used as input for the scattered light mapping
from which we calculated r2-scaled Qφ images3 (see Figs. 6.1 and 6.2) and determined
the phase function of the SPHERE image along Ring 2 (130–160 au). The phase function
calculation was not possible for Ring 1 because it shows strong artifacts from the telescope
spider, neither for Ring 3 because the detection is of low S/N.

DPI observations measure polarized intensity so we have to correct the polarized
intensity phase function for the degree of polarization in order to obtain a total intensity
phase function. Scattering of light by protoplanetary dust grains gives rise to a scattering
angle dependent degree of polarization which can often be approximated by a bell-shaped
curve (e.g., Mishchenko et al. 2002; Min et al. 2005; Murakawa 2010). Therefore, we use

3We note that our scattered light surface height profile is likely too steep beyond ∼270 au, thus the brightness
increase in that region of the image might be somewhat overestimated.
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Figure 6.6: Height of the scattering surface above the disk midplane as calculated from the center offset of the
visible rings and gaps of the disk (red data points). We added the height of the PAH emission surface calculated
by Lagage et al. (2006) as dashed (green) line and our own best fit to the scattering surface height as solid (red)
line. The best fit to the scattered light data ignores the last two (furthest separated) data points, which deviate
from a power law profile presumably due to a changing optical thickness of the disk.

a Rayleigh polarization curve to reconstruct the total intensity phase function. Note that
the peak value of the bell-shaped polarization curve does not affect the result because we
work in normalized surface brightness units.

Figure 6.7 shows the polarized intensity phase function that is measured from the
SPHERE Qφ image, as well as the reconstructed total intensity phase function that is
obtained from the ratio of the polarized intensity phase function and the degree of po-
larization. The polarized intensity phase function is close to isotropic for most of the
scattering angles that are probed with the SPHERE DPI observations. The degree of
polarization decreases towards forward and backward scattering angles which gives rise
to the forward scattering peak in the reconstructed total intensity phase function since we
probe scattering angles as small as 35◦. This result is supported by the ADI observation
which shows that the near side of the disk is brighter than the far side in total intensity
(see Fig. 6.1).

Grains that are much smaller than the observed wavelength scatter light close to
isotropic (Rayleigh regime) whereas grains that are comparable to or larger than the
wavelength show a forward scattering peak and possibly a shallow backward scattering
peak (e.g., Bohren & Huffman 1983; Min et al. 2005, 2016). For comparison, we show
in Fig. 6.7 two numerical phase functions that were calculated at 1.25 µm according to
the DIANA standard dust opacities (Woitke et al. 2016) for a mixture of silicates and
amorphous carbon grains that are porous (25%) and irregularly shaped (fmax = 0.8 Min
et al. 2005). We chose two different grain size distributions, 0.1 < a < 1.0 µm and
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2016) and a compact dust aggregate (Min et al. 2016).

1.0 < a < 5.0 µm, both with a power law exponent of -3.5. As expected, the forward
scattering peak is stronger for the size distribution of larger grains. Although the phase
functions seem to match quite well with the SPHERE data at smaller scattering angles, at
intermediate scattering angles the phase functions deviate.

Additionally, Fig. 6.7 shows the phase function of a 1.2 µm compact dust aggregate,
calculated by Min et al. (2016) at 1.2 µm with the discrete dipole approximation (DDA).
Note that this is a single grain size calculation so there are strong refraction features
present in the phase curve. This phase function provides a better fit with the data because
the turn over point (around 70◦) towards the isotropic part is present both in the SPHERE
data and the aggregate calculation. Beyond 100◦, the reconstructed phase function starts
to rise again and deviates from the aggregate phase function, but this could be an artifact
of the horizontal brightness enhancement that is visible in the IRDIS DPI data. The
aggregate structure of large dust grains (2πa ¦ λ with a the grains radius and λ the
photon wavelength) will provide the grains with aerodynamic support against settling
from the HD 97048 disk surface towards the midplane. We note that large grain aggregates
are consistent with our earlier findings that the color of the disk appears grey between the
H and J bands.
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6.4 Discussion of the scattered light gaps

Several explanations for the formation of rings and gaps have been proposed in protoplan-
etary disks, in particular for the recent mm-observations of HL Tau (ALMA Partnership
et al. 2015) and TW Hya (Andrews et al. 2016), which show multiple ring structures as
seen in the scattered light images of HD 97048. Although the scattered light emission
originates from the upper layers of the disk while the mm-emission comes from a deeper
layer, the origin of the gaps might be directly connected.

For instance, planet-disk interaction can lead to gaps in the gas, small (micron-sized),
and large grains (Rice et al. 2006; Fouchet et al. 2007; Pinilla et al. 2012a; Zhu et al. 2012,
e.g.,), although with different shape and location in small and large grains depending on
the planet mass and disk viscosity (e.g., de Juan Ovelar et al. 2013, 2016). This segregation
of small and large grains has been observed in different transition disks such as SR 21
(Follette et al. 2013) and HD 135344B (Garufi et al. 2013). In the case of HD 97048,
we have four clear gaps at ∼0.′′25, ∼0.′′7, ∼1.′′4 and ∼2.′′0 distance from the star (along
the semi-major axis). Analysis of the mm-emission in the (u− v) plane of this disk from
ALMA-Cycle 0 observations (with a beam of ∼0.′′9×0.′′52) hint at the presence of two gaps
at ∼0.′′6 and ∼1.′′2 (Fig 7.; Walsh et al. 2016). The potential close match between the
location and shape of the Gaps 2 and 3 by ALMA and SPHERE suggests that if planets are
responsible for the seen gaps, the mass of the embedded planets should be small (®1 MJup,
see Fig. 8 from de Juan Ovelar et al. (2013)). The reasoning in this case would be, that
the shape of the gaps in small grains would be the same as in the gas because they are
well coupled and follow the gas distribution. Large grains, which are highly affected by
radial drift would be accumulated at the location of the pressure maximum, which can be
further out than the location of the edge of the gap in gas (or small grains) depending on
the planet mass. However, we note that the study by de Juan Ovelar et al. (2013) was
restricted to a single planet carving a gap in the disk and to cases where the planets are
massive enough to open distinct gaps in the gas. In our case we directly detect 4 gaps and
rings. Assuming that all of these structures are indeed caused by nascent planets, it would
be expected that the location of the gap or ring in mm emission as well as in scattered
light is constrained not just by the planet in the gap, but also by neighboring planets. Thus
it might well be that the specific geometry of the HD 97048 system does not allow for
offsets between the observed gaps in mm emission and in scattered light, even if planets
with masses larger than 1 MJup are present.

To further constrain possible planet masses we used the empirical formula derived very
recently by Kanagawa et al. (2016) from two dimensional hydrodynamic simulations. The
width and position of the gap depends in this case on the mass ratio between companion
and host star, the aspect ratio of the disk at the gap position, and the viscosity of the disk
given by the viscous parameter α as defined by Shakura & Sunyaev (1973). We fitted a
Gaussian with a linear slope to the surface brightness profile at the gap positions along
the major axis and used the FWHM of the Gaussian as a measure of the gap width. We
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Figure 6.8: Azimuthally averaged detection limits for the SPHERE ADI observation reduced with the TLOCI
algorithm. We give the 5σ detection limit in magnitudes. Assuming an age of the system of 2.5 Myr and a
distance of 158 pc we calculated mass detection limits using the BT-SETTL model isochrones (green, dash-dotted
lines).

find a width of 61.8±5.5 mas (9.8 au) for Gap 1 and 133±11 mas (21 au) for Gap 2 in
the SPHERE DPI image. Since detailed forward modeling is required to account for the
effects of the ADI data reduction on the disk features, we did not include Gap 3 and Gap 4
in this analysis.

The aspect ratio of the disk at the gap position can be estimated from our ellipse fitting,
considering that the pressure scale height is approximately a factor of 4 smaller than the
scattering height of small micron-sized particles if we assume the dust and the gas are
well mixed (Chiang et al. 2001). This assumption seems reasonable especially in the case
of Gap 2 for which we find a gap width comparable to the scattering surface height. Since
the gap width should be significantly larger than the pressure scale height to open a stable
gap, a large ratio between the scattering surface height and the pressure scale height
would be expected. We note that the calculations of Kanagawa et al. (2016) were done for
the gas in the disk, while we are tracing micron-sized dust particles. However, as is also
noted in Kanagawa et al. (2016), small dust particles are coupled well to the gas, and thus
we would expect similar gap widths in both cases. Assuming a range of disk viscosities
between 10−2 and 10−4 we find necessary planet masses between 2.6 M⊕ and 0.3 M⊕ to
carve out Gap 1 and 0.7 MJup to 0.1MJup for Gap 2 (more massive planets for a higher
viscosity).

This result would be consistent with our earlier estimate that planet masses should be
below 1 MJup based on the coincidence of the SPHERE and ALMA gaps (Gaps 2 and 3).
The very small planet mass necessary to open Gap 1 might be plausible given that we find
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that the disk is basically flat at this small separation. Gap 1 is not detected in the analysis
of the ALMA data by Walsh et al. (2016). This might be related to the lower resolution of
their observations, but could be also be due to the low mass of a potentially responsible
planet, which is then not expected to affect mm-sized grains (Rosotti et al. 2016). However,
we note that the smallest planet mass studied by Kanagawa et al. (2016) is 0.1 MJup and
thus our calculation for Gap 1 represents an extrapolation from their results. Furthermore,
the recent study by Dipierro et al. (2016) using 3D smoothed-particle hydrodynamics
suggests that planets with masses smaller than 0.5 MJup should not open gaps in gas and
micron-sized dust particles. We thus caution that the mass that we find for a potential
planet carving Gap 1 should only be treated as a lower limit.

In any case the small planet masses we find for Gap 1 and 2 are consistent with the
non-detection of any close point sources in the SPHERE ADI data set. In Fig. 6.8 we show
the 5σ contrast limits computed from this data set. The contrast is derived from the TLOCI
image, in which the self-subtraction for each TLOCI area is estimated with injected fake
planet signals. An azimuthal standard deviation is calculated to yield a 1D radial contrast.
We use the BT-SETTL model isochrones (Allard et al. 2011) to convert the achievable
magnitude contrast to limiting masses assuming a system age of 2.5 Myr and a distance
of 158 pc as well as a stellar H-band magnitude of 6.67±0.05 mag (Cutri et al. 2003).
We find that in principle we would have detected planets with masses down to ∼2 MJup

beyond 1.′′0 in the ADI data and planets with masses down to ∼5 MJup as close as 0.′′3.
However, this does not take into account that the gaps that we are seeing are likely not
completely devoid of material, and thus the thermal radiation of potential planets would
be attenuated compared to the theoretical model values.

Other possible explanations for the origin of the rings and gaps include the effect
of snow-lines in the dust density distribution (Zhang et al. 2015; Okuzumi et al. 2016)
and pressure bumps with MHD origin (Uribe et al. 2011; Simon & Armitage 2014; Flock
et al. 2015). Banzatti et al. (2015) recently showed the effect of the H2O snow line on
the distribution of dust particles by considering the changes of the aerodynamics of the
dust grains when they loose their H2O ice mantles. They showed that the H2O snow line
can have a significant effect on the distribution of small and large particles and decrease
the dust density distribution of the small grains at the snow line location. However, for
HD 97048 the H2O snow line is expected to be at 10 mas (using the same model for the
HD 97048 disk as in Maaskant et al. (2013)), which does not match any of the observed
structures. Extending the H2O snow line predictions for other relevant molecular lines,
such as CO and ammonia (NH3) for which freezing temperatures are 20 K and 80 K
respectively (e.g., Zhang et al. 2015), the expected disk structures should be located at
1.′′4 and 0.′′3. These locations roughly coincide with Gap 3 and Ring 1 respectively. For
small disk viscosities (α ≤ 10−3) Banzatti et al. (2015) found a rise of spectral index just
outside the snow line which would produce a ring-like feature in mm-emission. This might
be a possible explanation for Ring 1 and Gap 1, although we note that it is not clear if the
same feature would be visible in scattered light. High resolution ALMA observations in
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combination with detailed radiative transfer modeling might be able to determine if this
is the case. For higher disk viscosities the spectral index of mm-emissions was found to
drop at the position of the snowlines, which could be a potential explanation for Gap 3.
However, the same reservations apply regarding the visibility of such features in scattered
light. Furthermore it is not clear if CO or NH3 produce similarly strong effects as H2O
given their likely lower concentration in the disk.

Alternatively, global pressure bumps predicted in MHD simulations can create multiple
ring structures at mm-emission (e.g., Ruge et al. 2016)). However, the structures expected
in scattered light can be different since constant fragmentation of the mm-grains inside
the bumps together with turbulent motion of the particles can lead to variations of the
distribution of the small particles inside and outside these bumps (Pinilla et al. 2012b).
Currently there are also no scattered light predictions of such a scenario and more effort
is required to show what shapes of gaps and rings at short and long wavelengths are
expected in the MHD case. However, both possibilities (snow lines and/or MHD effects)
cannot be ruled out for the origin of the observed rings and gaps in HD97048.

6.5 Conclusions

We observed the large circumstellar disk around HD 97048 with SPHERE/IRDIS in scattered
light using polarimetric and angular differential imaging and uncovered for the first time
directly 4 gaps and rings in the disk. Our observations show very well the complementary
nature of DPI and ADI observations. DPI observations enabled us to study the disk
at the smallest angular separations and without self-subtraction effects, while the ADI
observations provide deeper detection limits further out from the star.

The inclination and position angle of the disk that we extract from our observational
data are consistent with the measurements by Lagage et al. (2006) as well as very recent
ALMA Cycle 0 observations by Walsh et al. (2016). Our innermost gap at ∼248 mas
(39 au) and the following bright ring at ∼294 mas (46 au) are identical with the gap
and ring at 34±4 au inferred by Maaskant et al. (2013) from unresolved photometry and
resolved Q-band imaging.

Our measurements suggest that the disk is flaring (assuming an axisymmetric disk)
and that the scattering surface height profile of the disk is not significantly influenced by
the observed structures. Specifically we find that the surface height can be described by
a single power law up to a separation of ∼270 au. Using this power law we derive the
polarized scattering phase function of the disk. Assuming a bell-shaped dependency of the
degree of polarization of the scattering angle we find that the total intensity scattering
phase function shows a turn-off at ∼70◦, consistent with 1.2 µm compact dust aggregates
as calculated by Min et al. (2016).

We find that nascent planets are one possible explanation for the structures that we
are observing. However, given the low planet masses needed to carve out the gaps that
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we detected, it is unlikely that the planet’s thermal radiation is directly detectable by
current generation planet search instruments such as SPHERE or GPI. This conclusion is
strengthened by the fact that the gaps are most likely not completely devoid of material
and thus any thermal radiation from a planet inside the gap would be attenuated by the
remaining dust.

A detailed radiative transfer study, which includes both our scattered light observations
and high-resolution ALMA observations, is required for a more complete understanding of
the disk structure and distribution of small and large grains in particular. We note that
high resolution ALMA observation by van der Plas et al. (2017) have just become available
at the time of publication of our observations, which will enable such a study.
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Abstract

Understanding the diversity of planets requires studying the morphology and physical
conditions in the protoplanetary disks in which they form. We aim to study the structure
of the ∼10 Myr old protoplanetary disk HD 100453, to detect features that can trace
disk evolution and to understand the mechanisms that drive these features. We observed
HD 100453 in polarized scattered light with VLT/SPHERE at optical (0.6 µm, 0.8 µm)
and near-infrared (1.2 µm) wavelengths, reaching an angular resolution of ∼0.′′02, and
an inner working angle of ∼0.′′09. We spatially resolve the disk around HD 100453, and
detect polarized scattered light up to ∼0.′′42 (∼48 au). We detect a cavity, a rim with
azimuthal brightness variations at an inclination of ∼38◦ with respect to our line of sight,
two shadows, and two symmetric spiral arms. The spiral arms originate near the location

171



7 Shadows and spirals in the protoplanetary disk HD 100453

of the shadows, close to the semi-major axis. We detect a faint feature in the SW that can
be interpreted as the scattering surface of the bottom side of the disk, if the disk is tidally
truncated by the M-dwarf companion currently seen at a projected distance of ∼119 au.
We construct a radiative transfer model that accounts for the main characteristics of the
features with an inner and outer disk misaligned by ∼72◦. The azimuthal brightness
variations along the rim are well reproduced with the scattering phase function of the
model. While spirals can be triggered by the tidal interaction with the companion, the
close proximity of the spirals to the shadows suggests that the shadows could also play a
role. The change in stellar illumination along the rim induces an azimuthal variation of
the scale height that can contribute to the brightness variations. Dark regions in polarized
images of transition disks are now detected in a handful of disks and often interpreted
as shadows due to a misaligned inner disk. However, the origin of such a misalignment
in HD 100453, and of the spirals, is still unclear, and might be due to a yet-undetected
massive companion inside the cavity, and on an inclined orbit. Observations over a few
years will allow us to measure the spiral pattern speed, and determine if the shadows are
fixed or moving, which may constrain their origin.
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7.1 Introduction

Thousands of exoplanetary systems have been detected so far displaying a wide diversity
in their architecture. Understanding planet formation and its outcomes requires good
knowledge of the protoplanetary disks at different spatial scales. Although forming planets
have not been unambiguously detected so far, one can aim to study the conditions for
their formation by looking for indirect signatures and imprints of the mechanisms driving
the disk evolution.

In recent years, high resolution images of protoplanetary disks have shown a variety
of small-scale features. In the sub-millimeter regime, one of the most stunning images
was obtained using ALMA at its highest angular resolution, on HL Tau, a very young
object (0.5 Myr; ALMA Partnership et al. 2015), and revealed concentric rings in a flat
disk (Carrasco-González et al. 2016; Pinte et al. 2016). These rings indicate that planet
formation might occur very early in the disk lifetime, but alternative explanations, such as
hydrodynamical instabilities have also been proposed (Flock et al. 2015; Ruge et al. 2016;
Béthune et al. 2016). Rings were also detected with submillimeter observations of the
relatively old disk around TW Hya (10 Myr; Andrews et al. 2016; Tsukagoshi et al. 2016),
suggesting that such small features are ubiquitous and/or long lived. On the other hand,
other submillimeter images showed azimuthally asymmetric brightness enhancements
in the continuum (Casassus et al. 2012; van der Marel et al. 2015a; Pérez et al. 2014;
Pinilla et al. 2015b) and in few objects spiral arms (Christiaens et al. 2014; Pérez et al.
2016). The diversity of these features supports the idea that several processes (e.g., planet
formation, hydrodynamical instabilities, photoevaporation) might act simultaneously and
with different relative contribution depending on the object.

Stunning images of the scattering surfaces of protoplanetary disks are produced with
polarimetric differential imaging (PDI; e.g., Kuhn et al. 2001; Apai et al. 2004a; Quanz
et al. 2011). The technique consists of measuring the linear polarization of the light
scattered by dust grains in the disk and to remove the unpolarized contribution, including
that from the star. Recent images show rings (e.g., Rapson et al. 2015; Wolff et al. 2016;
Ginski et al. 2016), spiral arms (e.g., Muto et al. 2012; Grady et al. 2013; Benisty et al.
2015; Stolker et al. 2016b), localized dips (e.g., Pinilla et al. 2015c; Canovas et al. 2017),
and shadows (e.g., Avenhaus et al. 2014b). As these observations only trace small dust
grains in the upper disk layers, and not the bulk of the disk mass, these features may trace
enhancements in surface density, or variations in the disk scale height due to local heating
events (Juhász et al. 2015; Pohl et al. 2015). These features have now been observed in
disks surrounding stars with a broad range of properties in terms of stellar luminosity, age,
and disk evolution.

Of particular interest for this paper is HD 100453A, hereafter referred to as simply
HD 100453, a Herbig A9Ve star located in the Lower Centaurus Association (Kouwenhoven
et al. 2005), at ∼114+11

−4 pc (Perryman et al. 1997), with an early M star companion (Chen
et al. 2006). In a detailed multi-wavelength study, Collins et al. (2009) refined the age
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of the system to be 10± 2 Myr, and also constrained the companion properties. It is an
M4.0 - M4.5V, 0.20± 0.04 M� star, located at 1.′′045± 0.′′025 (i.e., ∼119 au) at a PA of
126◦±1◦. HD 100453 was classified as a Group I (flared) disk by Meeus et al. (2001). The
disk reprocesses a significant fraction of the stellar light in the inner and outer disk regions
suggesting a vertically thick and flared disk (Dominik et al. 2003). Interestingly, there is no
clear sign of accretion onto the star. Collins et al. (2009) derived an accretion rate upper
limit of 1.4× 10−9 M� yr−1 from the FUV continuum, confirmed by Fairlamb et al. (2015)
(upper limit of 4.9×10−9 M� yr−1). HD 100453 gas tracers also show a peculiarity: while
Herbig stars with a strong NIR excess show 4.7 µm CO emission (Brittain et al. 2007),
HD 100453 does not show any (Collins et al. 2009), which suggests a high dust-to-gas
ratio or a reduction of the gas content in the inner disk. Collins et al. (2009) report a
non-detection of CO J=3-2 with the JCMT which indicates that the gas amount in the
outer disk region might also be severely reduced. From the 1.2 mm continuum emission,
and the CO upper limit, the disk mass is estimated to be 8× 10−5 M�, and the gas-to-dust
ratio to be not more than 4:1 (Collins et al. 2009).

The disk surrounding HD 100453 must be relatively compact, compared to other Herbig
Ae disks. HST observations report no scattered light detection beyond 3′′ (Collins et al.
2009). A background star is detected at a projected distance of 90 au, which indicates that
the disk is either truncated by tidal interaction with the M-dwarf companion, or optically
thin, at this projected distance from the star. This is supported by two marginally resolved
images, at ∼0.′′2–0.′′3 scales (i.e., ∼25–35 au), in the PAH and Q-band filters (Habart et al.
2006; Khalafinejad et al. 2016). Using SPHERE with differential imaging, Wagner et al.
(2015a) reported the detection of two spiral arms in scattered light, up to 0.′′37 (∼42 au),
and a marginal detection of a gap or cavity inside 0.′′18 (∼20 au).

In this paper, we report the first polarized differential images of HD 100453 obtained
in the optical (R′ and I ′ bands) and in the near infrared (J band) with VLT/SPHERE.
The paper is organized as follows. Section 7.2 describes the observations and the data
processing. Section 7.3 reports on the detected disk features, Sect. 7.4 provides a radiative
transfer model that well reproduces the observations, and in Sect. 7.5 we discuss our
findings.

7.2 Observations and data reduction

The observations were carried out on March 30th and 31th 2016, with the SPHERE
instrument (Beuzit et al. 2008), equipped with an extreme adaptive optics system (Fusco
et al. 2006; Petit et al. 2014) at the Very Large Telescope at Cerro Paranal, Chile. The
observations were executed through the Guaranteed Time program. HD 100453 was
observed in the R′ and I ′ band filters (λ0 = 0.626, ∆λ = 0.149 µm; λ0 = 0.790, ∆λ =
0.153 µm, respectively) using the ZIMPOL instrument (Thalmann et al. 2008; Roelfsema
et al. 2010) with a plate scale of 3.5 mas per pixel and in the J band (λ0 = 1.258,
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∆λ= 0.197 µm) using the infrared dual-band imager and spectrograph (IRDIS; Dohlen
et al. 2008; Langlois et al. 2014), with a plate scale of 12.25 mas per pixel.

For the J band observation, a 185 mas-diameter coronographic focal mask was used,
combined with an apodized pupil and Lyot stop. HD 100453 was observed for 85 and 80
minutes with IRDIS and ZIMPOL, respectively. These data were taken under moderate
AO conditions (seeing between 0.′′7 and 1.′′0). From an analysis of the reference point
spread function (PSF), we find that the AO quality reaches a diffraction-limited regime,
with a 20.8× 24 mas resolution (slightly elongated PSF due to wind speed, the theoretical
diffraction limit being 20.6 mas) and a 43% Strehl ratio at 0.8 µm.

For polarimetric differential imaging, the instruments split the beam into two orthogo-
nal polarization states. The half-wave plate (HWP) that controls the orientation of the
polarization, and allows to decrease the effect of instrumental polarization, was set to
four positions shifted by 22.5◦ in order to construct a set of linear Stokes vectors. The
data was reduced according to the double difference method (Kuhn et al. 2001), which
is described in detail for the polarimetric modes of IRDIS and ZIMPOL by de Boer et al.
(2016), and lead to the Stokes parameters Q and U . Under the assumption of single
scattering, the scattered light from a circumstellar disk is expected to be linearly polarized
in the azimuthal direction. Hence, we describe the polarization vector field in polar rather
than Cartesian coordinates (Avenhaus et al. 2014b) and define the polar-coordinate Stokes
parameters Qφ and Uφ as

Qφ = +Q cos(2φ) + U sin(2φ)

Uφ = −Q sin(2φ) + U cos(2φ),
(7.1)

where φ is the position angle of the location of interest (x , y) with respect to the star
location (x0, y0), and is written as

φ = arctan
x − x0

y − y0
+ θ , (7.2)

where θ corrects for instrumental effects such as the angular misalignment of the HWP. In
this coordinate system, the azimuthally polarized flux from a circumstellar disk appears as
a consistently positive signal in the Qφ image, whereas the Uφ image remains free of disk
signal and provides a convenient estimate of the residual noise in the Qφ image (Schmid
et al. 2006). To determine the absolute disk surface brightness in polarized intensity
requires advanced calibration of the polarimetric throughput of the system, which lies
beyond the scope of this study. We therefore use arbitrary units in the images shown in
the paper.

In Fig. 7.1, we present the resulting polarized scattered light images in the optical and
NIR. We note that there is a residual signal in the Uφ image, in particular in the R′ and
I ′-band images, that may be due to multiple scattering events (Canovas et al. 2015).
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Figure 7.1: R′ (left), I ′ (center), and J band (right) polarized intensity images, Qφ (top) and Uφ (bottom). In
the optical images, the inner bright region corresponds to saturated pixels inside the inner working angle. In
the NIR images, the inner dark region is masked by the coronagraph. The color scale of the Qφ and Uφ are the
same, and arbitrary. For all images, East is pointing left.

7.3 Polarized intensity images

The images of Fig. 7.1 reveal a number of disk features. The NIR image shows the same
features as the optical ones, albeit with a lower angular resolution, leading to fuzzier
features. Looking at the optical images (Fig. 7.1, left and center), beyond a distance of
0.′′09 (∼10 au) that corresponds to the inner working angle (IWA) of our observations, we
detect, from inside out:

(a) A region with low scattered light signal, called cavity, from the IWA up to ∼0.′′14
(∼16 au). We note that although we can not probe inside 0.′′09, the NIR excess seen in
the spectral energy distribution (SED) indicates the presence of a significant amount of
dust grains in the inner au(s). The IWA therefore provides an upper limit on the outer
radius of the inner disk.

(b) A ring-like feature, called the rim, located at ∼0.′′14 (∼16 au) with an apparent
width ranging from ∼0.050 to ∼0.′′075 (∼5–9 au). Its brightness varies azimuthally, and
there are two clear maxima at PAs ∼135◦ and ∼325◦. The brightest regions are distributed
over an azimuthal range of ∼70◦.

(c) Two dark regions along the rim, that we refer to as shadows. These regions are
located at ∼100◦ and ∼293◦ and have an angular extent of ∼12◦ at the inner edge of the
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Figure 7.2: Left: J -band Qφ image after scaling each pixel by the square of its distance from the star, r2. The
scaling takes into account the geometry of the τ= 1 surface given by our radiative transfer model. The color
log-scale is arbitrary. Right: Polar map of the deprojected I ′ Qφ image using i = 38◦ and PA = 142◦. The dashed
line indicates a radius of 0.′′18. The color scale is arbitrary.

rim, that slightly increases with radius.
(d) Two spiral arms, in the NE and the SW, extending to ∼0.′′42 (∼48 au) and ∼0.′′34

(∼39 au), respectively. Interestingly, the spirals are located very close to the shadows.
(e) An additional spiral-like feature, in the SW. This feature can be seen in the left

panel of Fig. 7.2, in which we scale the J -band image by r2 to compensate for the r−2

dependency of the stellar illumination, and enhance faint features located further out in
the disk.

The values of r2 applied to the original image take into account the inclination and
PA of the object, as well as the disk flaring following the method described by Stolker
et al. (2016a). The geometry of the τ= 1 surface is retrieved from the radiative transfer
model (see Sect. 7.4), yielding h= 0.22 r1.04 with r and h in au. The faint feature in the
SW is also detected in the ZIMPOL data, in the differential imaging data by Wagner et al.
(2015a), and in newly acquired angular differential images with SPHERE (see Fig. 7.7).

In all images, the NE spiral appears to have a larger opening angle than the SW spiral.
If we assume that the disk is inclined and flared, and that the spirals intrinsic opening
angles are similar, this may indicate that the NE is the far side of the disk and the SW its
near side. This is supported by the smaller width of the rim in the SW, and by the fact that
the SW spiral is twice as bright as the NE spiral in the total intensity images of Wagner
et al. (2015a), assuming that this effect is due to forward scattering. Finally, if the disk is
truncated by the M dwarf, the faint additional spiral-like feature in the SW may be tracing
scattered light from the outer edge of the bottom side of the disk. Assuming that the
images in Fig. 7.1 show signal from the disk surface layer at a given height h from the disk
midplane, this additional spiral-like feature would trace the layer at ∼−h, on the other
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Figure 7.3: Left: Normalized radial cuts of the R′, I ′ and J -band images after averaging azimuthally. Right:
Normalized azimuthal cuts of the R′, I ′ and J -band images, after averaging radially between 170 and 200 mas.
The radiative transfer model prediction (dotted curve) reproduces the observed azimuthal brightness variations
relatively well. Note that due to the large variation of surface brightness along the rim, the standard deviation in
each bin can vary from 2% to 17%. The curves are shifted vertically for clarity.

side of the disk midplane. This scenario would support the idea that the SW is indeed the
near side of the disk.

To determine the inclination and the position angle of the rim, we fit an ellipse to
the brightest point along each radius in the optical image, and find major and minor
axes corresponding to an inclination of ∼38◦, in close agreement with the value found by
Wagner et al. (2015a) (34◦). A position angle of ∼142◦ and a shift of the ellipse center
by 7 mas in SE direction, fit the data best. This offset could originate from either the
vertical thickness of the inclined rim (assumed to be zero in our 2D ellipse fitting), a
non-zero eccentricity of the rim, an effect of the dust grain scattering phase function, or a
combination.

In the right panel of Fig. 7.2, we present the polar mapping of the I ′ image, after
deprojection using i = 38◦ and PA = 142◦. It clearly shows the shadows and the azimuthal
brightness variations. Interestingly, the NE spiral seems to appear on both sides of the
shadow (at approximatively PA= 100◦).

Figure 7.3 shows the radial and azimuthal cuts, when averaging azimuthally and across
the rim width (0.′′17–0.′′20), respectively. The error bars are estimated as the standard
deviation in each bin in the Uφ image. We measure a ratio of (radially averaged) polarized
surface brightness of ∼5 between the shadows and the brightest regions of the rim.

7.4 Radiative transfer modeling

In this section, we aim to provide a radiative transfer model for HD 100453, that reproduces
the main characteristics of the rim, the spiral ams, and the shadows seen in the scattered
light images, in particular, their locations, widths, and brightness variations.
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7.4 Radiative transfer modeling

7.4.1 MCMax3D model

We use the continuum radiative transfer code MCMax3D (Min et al. 2009) which calculates
the thermal structure of the disk and produces raytraced images. We consider an inner
disk, a cavity, and an outer disk. The dust surface density is radially parameterized as

Σ(r)∝ r−ε exp

�

−
�

r
Rtap

�2−ε�

, (7.3)

where Rin < r < Rout is the disk radius, Rtap the tapering-off radius. and ε the surface
density power law index. The surface density profile is scaled to the total dust mass,
Mdust, and the vertical density distribution follows a Gaussian profile. The disk aspect ratio
is radially parameterized as H(r)/r = (H0/r0)(r/r0)ψ with H(r) being the scale height,
H0/r0 the aspect ratio at the reference radius r0, and ψ the flaring index.

We consider a minimum (amin) and maximum (amax) grain size and use a power law
for the size distribution of the dust with an index γ. We use a dust mixture made of 70%
silicates and 30% carbon, and the porosity of the grains is set to 25% (Woitke et al. 2016).
We consider the grains to be irregular in shape by setting the maximum volume void
fraction used for the distribution of hollow spheres (DHS) to 0.8 (Min et al. 2005).

We describe the spiral arms as Archimedean spirals, following r(θ ) = A1+A2 (θ −θ0)n.
We assume that they trace perturbations in the disk scale height, rather than in the surface
density. Hence, along the spirals, the scale height is multiplied by 1+ aheight exp[((r −
r(θ ))/w)2] (A1/r)q, where w is the width of the spiral and q determines the steepness of
the radial falloff of the spiral arm.

Once the temperature structure is computed, a synthetic SED and a raytraced polarized
intensity image is produced. We compute monochromatic Qφ and Uφ images at 0.79 µm,
and convolve the image with the central region of the observed, unsaturated Stokes I
image.

7.4.2 Best model

We generate the shadows using a misaligned inner disk, with respect to the outer disk. For
the outer disk, we use the inclination and position angles derived from the ellipse fitting
(i = 38◦, PA = 142◦; see Sect. 7.3), while for the inner disk, we use i = 48◦, PA = 80◦,
which are obtained from geometrical model fitting of NIR interferometric observations
(Lazareff et al. 2017). As the inner and outer disks must be significantly misaligned to
create deep shadows (Marino et al. 2015), we assume that the near side of the outer disk
is in the SW, while the near side of the inner disk is in the NE. This leads to a misalignment
of 72◦, obtained by calculating the angle between the normal vectors to the inner and
outer disks. The location of the shadows depends on the orientation of the inner disk (for
a given outer disk orientation), while their shape depends on the inner disk aspect ratio
(the larger the aspect ratio, the broader the shadows), and on the width and roundness of
the outer disk rim.
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Parameter Inner disk Outer disk

Rin [au] 0.27 20

Rout [au] 1 45

Rtap [au] 50 50

Mdust [M�] 1× 10−10 2× 10−5

ε 1 -3 (rim)

1 (r≥25 au)

H0/r0 0.04 0.05

r0 [au] 1 20

ψ 0 0.13

α 10−3 10−3

amin [µm] 0.01 0.01

amax [µm] 1 1

γ -3.5 -3.5

i [deg] 48 -38

PA [deg] 80 142

Parameter NE spiral SW spiral

Rin [au] 27 38

Rout [au] 33 45

A1 [au] 27 30

A2 [au] 7 8

θ0 [deg] 125 125

n 1.12 1.12

aheight 0.8 1.1

w [au] 1.2 1.2

q 1.7 1.7

Table 7.1: MCMax3D model parameters. For the star, we used the following parameters: Teff = 7400 K, L = 8 L�,
R= 1.73 R�, M = 1.66 M�. Note that we use a negative value for the outer disk inclination to account for the
fact that the near side is in the SW.
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Figure 7.4: Synthetic Qφ I ′-band polarized image from the radiative transfer model. For clarfication, the faint
feature in the SW is enhanced by a factor of five, which traces the scattering surface of the bottom side of the
disk.

Our model parameters are summarized in Table 7.1. We fix the inner disk rim at
0.27 au (Klarmann et al. 2017) and its outer radius at 1 au (Menu et al. 2015). The
outer disk starts at 20 au with a strongly peaked surface density profile (see left panel
of Fig. 7.8). We use a minimum grain size of 0.01 µm and a maximum size of 1 µm, as
larger grains result in a strong brightness asymmetry between the near and far side of the
disk, due to forward scattering, which we do not observe. The outer disk mass, aspect
ratio, and flaring index were chosen to fit the mid-infrared and far-infrared excesses in
the SED. We note that the grain size distribution that we consider is valid for the surface
layers probed in the scattered light images, but probably not valid for the disk midplane
that likely hosts larger grains.

Figure 7.4 shows our best model that well reproduces the location of the rim and its
azimuthal brightness variation as well as the width and location of the shadows (Fig. 7.3).
The brightness contrast between the rim and the spirals is also well reproduced (Fig. 7.5).
We find opening angles of ∼15◦ at the onset of the spirals. The surface brightness is
maximal on both sides of the major axis due to the high degree of polarization for 90◦

scattering angles. A third spiral-like feature in the SW is also predicted by our model, and
overlaps with the feature detected in the observations, supporting the idea that it could
trace the scattering surface of the bottom side of the disk, if it is truncated at ∼50 au
(Fig. 7.4). The SED is well reproduced for wavelengths longer than 10 µm, most of which
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Figure 7.5: Normalized radial cuts along position angles of 30◦ and 200◦ (obtained within a 10◦ opening angle),
and the corresponding model predictions (dashed and dotted lines, respectively). The curves are shifted vertically
for clarity.

is probing the outer disk, but the model misses significant emission in the NIR (see right
panel in Fig. 7.8). It is a general problem that disk models fail to reproduce the NIR excess
of Herbig Ae stars (e.g., Benisty et al. 2010; Flock et al. 2016; Klarmann et al. 2017),
and solving this is beyond the scope of this paper. In the particular case of HD 100453,
Khalafinejad et al. (2016) added an optically thin halo to reprocess a significant fraction
of the stellar light. Optically thin material at high altitude was similarly considered in
models of other Herbig Ae stars to reproduce the large NIR excess (e.g., Verhoeff et al.
2011; Wagner et al. 2015b).

7.5 Discussion

7.5.1 Origin of the spirals

Until now, spiral arms have been unambiguously detected in PDI observations of six
Herbig Ae star: HD 100453 (this work; Wagner et al. 2015a), AB Aur (Hashimoto et al.
2011), HD 142527 (Canovas et al. 2013; Avenhaus et al. 2014b), SAO 206462 (Muto et al.
2012; Garufi et al. 2013; Stolker et al. 2016b), MWC 758 (Grady et al. 2013; Benisty et al.
2015), and HD 100546 (Ardila et al. 2007; Garufi et al. 2016). In half of them, the spiral
arms show an m=2 symmetry. Since these spirals appear in polarized scattered light, they
only trace the small dust grains, well coupled to the gas, but located at the surface layers
of the disks. It is difficult to know whether they originate in perturbations in the surface
layers only, or if they also trace perturbations deeper in the disk. In the submillimeter
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wavelength range, which traces the bulk material of the disk, so far only two of these disks
show clear spiral arms in the CO lines (Christiaens et al. 2014; Tang et al. 2012), and only
one other in the continuum (Pérez et al. 2016).

Various mechanisms have been suggested for the origin of the spirals observed in disks.
Planet disk interactions launch spiral waves at the Lindblad resonances (e.g., Ogilvie &
Lubow 2002), with small pitch angles, while gravitational instabilities lead to large-scale
spiral arms with larger pitch angles (e.g., Lodato & Rice 2004; Pohl et al. 2015), capable
of trapping dust particles (Dipierro et al. 2015). Non-ideal magnetohydrodynamics (eg.,
Lyra et al. 2015) and shadows (Montesinos et al. 2016) can also induce spirals. While all
these processes can possibly act together, gravitational instabilities are unlikely to occur
in HD 100453, considering the low gas content of the disk (Collins et al. 2009). The
striking symmetry of the two spiral arms seen in HD 100453 could be induced by two (yet
undetected) planets located inside the cavity. However, in this scenario, the planets should
be located at symmetrical locations inside the cavity, in an unstable configuration. We find
this scenario unlikely, also because the m=2 mode is seen in other objects.

The two symmetric spiral arms seen in HD 100453 can be induced by the tidal interac-
tion with the low-mass companion located at a projected distance of ∼119 au (Dong et al.
2016). We note, however, that to be similar to the observations, the disk model presented
in Dong et al. (2016) is required to be close to face-on, which is not supported by our
observations. As there is possibly a wide range of disk and orbital parameters that would
likely lead to a good agreement with the observations, we cannot rule out this possibility
as the origin of the spirals, and still find this scenario likely.

If not coincidental, the proximity of both of the spirals to the shadows in the polarized
intensity images of HD 100453 suggests that the shadows could also play a role, and
that the spirals might be induced by the pressure decrease at the shadows’ locations
(Montesinos et al. 2016; Casassus 2016). We note however, that the stellar and disk
parameters considered in the hydrodynamical simulations of Montesinos et al. (2016) are
far from the ones measured for HD 100453. In particular, the Toomre parameter values
for HD 100453 are much higher than the minimum ones (ranging from 0.5 to 3.4) in their
simulations. While it is not clear whether it is relevant for HD 100453, self-gravity might
play an important role in triggering and maintaining the spirals. This is suggested by the
non-stationarity of the spirals, in contrast with the expectations in the case of a steady
shadow. Dedicated hydrodynamical simulations are needed to determine the conditions
in which shadow-induced spirals could appear in HD 100453.

If spiral arms can be induced by steady shadows, the cooling timescale is required to
be much shorter than the dynamical timescale (approximately instantaneous), otherwise
the gas does not have time to adjust and the pressure gradient is not significant enough
to trigger spirals. On the other hand, if the inner disk (that we assume is responsible
for the shadows) precesses, the shadows are not fixed anymore. At the radius that co-
rotates with the shadows, the shadowed gas is maintained in a cold region and the disk
undergoes the strongest cooling which might lead to spiral density waves, even with
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non-instantaneous cooling. For this to apply to HD 100453, the precession timescale must
equal the orbital timescale at the radius where the spirals originate. We note that at the
rim location (∼25 au), the orbital period is ∼100 yr, already relatively fast compared to
typical precession timescales (Papaloizou & Terquem 1995).

Interestingly, the spirals generated by fixed or moving shadows are different. As in
the case of a perturbing planet that co-rotates with the disk, if the shadows move at the
precession rate of the inner disk, the spirals are trailing and the rotational direction of the
disk is counterclockwise. In contrast, if the spirals are induced by fixed shadows, the outer
spirals are leading and the rotational direction of the disk is clockwise. Such a difference in
the gas kinematics will likely be tested by forthcoming ALMA observations of HD 100453.

7.5.2 Shadows-induced scale height variations

At a given radius while orbiting the star, the gas periodically goes from an illuminated
region, with large irradiation, to one with negligible irradiation heating (the shadow).
Assuming that the cooling and heating timescales are shorter than the dynamical (orbital)
timescale, the gas temperature and the pressure are lower in these shadowed regions. As
the pressure support of the gas fails, the gas falls towards the midplane, reducing the scale
height. Upon exiting the shadow, the gas is heated again, causing the column to expand
vertically again. This modulation of the disk scale height might affect the appearance
of the rim in scattered light. To quantify this effect, we consider a single radius of the
rim that is directly illuminated by the star. At this radius, the temperature contrast is the
strongest between the rim and the shadowed regions, and we assume that radii in the
far reaches of the shadow that receive grazing radiation can be neglected. We applied
Newton’s second law of motion to the pressure scale height, H. We consider the vertical
hydrostatic balance equation in the disk as a starting point and follow the evolution of a
vertical gas parcel along the rim as

d2H(t)
d t2

= −Ω2
KH(t)

︸ ︷︷ ︸

1

+
cs(t)2

H(t)
︸ ︷︷ ︸

2

− Γ
dH(t)

d t
︸ ︷︷ ︸

3

, (7.4)

where cs is the sound speed, ΩK the orbital Keplerian frequency, and Γ a damping factor.
This second order equation is similar to that of a driven damped oscillator. On the right
hand side of Eq. 7.4, (1) describes the vertical component of the gravitational force that
tries to contract the disk, (2) is the vertical pressure force that intends to expand the
disk and (3) is a damping term, that mimics the loss of energy. Γ is used to characterize
the strength of the damping force and is assumed to be on the order of the dynamical
time scale 1/ΩK. For simplicity, we assume instant cooling and heating, so we take the
sound speed to be a step function, and choose cs,min/cs,max=0.6, as computed from the
temperature in the shadows in our best radiative transfer model.

Figure 7.6 shows the assumed sound speed profile and the modeled disk scale height
for a single orbital period (i.e., two periods in the oscillation because of the two shadows).
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Figure 7.6: Isothermal sound speed profile (dashed) and scale height of the disk as a function of azimuthal angle
along the ring (solid) in two cases where cs,min/cs,max= 0.6 (gray) and cs,min/cs,max= 0 (black). All quantities
are normalized. Note that the co-moving time increases towards the right. We set H(t = 0) = H0 = 1.0.

Just before entering the shadow, the disk scale height reaches a peak height and increases
above the initial value, due to the inertia of the material. A variation in scale height
changes the amount of stellar radiation intercepted by the disk and, at these locations,
the rim scatters more stellar light and appears brighter. The width of this brightened
region is related to the sound speed variation inside and outside of the shadows, and to
the damping parameter. This leads to an asymmetric brightness distribution along the
rim, the amplitude of which is determined by the pressure difference between shadowed
and illuminated regions. Note that in Fig. 7.6, the disk scale height is plotted against the
azimuthal angle φ = ΩK t, which increases in the clockwise direction to match the observed
locations of the bright regions along the rim. To approximately estimate the effect on the
scattered light brightness, we assume that the brightness varies proportionally to the scale
height, and multiply the scale height by the incoming radiation of the star, neglecting
the effects of inclination and scattering angle. We find a maximum amplitude of 20%
brightness variation along the rim. In the extreme case of cs,min/cs,max = 0, the maximum
amplitude reaches 40%, still significantly less than the factor 2 observed (see Fig. 7.3;
between PAs of 125◦ and 270◦, and PAs of 320◦ and 60◦).

In contrast, as shown in Sect. 7.4, our radiative transfer model produces an azimuthally
asymmetric brightness distribution that matches the observations well. This is due to
the polarization efficiency being maximal along the semi-major axis. This effect likely
dominates, and can be amplified by the scale height variations along the rim, in particular
on the far side of the (inclined) disk, for which we directly see the rim front. However,
these scenarios cannot be disentangled because, by chance, the shadows are located close
to the major axis.
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7 Shadows and spirals in the protoplanetary disk HD 100453

7.5.3 Origin of a misaligned inner disk

Shadows have now been detected in a handful of disks (Stolker et al. 2016b; Pinilla et al.
2015c; Canovas et al. 2017; Avenhaus et al. 2014b). A strongly misaligned inner disk is
assumed to explain the presence of two shadows (Marino et al. 2015), but the origin of
such a misalignment is an open question.

A massive planetary- or substellar-mass companion that would carve a dust cavity
inside 20 au, and on an inclined orbit with respect to the outer disk, could possibly lead
to a misaligned inner disk. Such a companion was detected in the cavity of the disk
HD 142527 (Biller et al. 2012; Close et al. 2014) and found to be on an eccentric orbit
(Lacour et al. 2016). If the outer disk holds a significant amount of gas, it is not clear how
long such a misalignment can be sustained. Depending on the location and mass of the
companion, the linear theory predicts that it can last ∼1 Myr at most (Foucart & Lai 2013).
However, if the inner disk is highly misaligned, the timescale can be much longer due to
the Kozai mechanism, an inclination and eccentricity pumping effect. If it is also on an
inclined orbit, the M dwarf companion could, in turn, influence the inner companion’s
orbit (Lubow & Martin 2016; Martin et al. 2016; Casassus et al. 2015).

A massive companion inside the cavity could also explain the low gas-to-dust ratio
and the very low mass accretion rate, estimated for this object (Collins et al. 2009). The
inner companion would halt material from flowing closer in towards the star, which would
lead to an inner disk resembling a debris disk belt inside 1 au. This inner belt should still
be radially optically thick enough to cast two shadows on the rim, whilst having a scale
height substantial enough to strongly reprocess light in the NIR regime. Dust at large scale
height could be due to dynamical scattering of dust grains by the inner companion (Krijt
& Dominik 2011).

7.6 Conclusions

In this paper, we present polarized scattered light optical and NIR images of the 10 Myr
protoplanetary disk around the Herbig Ae star HD 100453, obtained with SPHERE/VLT.
We report on the detection of a ring like feature, two spiral arms, and two shadows located
very close to the spirals. We also detect a faint spiral like feature in the SW.

We present a radiative transfer model that efficiently accounts for the main character-
istics of these features, and discuss the hydrodynamical consequences of the change in
stellar irradiation at the shadows’ locations. We find that:

1. the properties of the shadows (location, width, contrast) are well reproduced using
an inner and an outer disk misaligned by 72◦. Their morphology depends on the
inner disk aspect ratio, and on the width and shape of the outer disk rim;

2. the faint spiral-like feature detected in the SW could trace the scattering surface of
the bottom side of the disk, if the disk is tidally truncated by the M-dwarf companion
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currently seen at a projected distance of 119 au;

3. the strong azimuthal brightness variations observed along the rim can be well
reproduced by the scattering phase function using small dust grains up to 1 µm in
size;

4. the local changes in stellar irradiation induces a modulation in the disk scale height
that may amplify this effect.

The origin of the spirals, however, remains unclear. While the M-dwarf companion can
produce the observed m=2 mode (Dong et al. 2016), the clear connection of the spirals
with the shadows is puzzling, and if not coincidental, means that the shadows may also
play a role in triggering the spirals (Montesinos et al. 2016). Another open question is
how a 72◦ misalignment between the inner and outer disk can be generated, and whether
this points towards the presence of an additional, yet undetected, massive companion
inside the cavity.

ALMA observations of this disk will undoubtedly shed light on many of these questions.
It will not only be possible to estimate the gas and dust mass in the cavity and outer disk
with more sensitive observations than the ones available today, but also to measure the
kinematics of the gas. This may constrain the presence of a massive companion therein
(Perez et al. 2015), and will indicate whether the spirals are leading or trailing, possibly
constraining their formation mechanism. These observations will also accurately constrain
the outer edge of the disk, which will then show whether the faint feature located in the
SW is indeed the bottom side of a truncated disk, or is, in fact, another spiral arm.
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Figure 7.7: ADI images from 2015 (top; Wagner et al. 2015a) and from 2016 (bottom). The right arrows
indicate the location of the faint third spiral-like feature that we interpret as the outer edge of the scattering
surface on the bottom side of the disk.
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7.A Angular differential imaging

In this section, we present angular differential imaging (ADI) images obtained with SPHERE
in 2015 and in 2016.

We reprocessed the 2015 data in the ESO archive that were published by Wagner
et al. (2015a). In the aforementioned discovery paper, reference differential imaging was
used to investigate the inner structures of the disk (0.′′15–0.′′4). This method outperforms
ADI at the innermost radii (where large field rotation is required for efficient ADI), but
changing conditions throughout the observations led to differences in the PSF of the
reference star and science target and thus shallower than needed contrast to detect the
fainter outer disk features. To recover these features in the 2015 data, we performed a
second independent angular differential imaging reduction of these data, in which the
intrinsic field rotation of the Alt-Az telescope is utilized to model the stellar PSF separately
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Figure 7.8: Left: Surface density used in our radiative transfer model. Right: Modeled SED compared to the
observed photometry.

from the other astrophysical sources in the image. We post-processed the SPHERE-IFS
data through analysis and subtraction of the principal components of the PSF via the KLIP
method (Soummer et al. 2012) using self-developed IDL routines (Hanson & Apai 2015;
Apai et al. 2016; Wagner et al. 2016). In modeling and subtracting the PSF from each
science frame we rejected frames in which the field had rotated by less than 1.5×FWHM
pixel separation to avoid self-subtraction of the disk structures. Over the course of the
observations the field rotated by 12.5◦, allowing us to investigate the regions beyond 0.′′4
in high-contrast. The result is the detection at Y , J , and H bands of the same faint third
arm-like feature identified in the polarized intensity images, yielding confidence in its
astrophysical nature.

In addition, HD 100453 was observed on January 20th, 2016, as part of the SHINE
survey for Guaranteed Time Observation (GTO), using the Dual Band Imaging mode
(DBI; Vigan et al. 2010) of the IRDIS instrument, with dual band filters H2 and H3
simultaneously. In parallel, a data cube was obtained with the near-IR Integral Field
Spectrograph (IFS; Claudi et al. 2008) in Y J mode. These observations were obtained
with the Apodized Lyot Coronagraph (mask diameter: 185 mas, Boccaletti et al. 2008).
We obtained a sequence of 4000 s in total on both instruments with a field rotation of
30 deg. Non-coronagraphic frames were obtained before and after the coronagraphic
sequence for photometric calibration. Conditions were rather medium (seeing∼1.′′1). The
field orientation of IRDIS and IFS are derived from astrometric calibrations as described
in Maire et al. (2016). All the data were reduced with the SPHERE pipeline (Pavlov et al.
2008b) implemented at the SPHERE Data Center together with additional tools developed
for the handling GTO data reduction. This includes dark and sky subtraction, bad-pixels
removal, flat-field correction, anamorphism correction (Maire et al. 2016), and wavelength
calibration for IFS. The location of the star is identified using the four symmetrical satellite
spots generated by diffraction from a periodic waffle pattern introduced by an appropriate
modification of the adaptive optics reference slopes sent by the deformable mirror (Langlois
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7 Shadows and spirals in the protoplanetary disk HD 100453

et al. 2013). Then, to remove the stellar halo and to achieve high contrast, the data were
processed with the GTO high-level processing pipeline: SpeCal, which was developed for
the SPHERE survey (Galicher et al., in prep.).

7.B Radiative transfer modeling

The left panel of Fig. 7.8 displays the surface density profile that was used in the radiative
transfer model presented in Sect. 7.4, including the sub-au inner disk, power law profile
of the cavity edge, and the outer disk. The right panel of Fig. 7.8 shows the SED of the
best model in comparison with the photometry from Khalafinejad et al. (2016).
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Summary

Protoplanetary disks and
exoplanets in scattered light

The formation of planets occurs in protoplanetary disks around pre-main-sequence stars.
These flattened disks of gas and dust are a natural by-product of star formation, and
contain the building blocks for planetary systems. Most of the gas and dust reservoir is
accreted or dispersed within approximately ten million years such that the formation of
asteroids, comets, terrestrial planets, and gas giants should take place on a relatively short
timescale. Intriguingly, planet formation appears to be a highly efficient process as more
than 3600 exoplanets have been detected in our neighborhood of the Galaxy. Statistical
analyses predict occurrence rates of several tens of percents for rocky planets orbiting
low-mass stars, meaning that the Galaxy is expected to be crawling with planets. These
findings are posing major questions regarding the formation and evolution of planetary
systems, the cosmic context of the Solar System, and the habitability of exoplanets.

Research on planet formation has entered a new era with the advent of high spatial
resolution observations. Substructures are commonly detected in many protoplanetary
disks, including gaps, cavities, and spiral arms, which are possibly related to planet-disk
interactions or other evolutionary processes. Resolving the birth environment of planets
is a challenging endeavor because their angular size is typically less than an arcsecond
in the nearest star-forming regions, that is, approximately 2000 times smaller than the
angular diameter of moon. The relative brightness of the central star introduces another
observational challenge at short wavelengths because the scattered light flux from the
disk is typically several orders of magnitude fainter. Therefore, high-contrast differential
imaging techniques are used to resolve the morphology of protoplanetary disks in scattered
light, as well as detecting the thermal emission from self-luminous exoplanets. The SPHERE
instrument is a dedicated imager for the direct detection of exoplanets and circumstellar
environments, which was installed on the Very Large Telescope in Chile several years ago.

In this thesis, I study protoplanetary disks with high-contrast, high-resolution scattered
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light observations, aiming to reveal substructures and brightness asymmetries in their
surface layers. The scattered light images provide insight into the structure of protoplane-
tary disks, the distribution and properties of small dust grains, and the physical processes
driving disk evolution. Shadow variability is demonstrated as a unique diagnostic for
probing the innermost disk regions which are beyond the reach of high-contrast imagers.
State-of-the-art radiative transfer simulations are used to place quantitative constraints
on the disk structure and dust properties. Self-luminous exoplanets are potentially also
detectable in polarized light which provides an opportunity to study atmospheric asymme-
tries. A new scattering code is used to predict the spatially-integrated polarization signal
from self-luminous planets with non-uniform cloud distributions and circumplanetary
disks.

In Chapter 2, we present a new three-dimensional scattering radiative transfer code for
(exo)planetary atmospheres (ARTES) which includes a full treatment of multiple scattering
and polarization. The code applies the Monte Carlo radiative transfer technique by stochas-
tically following photon packages through an atmospheric grid, allowing for arbitrary
density distributions and scattering properties. Simulations of reflected light and thermal
radiation are possible for which spectra, phase curves, and images can be computed. After
careful benchmark calculations, we make predictions on the spatially-integrated degree
and direction of polarization from self-luminous exoplanets with horizontal cloud varia-
tions, circumplanetary disks, oblate atmospheres, and various cloud scattering properties.
We find that the degree of polarization is maximum for a rotationally-flattened planet with
high-altitude clouds with a thickening of the cloud deck around the equatorial regions. For
a flattened planet, the degree of polarization can either increase or decrease with respect
to a spherical planet which depends on the horizontal distribution and thickness of the
clouds. The integrated direction of polarization is either parallel or perpendicular to the
projected spin axis if clouds are zonally distributed. Finally, the presence of a hot or cold
circumplanetary disk may also produce a polarization signal up to ∼1% due to obscuration
of the planet atmosphere by the circumplanetary disk, and scattering of photons in the
circumplanetary disk.

In Chapter 3, we construct a numerical method to map scattered light images to the
intrinsic surface geometry of protoplanetary disks. Understanding the physical distances
and scattering angles associated with each pixel is in particular important for inclined disks
which are affected by projection effects. By parameterizing the height of the scattering
surface with a power law, stellar irradiation-corrected images can be calculated which
correct for both the inclination and height of the disk. Additionally, the scattering phase
functions of the dust can be extracted which requires, for polarized intensity images,
an assumption about the degree of polarization. We apply the method on polarized
scattered light images of the protoplanetary disk surrounding HD 100546. In contrast to
earlier studies, we report that the near side of the disk is brighter in polarized intensity
than the far side. The retrieved phase functions reveal, under the assumption that the
degree of polarization is bell-shaped, part of a forward scattering peak which increases in

228



strength towards shorter wavelengths. This indicates that approximately micron-sized (or
larger) dust grains dominate the scattering opacity in the disk surface, presumably with
an aggregate structure.

In Chapter 4, we present SPHERE scattered light imagery of the transition disk around
HD 135344B, obtained with polarimetric differential imaging in the R-, I-, Y -, and J
bands. The spiral arms and cavity edge are confirmed with high spatial resolution and
sensitivity, and multiple localized brightness minima are discovered. We suggest that the
innermost, sub-au disk regions are casting shadows on the outer disk. A broad shadow is
identified in northern direction in all images while one of the shadow lanes is only present
in the J -band image, indicating a transient or variable phenomenon. We explore the
possibility of a disk warp with a radiative transfer model which qualitatively matches some
of shadow characteristics. Apart from the azimuthal shadowing variations, we identify
a global brightness gradient which coincides with the asymmetry in the (sub)millimeter
continuum emission, hinting at a possible link between the enhanced disk height and a
temperature and/or density perturbation by the passing spiral arms. The wavelength-
dependent scattering efficiency increases towards longer wavelengths which we attribute
to dust grains that are similar to or larger than the observed wavelength such that forward
scattering causes a red color. The spiral arms are best explained by one or multiple
protoplanets in the exterior of the disk although no gap is detected beyond the spiral arms
up to 1.′′0. Part of the non-azimuthal signal in the high signal-to-noise J -band image could
be a result of multiple scattering in the disk.

In Chapter 5, we continue the investigation of the shadows of HD 135344B with multi-
epoch scattered light observations, combined with visible and near-infrared photometry,
and near-infrared interferometry. We present four additional SPHERE data sets in which
we identify azimuthal brightness variations with temporal variations between all epochs.
The shadows appear as narrow lanes, possibly cast by localized density enhancements,
and broader features which possibly trace the larger scale dynamics of the inner disk.
The near-infrared photometry shows variations up to 10%, partially overlapping with the
SPHERE observations, and possibly correlated with the presence of the shadows. Analysis
of archival VLTI/PIONIER H-band visibilities shows that the inner disk is presumably
aligned with the outer disk or misaligned by at most a few degrees. A minor disk warp
could explain the broad, quasi-stationary shadowing in the north to northwest direction
which we illustrate with a radiative transfer model. A grid of radiative transfer models
is computed to quantify the correlation between the near-infrared excess of the inner
disk and the illumination/shadowing of the outer disk. The variability of the scattered
light contrast requires the presence of dust at relatively high altitudes in the inner disk
atmosphere, up to a disk opening angle of ∼10◦. Several mechanisms are discussed that
might be responsible for the azimuthally asymmetric optical depth variations through the
inner disk, including turbulent fluctuations and a dusty disk wind.

In Chapter 6, we study the protoplanetary disk around the Herbig Ae star HD 97048
with polarimetric- and angular differential imaging observations and reveal for the first
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time substructures in the flaring surface layer of the disk. We detect four ring-like brightness
enhancements and corresponding gaps, at distances between 39 au and 341 au from the
central star. Ellipse fitting of the concentric features provides an estimate of the inclination,
position angle, and height of the scattering surface with distance from the star. The disk
height is well described by a single power law up to 270 au while the disk becomes likely
optically thin further out. We measure the scattering phase function along one of the rings,
which is consistent with numerical calculations of compact dust aggregates. Planets could
be responsible for the radial gaps. The gap widths are used to estimate the planet masses
which are expected to be less massive than Jupiter. Upper limits on the brightness and
therefore the mass of embedded planets are derived from the angular differential imaging
observations.

In Chapter 7, we report on SPHERE observations of another transition disk, HD 100453,
which we detect in polarized scattered light in the R-, I -, and J bands. Additionally, angular
differential imaging observations in the near-infrared reveal the total scattered light flux of
the disk. We identify a cavity edge with an azimuthal brightness modulation, two localized
shadows, and a symmetric pair of spiral arms. The M dwarf companion at 119 au is likely
responsible for the spiral arms. However, we speculate that the spiral arms could be related
to the shadows as the spiral arms appear to originate close to the location of the shadows.
A faint feature is visible on the near side of the disk which could be tracing the bottom
side if the disk is tidally truncated by the companion. We construct a radiative transfer
model with a strongly misaligned inner disk which matches both the location and width
of the shadows. The azimuthal brightness variation is well explained by the effect of the
scattering angle but we also discuss the possibility that the scale height is modulated by
the shadows, depending on the heating and cooling timescales.
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Samenvatting

Protoplanetaire schijven en
exoplaneten in verstrooid licht

De vorming van planeten vindt plaats in protoplanetaire schijven rond jonge sterren. Deze
afgeplatte schijven van gas en stof zijn een bijproduct van een gevormde ster en bevatten
de bouwstenen voor planetenstelsels. Het grootste deel van het gas en stof reservoir
beweegt binnen tien miljoen jaar naar de ster toe of wordt uiteen gedreven. De vorming
van asteroïden, kometen, rotsachtige planeten, en gasreuzen moet dus binnen een relatief
korte tijdsspanne plaatsvinden. Het is fascinerend hoe enorm efficiënt het proces van
planeetvorming is aangezien al meer dan 3600 exoplaneten zijn ontdekt in onze directe
omgeving van de Melkweg. Statistische analyses voorspellen dat rotsachtige planeten zich
bevinden bij enkele tientallen procenten van de lage-massa sterren, wat zou betekenen
dat de Melkweg krioelt van de planeten. Dit soort bevindingen roepen veel vragen op met
betrekking tot de vorming en evolutie van planetenstelsels, de kosmische context van ons
zonnestelsel en de bewoonbaarheid van exoplaneten.

Onderzoek naar planeetvorming is een nieuw tijdperk ingegaan door de komst van
waarnemingen met een hoge ruimtelijke resolutie. Substructuren in protoplanetaire
schrijven, waaronder uithollingen en spiraalarmen, worden regelmatig gedetecteerd en
zijn mogelijk een gevolg van vormende planeten of andere evolutionaire processen. Het
waarnemen met hoge ruimtelijke resolutie van de geboorte-omgevingen van planeten is een
flinke uitdaging. De hoekgrootte van een protoplanetaire schijf is namelijk zelfs in de meest
nabij gelegen stervormingsgebieden niet meer dan een boogseconde, dit is ongeveer 2000
keer kleiner dan de hoekgrootte van de maan. De relatieve helderheid van de centrale ster
zorgt voor nog een extra uitdaging bij korte golflengtes omdat een protoplanetaire schijf in
verstrooid licht wel duizenden keren minder helder is. Differentiële waarneemtechnieken
worden gebruikt om afbeeldingen van protoplanetaire schijven te maken in verstrooid
licht en ook om de thermische straling van jonge gasreuzen te detecteren. SPHERE is
een instrument dat speciaal is gebouwd voor de directe detectie van exoplaneten en
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circumstellaire omgevingen en is een paar jaar geleden in gebruik genomen bij de Very
Large Telescope in Chili.

In dit proefschrift bestudeer ik protoplanetaire schijven met hoge-contrast en hoge-
resolutie waarnemingen van verstrooid licht, met als doel om substructuren en helder-
heidsasymmetrieën in het oppervlak te onthullen. De afbeeldingen van het verstrooide
licht geven inzicht in de structuur van de protoplanetaire schijven, de verspreiding en
eigenschappen van de kleine stofkorrels en de fysische processen die de schijfevolutie
aandrijven. De variabiliteit van schaduwen is gebruikt als uniek diagnostisch middel voor
het bestuderen van de binnenste schijfgebieden die buiten het bereik zijn van hoge-contrast
waarnemingen. Verder zijn simulaties van stralingstransport toegepast om kwantitatief
inzicht te krijgen in de schijfstructuur en stofeigenschappen. Jonge gasreuzen zijn in de
nabije toekomst mogelijk te detecteren in gepolariseerd licht wat de mogelijkheid biedt
om atmosferische asymmetrieën te bestuderen. Een nieuwe code voor berekeningen van
verstrooid licht is gebruikt om het polarisatiesignaal te voorspellen van jonge gasreuzen
met inhomogene wolkenverdelingen en circumplanetaire schijven.

In hoofdstuk 2 presenteren we een nieuwe, driedimensionale stralingstransportcode
(ARTES) voor berekeningen van verstrooid licht in atmosferen van (exo)planeten waarbij
meervoudige verstrooiing en polarisatie volledig worden meegenomen. De code past de
Monte Carlo stralingstransportmethode toe door fotonpakketjes stochastisch door een
atmosferisch grid te volgen wat willekeurige dichtheidsverdelingen en verstrooiingsei-
genschappen toelaat. Simulaties van zowel gereflecteerd licht en thermische emissie zijn
mogelijk waarvoor spectra, fase-curves en afbeeldingen kunnen worden berekend. Na het
zorgvuldig testen van de code hebben we voorspellingen gedaan over de ruimtelijk geïnte-
greerde graad en richting van polarisatie van jonge gasreuzen met horizontale wolken
variaties, circumplanetaire schijven, rotationeel afgeplatte atmosferen en verschillende
verstrooiingseigenschappen van de wolken. We tonen aan dat de graad van polarisatie
maximaal is voor afgeplatte atmosferen met wolken op grote hoogte waarbij de wolken
relatief dik zijn rond rond de evenaar. De graad van polarisatie van een afgeplatte at-
mosfeer kan zowel groter of kleiner zijn ten opzichte van een bolvormige atmosfeer, wat
afhangt van de horizontale verdeling en de dikte van de wolken. De ruimtelijk geïnte-
greerde richting van polarisatie is parallel of loodrecht ten opzichte van de geprojecteerde
rotatie-as van de planeet indien de wolken een bandenstructuur hebben. Verder kan de
aanwezigheid van een hete of koude circumplanetaire schijf een polarisatie signaal tot 1%
produceren als gevolg van het verduisteren van de planeetatmosfeer, en verstrooiing van
fotonen in de circumplanetaire schijf.

In hoofdstuk 3 construeren we een numerieke methode om afbeeldingen van verstrooid
licht te linken aan de intrinsieke oppervlakte geometrie van protoplanetaire schijven. Het
begrijpen van de fysieke afstanden en verstrooiingshoeken die geassocieerd zijn met elke
pixel is met name belangrijk voor geïnclineerde schijven vanwege projectie effecten. Door
de hoogte van het verstrooiingsoppervlak te parametriseren met een machtsfunctie, kunnen
afbeeldingen worden gecorrigeerd voor het stralingsveld van de ster. Hierbij worden zowel
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de inclinatie als hoogte van de schijf meegenomen. Verder kan de fasefunctie van de
verstrooiing door het stof worden afgeleid met deze methode, wat voor afbeeldingen
van gepolariseerde intensiteit een aanname vereist over de graad van polarisatie. De
methode is toegepast op afbeeldingen van de protoplanetaire schijf rond HD 100546 in
gepolariseerd verstrooid licht. In tegenstelling tot eerdere studies rapporteren we dat
de nabije kant van de schijf helderder is in gepolariseerd licht ten opzichte van de verre
kant. De fasefuncties vertonen een deel van een piek in voorwaardsverstrooiiende richting
welke toeneemt in sterkte bij kortere golflengtes, met de aanname dat de graad van
polarisatie beschreven wordt door een klokvormige kromme. Dit geeft aan dat stofkorrels
van ongeveer een micrometer of groter de verstrooiingsopaciteit in het schijfoppervlak
domineren, waarschijnlijk met een aggregaat-achtige structuur.

In hoofdstuk 4 presenteren we afbeeldingen in verstrooid licht van de transitieschijf
rond HD 135344B welke zijn verkregen met het SPHERE instrument in het optisch en nabij-
infrarood. De aanwezigheid van de spiraalarmen en uitholling zijn met hoge ruimtelijke
resolutie en gevoeligheid bevestigd en meerdere locale helderheidsminima zijn ontdekt.
We suggereren dat the binnenste schijfgebieden schaduwen werpen op de buitenschijf.
Een brede schaduw is geïdentificeerd in noordelijke richting van alle afbeeldingen terwijl
één van de smalle schaduwen alleen aanwezig is in de J -band afbeelding wat duidt op een
kortstondig of variabel verschijnsel. We onderzoeken de mogelijke aanwezigheid van een
kromming in de schijf met een stralingstransportmodel welke kwalitatief met een aantal
van de schaduwkarakteristieken overeenkomt. Behalve de azimutale schaduwvariaties
identificeren we ook een globale helderheidsgradient welke samenvalt met de asymmetrie
in de (sub)millimeter continuüm emissie, wat aanduidt dat er een mogelijke link is
tussen het verhoogde schijfoppervlak en een temperatuur- en/of dichtheidsverstoring door
de passerende spiraalarmen. De golflengte-afhankelijke verstrooiingsefficiëntie neemt
toe richting langere golflengtes wat we toeschrijven aan stofkorrels die vergelijkbaar of
groter in grootte zijn als de golflengte van het waargenomen licht waardoor voorwaartse
verstrooiing voor een rode kleur zorgt. De aanwezigheid van de spiraalarmen kan het beste
worden verklaard door de aanwezigheid van ëën of meerdere recent gevormde planeten in
de buitengebieden van de schijf hoewel geen opening van de schijf is gedetecteerd voorbij
de spiraalarmen. Een deel van het aanwezige signaal dat niet azimutaal gepolariseerd is
in de hoge kwaliteit J -band afbeelding kan een gevolg zijn van meervoudige verstrooiing
in de schijf.

In hoofdstuk 5 zetten we het onderzoek naar de schaduwen van HD 135344B voort
met meerdere, op verschillende momenten uitgevoerde waarnemingen van verstrooid
licht, gecombineerd met fotometrie van optisch en nabij-infrarood licht en interferometrie
waarnemingen in het nabij-infrarood. We presenteren vier aanvullende SPHERE afbeel-
dingen waarin we azimutale helderheidsvariaties identificeren met ook variaties tussen de
verschillende momenten waarop de afbeeldingen zijn verkregen. Er zijn smalle schaduwen
aanwezig, die mogelijk geworpen worden door lokale verhogingen van de dichtheid, en
brede schaduwen welke mogelijk de grootschalige dynamiek van de binnen schijf traceren.
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De fotometrie in het nabij-infrarood, welke gedeeltelijk samenvallen met de SPHERE
waarnemingen, vertoont variaties zo groot als 10% en is mogelijk gecorreleerd met de
aanwezigheid van schaduwen. Analyse van gearchiveerde VLTI/PIONIER in de H band
toont aan dat de binnenschijf waarschijnlijk dezelfde oriëntatie heeft als de buitenschijf
of mogelijk een hoekverschil heeft van maximaal een paar graden. Een kleine kromming
in de binnenschijf kan mogelijk de brede, min of meer stationaire schaduw in noord tot
noordwestelijke richting verklaren wat we illustreren met een gesimuleerde afbeelding.
We berekenen een groot aantal stralingtransportmodellen om de correlatie tussen de
fotometrie in het nabij-infrarood en het belichten/beschaduwen van de buitenschijf te
kwantificeren. De aanwezigheid van stofkorrels op relatief grote hoogte in de binnenschijf
is vereist om de contrastvariatie van het verstrooide licht te verklaren. We bediscussiëren
verschillende mechanismen die mogelijk verantwoordelijk zijn voor de azimutaal asym-
metrische variaties van de optische dikte door de binnenschijf, waaronder fluctuaties in
turbulentie en een stoffige schijfwind.

In hoofdstuk 6 bestuderen we afbeeldingen van de protoplanetaire schijf rondom de
Herbig Ae ster HD 97048 welke zijn verkregen met differentiële waarneemtechnieken
gebruikmakend van polarisatie en rotatie en onthullen voor de eerste keer substructuren in
het schijfoppervlak. We detecteren vier ringvormige helderheidstoenames en gerelateerde
openingen in de schijf, op afstanden tussen 39 en 341 astronomische eenheden (ae)
van de centrale ster. Het fitten van de concentrische structuren met ellipsen levert een
afschatting van de inclinatie, positiehoek en hoogte van het verstrooiingsoppervlak op
verschillende afstanden van de ster. De schijfhoogte is tot 270 ae goed te beschrijven met
een machtsfunctie terwijl de schijf waarschijnlijk optisch dun wordt op grotere afstanden.
We meten de fasefunctie van het stof langs één van de ringen welke consistent is met
numerieke berekeningen van de eigenschappen van compacte stof aggregaten. Planeten
zijn mogelijk verantwoordelijk voor de radiële openingen in de schijf. De breedtes van de
openingen leveren een afschatting van de planeetmassa’s welke naar verwachting minder
massief zijn dan Jupiter. Bovenlimieten op de helderheid en massa van ingebedde planeten
zijn afgeleid van de afbeeldingen verkregen met de rotationele differentietechniek.

In hoofdstuk 7 rapporteren we over SPHERE waarnemingen van een andere transi-
tieschijf, HD 100453, waarbij de gepolariseerde flux van het verstrooide licht ruimtelijk
is opgelost in het optisch en nabij-infrarood. Aanvullende waarnemingen verkregen met
de rotationele differentietechniek in het nabij-infrarood onthullen de schijf in de totale
intensiteit van het verstrooide licht. We identificeren een uitholling in de schijf met langs
de rand een azimutale helderheidsmodulatie, twee lokale schaduwen en een symmetrisch
paar spiraalarmen. De begeleidende M-ster op een afstand van 119 ae is waarschijn-
lijk verantwoordelijk voor de spiraalarmen. Echter, we speculeren dat de spiraalarmen
ook gerelateerd kunnen zijn aan de schaduwen aangezien de spiraalarmen lijken te zijn
ontstaan dichtbij de locatie van de schaduwen. Een lichtzwakke structuur is zichtbaar
aan de nabije kant van de schijf welke mogelijk de onderkant van de schijf traceert in-
dien de schijf is afgeknot door de getijdenkrachten van de begeleider. We construeren
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een stralingstransportmodel met een groot verschil in de oriëntatie van de binnen- en
buitenschijf welke goed overeenkomt met de locatie en breedte van de schaduwen. De
azimutale helderheidsvariatie is het best te verklaren door het effect van de verstrooiings-
hoek, maar we bediscussiëren ook de mogelijkheid dat de schaalhoogte is gemoduleerd
door de schaduwen, afhangend van de tijdschalen waarbij de schijf opwarmt en afkoelt.
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