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Abstract

This thesis is devoted to the study of the circumstellar debris disks based on
their images in scattered and in polarized light at optical and near-infrared wave-
lengths of the spectrum. Debris disks are the extrasolar analogues to the debris
belts in the Solar system: the main asteroid belt located between the orbits of
Mars and Jupiter, and the Edgeworth-Kuiper belt extending out for over 20 au
beyond the Neptune orbit. They are detected around ∼30% of A to K type stars
but the evidence is growing that debris systems are as common as the extrasolar
planets residing in them.

Debris disks around young stars (age < 10 Myr) are considered to be the last
stage in the formation of the planetary system following the protoplanetary disk
phase. They are the products of collisions between the large solid bodies such as
planetary embryos and, as the name suggests, consist of debris of all kinds and
sizes: from km-sized planetesimals down to the submicron-sized dust particles.
The destructive collisions act not only as an ignition but also as a replenishment
mechanism for the reservoir of debris material which provides the existence of
the disk for billions of years.

Since the first discoveries in 1984 by IRAS, hundreds of debris disks have
been identified in the direct solar neighbourhood. The wealth of observational
data has led to the enormously growing interest in these objects, in particular
with the advent of new generations of high-contrast and high-resolution ground-
based imaging instruments. Debris belts are direct evidence for the presence of
colliding planetesimals and therefore their study provides an important informa-
tion on the formation and evolution of planetary systems, including our own. In
observing debris disks around young stars, we learn about the processes which
took place four billion years ago in the young Solar system. At that time, during
the epoque of Late Heavy Bombardment, the solar planets underwent numerous
collisions with asteroids and comets which might have brought the water and
complex molecules to them. As a result of a violent impact between two plan-
etary bodies, the Earth - Moon system was created. Investigating debris disks
helps to understand these processes, to study the diversity of the planetary sys-
tems and to search for the exoplanets. The latter may interact gravitationally with
the circumstellar material and leave different signs of this interaction in the spa-
tial distribution of the dust. By looking at the structural features, the presence
and location of the perturbing planet can be inferred.

This work discusses the recent observations of three known debris disks car-
ried out with different subsystems of the “Planet Finder” instrument SPHERE
at the Very Large Telescope in Chile: the near-infrared component IRDIS and
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Abstract

the optical component ZIMPOL. Disk images were obtained using the angular
differential imaging (ADI) and polarimetric differential imaging (PDI). ADI is a
widely applied differential technique for the direct imaging of exoplanets and
disks. While it works very well for the detection of the point sources, only highly
inclined debris disks can be revealed with ADI. Furthermore, the disk flux is not
conserved in the ADI data processing but reduced by several factors. The induced
disk self-subtraction affects the observable structure of the disk strongly. The in-
trinsic appearance of the disk in scattered light can be recovered to a certain de-
gree by doing a forward-modelling, which imitates the flux loss during the data
processing. On the contrary, the PDI reveals the actual morphology of the disk
and allows for an accurate measurement of the polarized flux, produced by the
photon scattering off the dust grains. With PDI, the stellar halo can be effectively
removed from the image provided that the stellar light is unpolarized. Differen-
tial polarimetry thus offers unprecedented possibilities to study grain properties
and disk structure by analysing the magnitude of the polarized flux and spatial
distribution of the dust in a debris disk.

For the studies of different disk morphologies discussed in this thesis, a three-
dimensional model for the spatial distribution of the dust in a debris disk with an
arbitrary inclination was developed. CHAPTER 2 contains a detailed description
of this model. It is used to create synthetic images of the disk in scattered and in
polarized light. Debris disk is assumed to be optically thin i.e. the stellar pho-
tons undergo a single scattering and do not interact with the dust grains further.
Different scattering phase functions are implemented in the code to describe the
angular distribution of the scattered light, for instance the Henyey-Greenstein
function or the scattering phase function calculated with the Mie theory for a
specific composition and size distribution of dust grains. The polarized phase
function is derived by multiplying the scattered phase function with the polariza-
tion fraction, which is considered to be such as that for Rayleigh scattering. The
modelling of the polarized light image replicates the measurement procedure of
the ZIMPOL instrument. It includes a convolution of the individual polarization
states with the stellar profile. The model was applied to determine the geomet-
ric parameters of the debris disks and to perform the data analysis presented in
Chapters 3, 4 and 5.

CHAPTER 3 describes observations of the debris disk around F star HIP 79977
with classical imaging and polarimetric modes of the ZIMPOL in the I band and
Very Broad Band (VBB or RI-band). The obtained images have a much higher
resolution than the previous imaging and polarimetric data from the observations
with Subaru/HiCIAO. The photometric analysis shows that the total polarized
disk flux is approximately four orders of magnitude smaller than the stellar flux
in the VBB. The best-fit model for the disk geometry is a symmetric ring with a
radius between 60 and 90 au and an inclination of ∼85◦. The mean scattering
asymmetry parameter defined from a sample of well-fitting models is 0.4. The
comparison of the radial profile of the polarized flux along the disk major axis
with the same profile measured for another debris disk around M star AU Mic
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demonstrates that the edge-on disks have a maximum polarized flux near the
projected separation of the main belt and a minimum flux at position of the star.

CHAPTER 4 presents the first detection of the scattered light from the
“hot/warm” dust surrounding A star HD 172555. The direct imaging of the
“hot/warm” dust (grain temperature is higher than 100 K) is a very challenging
task because of its close proximity to the star. However, only images can provide
valuable insights into the spatial distribution of “close-in dust” produced by solid
bodies located in or near the habitable zone. Due to the ZIMPOL’s unprecedented
spatial resolution of ∼25 mas and high sensitivity at small angular separations,
we were able to obtain polarized light images of the HD 172555 debris disk for the
first time. Our data show an axisymmetric disk or torus of dust with a radius be-
tween 0.30′′ (8.6 au) and 0.40′′ (11.5 au) and an inclination of ∼103◦. We measure
the polarized flux down to ∼0.08′′ (∼2.3 au) and constrain the disk parameters
by fitting a grid of models to the data.

CHAPTER 5 investigates in detail the complex morphology and photometry of
the HD 15115 debris disk, well known under the name “blue needle”. The disk
is given this name because of its strong asymmetry between the east and west
sides at visible wavelengths and the blue F606W - H color measured for radial
distances beyond 2′′. Closer to the star, the F110W - H color is red and KS − L′

color is grey. Our observations with SPHERE-IRDIS at near-infrared wavelengths
reveal a symmetric distribution of the dust in a planetesimal belt with a radius
of ∼2” (96 au). The polarized light image shows significant structural differences
between both disk sides and features, which could be induced by the presence of
a large gravitating body or by collisions of large planetesimals. Alternatively, one
could also suspect a double belt system. This suspicion is strongly supported by
the radial profiles of the disk’s surface brightness along the disk axis. They exhibit
two pronounced peaks at the radial separations r = 2′′ and r = 1.3′′ located on
both disk sides. The outer peaks can be clearly attributed to the outer belt and
the inner peaks are presumably related to the inner belt.

In the Chapter OUTLOOK, we address the perspectives of the differential tech-
niques for the direct imaging of debris disks and opportunities they offer, to study
the properties of the circumstellar material. The future prospects for the observa-
tions with ALMA and James Webb Space Telescope, as well as the open questions
in the field of the debris disk studies are discussed.
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Zusammenfassung

Diese Dissertation ist der Erforschung der extrasolaren Trümmerscheiben gewid-
met. Die vorliegende Arbeit befasst sich mit den Aufnahmen dieser Ob-
jekte in gestreutem und polarisiertem Licht in optischem und nah-infrarotem
Wellenlängenbereich. Die extrasolaren Trümmerscheiben können als Pendants
zu den Ansammlungen von Staub und Trümmern im Sonnensystem angese-
hen werden: Zum Asteroidengürtel, der sich zwischen den Planetenbahnen von
Mars und Jupiter befindet, und zum Kuipergürtel, der sich über 20 au ausser-
halb der Neptunbahn erstreckt. Trümmerscheiben sind um ∼30% der Sterne mit
den Spektralklassen A bis K entdeckt worden, aber es gibt zunehmend Hinweise
darauf, dass die Trümmer-Ansammlungen genau so häufig vorkommen, wie die
Planetensysteme.

Trümmerscheiben um die jungen Sterne (jünger als 10 Millionen Jahre) gelten
als das letzte Stadium der Entstehung und Entwicklung des Planetensystems,
welches der Phase der protoplanetaren Scheibe folgt. Solche Scheiben entste-
hen durch Kollisionen zwischen grossen Festkörpern, wie den Protoplaneten. Sie
bestehen aus Trümmern jeglicher Art und Grösse: von kilometerlangen Plan-
etesimalen bis zu den submikronen Staubpartikeln. Die zerstörenden Kollisio-
nen wirken nicht nur als Zündmechanismus für die Staubproduktion, sondern
liefern auch den Materialnachschub für die Trümmerscheiben, welche ihre Exis-
tenz während Milliarden von Jahren gewährleistet.

Seit den Entdeckungen der ersten Objekte in 1984 mit dem IRAS, sind Hun-
derte von den Trümmerscheiben in der unmittelbaren Nachbarschaft der Sonne
identifiziert worden. Dank der grossen Menge von neuen Daten ist das In-
teresse an diesen Objekten enorm gestiegen, insbesondere nach der Inbetrieb-
nahme der für hohe Helligkeitskontraste und Auflösungen optimierten Imagers.
Trümmerscheiben signalisieren die Anwesenheit von kollidierenden Planetesi-
malen. Deswegen liefert ihre Forschung wichtige Informationen über die Entste-
hung und Entwicklung der Planetensysteme, einschlisslich unseres Sonnensys-
tems. Wenn wir Trümmerscheiben um die jungen Sterne beobachten, sehen wir
Prozesse, welche im jungen Sonnensystem vor vier Milliarden Jahren stattgefun-
den haben. Damals, während der Epoche des Grossen Bombardment, als zahlre-
iche Asteroide und Kometen auf die Planeten aufgeschlagen sind, hatten diese
mglicherweise Wasser und andere komplexe Moleküle zu den Planeten gebracht.
Durch einen heftigen Zusammenstoss zweier planetaren Körper, ist das Erde-
Mond System entstanden. Die Erforschung der Trümmerscheiben hilft, diese
Prozesse zu verstehen, die Diversität der Planetensysteme zu studieren und nach
den Exoplaneten zu suchen. Die Planeten können durch Gravitation mit dem
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Zusammenfassung

zirkumstellaren Material wechselwirken und verschiedene Spuren dieser Inter-
aktion in der Staubverteilung hinterlassen. Solche Spuren können die Präsenz
und den Ort des Exoplaneten verraten.

Diese Arbeit befasst sich mit den neuesten Beobachtungen der drei bekann-
ten Trümmerscheiben, die am Very Large Telescope in Chile mit den verschiede-
nen Subsystemen des Instruments SPHERE durchgeführt wurden: mit dem nah-
infrarotem Instrument IRDIS und dem optischen Instrument ZIMPOL. Die Bilder
dieser Staubscheiben wurden mit den Methoden der differenziellen Bilderfas-
sung (“angular differential imaging” (ADI)) und der differenziellen Polarimetry
(polarimetric differential imaging (PDI)) aufgenommen. ADI ist die weit ver-
breitete differenzielle Technik für das direkte Abbilden eines Exoplaneten oder
eines Disks. ADI ist vor allem für die Detektion einer punktuellen Emission gut
geeignet. Nur die Disks mit einer hohen Inklination können mit der ADI ent-
deckt werden. Ausserdem wird während der ADI-Datenverarbeitung der Fluss
der Scheibe nicht erhalten und um einige Faktoren reduziert. Dieser Effekt wird
“Disk-Selbstsubtraktion” genannt. Er verändert die Struktur der beobachteten
Scheibe stark. Ihr wahres Erscheinungsbild kann bis zu einem gewissen Grad
mithilfe der “Forward-modelling”-Methode, welche die Fluss-Verluste während
der Datenverarbeitung imitiert, rekonstruiert werden. Im Gegensatz dazu zeigt
die differenzielle Polarimetry die reale Morphologie des Disks und ermöglicht
eine genaue Fluss-Messung des polarisierten Lichtes, welches durch die Photon-
Streuung an den Staubpartikeln erzeugt wird. Diese Methode erlaubt es, das
Sternlicht effektiv aus dem Bild zu entfernen, unter der Voraussetzung, dass das
Sternlicht unpolarisiert ist. Deswegen bietet die differenzielle Polarimetry noch
nie dagewesene Möglichkeiten für das Studium der Eigenschaften von Staubpar-
tikeln und der Scheibenstruktur durch die Analyse der Grösse des polarisierten
Flusses und der räumlichen Staubverteilung.

DAS ZWEITE KAPITEL beinhaltet eine detaillierte Beschreibung des dreidi-
mensionalen Modells der Trümmerscheibe mit der beliebigen Inklination. Das
Modell wird gebraucht, um die Abbildungen der Scheibe im Streulicht und
im polarisierten Licht zu erzeugen. Es wird angenommen, dass die Trümmer-
scheibe optisch dünn ist. Das bedeutet, dass die Photone die Scheibe ohne weit-
ere Interaktionen mit den Staubpartikeln verlassen können, nachdem sie ein-
mal gestreut worden sind. Im Modell werden verschiedene Phasenfunktionen
benutzt, um die Winkelverteilung des gestreuten Lichtes zu beschreiben, z.B.
die Henyey-Greenstein Funktion, oder die Phasenfunktion, welche mit der Mie-
Theorie für die vorgegebene chemische Komposition und Grössenverteilung der
Staubpartikel berechnet worden ist. Die Phasenfunktion für das polarisierte Licht
ergibt sich aus der Multiplikation der Phasenfunktion für das Streulicht mit dem
Polarisationsgrad. Wir nehmen an, dass der Polarisationsgrad des gestreuten
Lichtes derselbe ist, wie für die Rayleigh Streuung. Die Methode, die Bilder der
Stokes-Parameter zu berechnen, imitiert die Messung mit dem ZIMPOL. Sie bein-
haltet die Faltung der einzelnen Polarisations-Komponente mit dem Profil des
Sterns. Dieses Modell wurde angewendet, um die geometrischen Parameter der
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Trümmerscheiben zu bestimmen und die Datenanalyse, die in Kapiteln 3, 4 und
5 präsentiert ist, durchzuführen.

DAS DRITTE KAPITEL beschreibt die Beobachtungen des Streulichtes und
des polarisierten Lichtes der Trümmerscheibe um den F Stern HIP 79977 mit
dem ZIMPOL im I-Band und “Very Broad Band” (VBB oder RI-Band). Die
gewonnenen Daten haben eine viel höhere Auflösung, als die Bilder und die po-
larimetrischen Daten einer früheren Beobachtung mit Subaru/HiCIAO. Die pho-
tometrische Analyse der polarimetrischen Daten zeigt, dass der totale polarisierte
Fluss des Disks ungefähr vier Magnituden kleiner ist, als der Fluss vom Stern im
VBB. Das Modell, welches die Diskgeometrie am besten wiedergibt, ist ein sym-
metrischer Ring mit dem Radius zwischen 60 und 90 au und der Inklination von
∼85◦. Der Mittelwert des Asymmetrie-Parameters für die Winkelabhängigkeit
des Streulichtes wird für eine Menge der am besten passenden Modelle ermittelt
und beträgt 0.4. Ein Vergleich des radialen Profils für den polarisierten Fluss ent-
lang der Disk-Hauptachse mit dem gleichen Profil, das für eine andere Trümmer-
scheibe um den M Stern AU Mic gemessen wurde, zeigt, dass die hochkantig-
orientierte Scheiben den maximal polarisierten Fluss am Ort des Hauptringes
und den minimalen Fluss in der Nähe des Sterns haben.

DAS VIERTE KAPITEL präsentiert die erste Detektion des Lichtes von dem so
genannten “heissen/warmen” Staub, welcher den A Stern HD 172555 umgibt.
Das direkte Abbilden des “heissen/warmen” Staubes (die Temperatur der Staub-
partikel ist höher als 100 K) ist eine sehr anspruchsvolle Aufgabe, weil der Staub
sich nahe beim Stern befindet. Nur die Bilder können aufzeigen wie dieser Staub,
welcher von den Festkörpern in oder nahe der bewohnbaren Zone generiert wird,
räumlich verteilt ist. Weil ZIMPOL eine beispiellose räumliche Auflösung von
∼25 mas und hohe Sensitivität für kleine Winkelabstände hat, war es zum er-
sten Mal möglich, die Bilder von polarisiertem Licht der Trümmerscheibe um
HD 172555 zu bekommen. Unsere Daten zeigen einen axisymmetrischen Disk
oder Torus aus Staub, der einen Radius zwischen 0.30′′ (8.6 au) und 0.4′′ (11.5 au)
und eine Inklination von ∼103◦ hat. Wir konnten den Disk bis zu ∼0.08′′ (∼2.3
au) nah zum Stern auflösen, den polarisierten Fluss messen, und die Parameter
des Disks durch eine Anpassung des Modells an die Daten, bestimmen.

Im FÜNFTEN KAPITEL wird die komplexe Morphologie und Photometrie der
Trümmerscheibe um HD 15115, bekannt als “die blaue Nadel”, detailliert un-
tersucht. Die Scheibe hat diesen Namen bekommen, weil sie eine starke Asym-
metrie zwischen den beiden Seiten im sichtbaren Wellenlängenbereich und eine
blaue F606W - H Farbe für die grösseren Entfernungen als 2′′ aufweist. Näher am
Stern, ist die F110W - H Farbe rot und die KS − L′ Farbe grau. Unsere mit dem
SPHERE-IRDIS im nah-infraroten Wellenlängenbereich aufgenommenen Daten
zeigen eine symmetrische Staubverteilung im Gürtel der Planetesimale mit dem
Radius von ∼2” (96 au). Das Bild des polarisierten Lichtes weist grosse struk-
turelle Unterschiede zwischen den beiden Diskseiten auf und zeigt einige Merk-
male, welche durch die Anwesenheit eines grossen gravitativen Körpers oder
durch die Kollisionen zwischen grossen Planetesimalen entstanden sein könnten.
Alternativ kann auch ein doppelt Ring-System diese Strukturen erklären. Diese
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Zusammenfassung

Vermutung wird durch die radialen Profile der Flächenhelligkeit entlang der
Hauptachse gestützt. Die Profile zeigen zwei ausgeprägte symmetrische Maxima
bei radialen Distanzen r = 2′′ und r = 1.3′′. Äussere Maxima können klar dem
grossen Ring zugeschrieben werden. Die inneren Maxima gehören vermutlich
zum inneren Ring.

Im OUTLOOK, werden die Perspektiven der differenziellen Techniken für
die direkte Abbildung der Trümmerscheiben und die Möglichkeiten, die sie
zum Studium der Eigenschaften des zirkumstellaren Materials anbieten, ange-
sprochen. Die Zukunftsperspektiven der Beobachtungen mit ALMA und
James Webb Space Telescope und die offenen Fragen auf dem Gebiet der
Trümmerscheiben-Forschung werden diskutiert.
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Chapter 1

Introduction

1.1 Debris disks

Many young and main-sequence stars are surrounded by circumstellar material
made up of debris of various compositions, shapes and sizes: from sub-micron
dust grains to km-sized planetesimals and planetary bodies. We refer to this ma-
terial as debris disk or dust belt. Debris disks are found around 25 to 30% of all A
stars (Su & Rieke 2014; Thureau et al. 2014). Less frequently, 10 to 20%, they are
detected around FGK main-sequence stars (Hillenbrand et al. 2008; Trilling et al.
2008; Eiroa et al. 2013).

Debris disks are thought to be the remnants of planet formation processes and
consist of large planetesimals which failed to reach the size of a planet (Wyatt
2008). Debris disks characteristics such as mass, relative amounts of gas and
dust, optical depth, infrared luminosity and finally lifetime, differ significantly
from characteristics of their progenitors, protoplanetary disks (PPDs). The lat-
ter form during the gravitational collapse of a molecular cloud which leads to
the birth of a new star. Therefore, the main constituent of the PPD is molecular
hydrogen and the remaining disk components are similar to that of the interstel-
lar medium (ISM) where the dust-to-gas ratio is assumed to be ∼ 0.01. At this
step of stellar evolution, gas and dust are of primordial origin. Dust grains grow
through accretion and coagulation processes and later via gravitational attraction
giving rise to the protoplanets. The PPDs have a short lifetime. After a few Myr
(< 10 Myr), nearly all gas is lost through accretion onto the star or different gas re-
moval mechanisms such as massive gas outflows and photo-evaporation. Large
planetesimals, moving on Keplerian orbits, start to undergo mutually disruptive
collisions and generate in this way all kinds of debris down to the micron-sized
dust. These collision remnants form broad or narrow rings around a star (Fig. 1.1)
entering a debris disk phase of the stellar evolution. The lifetime of the debris
disk can be up to 10 Gyr (Krivov 2010). Contrary to PPD, the dust produced in
collisions as well as small amounts of gas in debris disks are of secondary ori-
gin (Backman & Paresce 1993). Most of the gas is delivered by the evaporating
short-period or infalling comets (e.g., Beust & Valiron 2007) when they approach
the central star coming from the colder outskirts or created through vaporization
of solids (e.g., Czechowski & Mann 2007; Lisse et al. 2009) or sublimation in col-
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0.6 

Figure 1.1: Multiwavelength observations of the eccentric outer debris disk around A
star Fomalhaut at the distance of 7.7 pc2 from the Sun. The stellar system possesses sev-
eral debris disks and a planet Fomalhaut b (Dagon, Kalas et al. 2008). The outer disk has
a radius of 133 au and a toroidal shape with a width of 25 au. Left: Optical image (λ = 0.6
µm) of the disk obtained with the Hubble Space Telescope (HST, Kalas et al. 2008). Middle:
Far-IR image (λ = 70 µm) of the disk taken with the Herschel Space Observatory (Acke
et al. 2012). Right: The Atacama Large Millimeter/submillimeter Array (ALMA) image at
850 µm (shown in orange) overlays optical data from the HST (shown in blue) (Boley et al.
2012). Both the Herschel and ALMA images show in the center an unresolved disk com-
ponent which is assotiated with the warm dust emitting at 24 µm. Image credits: HST,
NASA/ESA/Hubble/P. Kalas/B. Saxton; Herschel, ESA/Herschel/PACS/B. Acke/KU
Leuven, ALMA, ESO/NOAJ/NRAO.

lisions of volatile-rich dust grains or cometary bodies (Dodson-Robinson et al.
2009). The dust masses in debris disks are more than two orders of magnitude
lower than PPD masses as illustrated in Fig. 1.4. The total mass of a debris disk
is typically below 1 M⊕ (Earth mass; Wyatt 2008) and is spread over 10s of au1

making the disk optically thin for the stellar radiation.
For the first time, a debris disk around a main sequence star was discovered

in 1983 (Aumann et al. 1984). Observing a nearby A star Vega, the Infrared Astro-
nomical Satellite (IRAS) detected a strong infrared emission exceeding the stellar
flux at 20 µm. The near-IR excess radiation was brought into connection with
the thermal emission from the dust grains heated by the star. This emission is
generated when small dust grains absorb ultraviolet photons from the star and
re-emit the absorbed energy in the infrared. The surveys, following discovery,
have shown that hundreds of nearby stars exhibit similar excesses and therefore

1 au is a symbol for astronomical unit, 1 au = 1.5 · 1011 m and is equal to the average distance
between Earth and the Sun.
2 pc is a symbol for parsec, 1 pc = 3 · 1016 m
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1.1. Debris disks

should harbour copious amounts of dust (e.g. Oudmaijer et al. 1992; Mannings &
Barlow 1998). Very soon, the first debris disk around star β Pictoris was imaged
by Smith and Terrile (1984). Using a coronagraphic camera they clearly revealed
two extensions of a nearly edge-on disk in scattered light.

1.1.1 Thermal emission

To date, hundreds of debris disks have been observed at multiple wavelengths
with different space- and ground-based facilities (Hughes et al. 2018). Most de-
bris disks have been identified by measuring the infrared excess emission at 10-
170 µm on top of the stellar photosphere, the so called Vega phenomenon, using
space telescopes such as IRAS, Infrared Space Observatory (ISO), Spitzer Space
Telescope and Herschel Space Observatory (Matthews et al. 2010). The magnitude
of the thermal excess is a fundamental characteristic of the disk. It is quantified
in terms of the IR fractional luminosity of the disk fIR = LIR/L∗, where LIR is the
bolometric luminosity of the dust, or disk luminosity, and L∗ is the stellar bolo-
metric luminosity. The disk luminosity is obtained by the flux integration over
the disk spectral energy distribution (SED). Often, only a few photometric points
are available and fitted with a SED of a blackbody with a single temperature. The
derived blackbody spectrum determines the grain temperature Td, the second
fundamental parameter of a debris disk. Both characteristics, fIR and Td, can be
also estimated from the maximum wavelength and maximum spectral flux Fd

max
of the SED based on the Wien’s displacement law and assuming that dust and
stellar photosphere emit radiation like a blackbody (Wyatt 2008):

Td = 5100K
1µm
λd

max
, (1.1)

fIR =
Fd

maxλd
max

F∗maxλ∗max
(1.2)

with λd
max being the wavelength where the dust emission peaks. Here the maxi-

mum flux Fd
max is defined as a specific flux per unit frequency interval.

Figure 1.2 illustrates the stellar spectrum with infrared excess contributed by
the dusty disk with different levels of fractional luminosity and grain tempera-
ture (Wyatt 2008). Typically, debris disks are faint, their fractional luminosities
fIR are of order 10−7 − 10−3. Most of them are not bright enough to be directly
imaged with currently available instruments.

1.1.2 A “standard” model for a debris disk

The basic theoretical model for a debris disk is a more or less narrow ring of plan-
etesimals (also called “parent” belt or “birth” ring), similar to the main asteroid
belt and Edgeworth-Kuiper belt (EKB) in the Solar system. In this ring, small and
large planetesimals move on nearly circular Keplerian orbits under the influence

3
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Figure 1.2: Example of emission spectrum of a G2V star located at 10 pc with contribution
of a debris disk with dust grains emitting in infrared at temperatures of 278 K (yellow
line), 88 K (red line) and 28 K (blue line) corresponding to a disk with radii of 1 au, 10 au
and 100 au, respectively. For each disk size, three different dust masses are considered.
These dust masses are equivalent to different disk fractional luminosities of fIR = 10−3,
10−5 and 10−7 shown with solid, dashed and dotted lines, respectively. Figure adapted
from Wyatt (2008).

of the central star’s gravity:

F = −G M∗m
r3 r, (1.3)

where G is the gravitational constant, M∗ is the stellar mass, m is the mass of the
planetesimal and r its radius vector.

Besides large bodies, the “birth” ring contains copious amounts of dust. Occa-
sional violent collisions of the planetesimals produce debris of all possible sizes
down to sub-micron grains. The process of debris grinding into ever smaller
pieces is called collisional cascade. Assuming that generated small grains have a
spherical shape and interact with stellar radiation like blackbodies at tempera-
ture Td, the radial location of the parent belt Rd in units of au can be estimated as
follows (Backman & Paresce 1993):

Rd =

(
L∗
L�

)0.5(278 K
Td

)2

, (1.4)

where L∗/L� is the stellar luminosity in solar units.
The small grains in the disk (with radii a < 1 mm) are subject to the radiation

pressure which is responsible for the additional forces acting on a grain with mass
m (Burns et al. 1979):

F = −G M∗(1− β)m
r3 r + FPR. (1.5)

Here, the first term is the “photogravitational” force with radiation pressure to
gravity ratio β = Frad/Fg and the second term is a so called Poynting-Robertson
(P-R) drag force. These forces describe an angular momentum transfer to the
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1.1. Debris disks

Figure 1.3: Left: Orbits of small grains under the influence of stellar radiation pressure
and gravitational force. Right: Schematic view of a debris disk illustrating locations of
smaller grains. Figure from Krivov (2010).

particle by the photons coming from the central star. The ratio β is a function of
the grain optical properties and size a (Burns et al. 1979):

β =
3L∗〈Qrad〉

16πGM∗cρa
, (1.6)

where 〈Qrad〉 is averaged over wavelengths radiation pressure efficiency which
depends on the grain composition, c is the speed of light and ρ is the bulk density.

The smallest grains released through disruption of larger solids “feel” a rather
large radiation pressure in radial direction. Their orbits differ from those of the
parent bodies which move on the orbits with low eccentricities. For β < 0.5,
dust grains are released into bound elliptic orbits with larger semi-major axes
and higher eccentricities given by e = β

1−β . The pericenters of these orbits are
located within the “birth” ring while the apocenters are outside of it. Therefore,
the disk traced by small grains appears more extended. If 0.5 < β, grains become
unbound and will leave the system on a hyperbolic trajectory (Fig. 1.3). The con-
dition β = 0.5 therefore sets the blowout size of grains for a given stellar system
and grain composition. The P-R drag force is a tangential component of the radi-
ation pressure. This force opposes particle motion and causes it to lose gradually
its angular momentum and orbital energy. Consequently, the dust grain spirals
towards the star on timescales of thousands of years if it does not experience any
further collisions.

Due to radiation pressure the physical mass of the smallest dust grains in
the disk continually decreases. In order to keep the amounts of particles with
different sizes constant relative to each other, there should be a balance between
finest dust loss by radiation pressure blowout and dust replenishment by the
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collisional cascade. Given such a balance exists, a debris disk is said to be in a
“quasi-steady” state. The size distribution of dust grains, set up by the steady-
state cascade, is often approximated by the power law n(a) ∝ a−3.5 (Dohnanyi
1969).

1.1.3 Debris disk evolution

Through destructive collisions more and more large planetesimals are removed
from the disk, and so the total mass of the disk Mtot is expected to decrease with
time tage in the following way (Wyatt 2008):

Mtot(t) =
Mtot(0)

1 + tage−tstir
tc

, (1.7)

where tstir is the point in time when the collisions become destructive and tc is
the collisional timescale. A slight trend for a decay of debris disk masses is ob-
servable, as a compilation of different ages and masses from literature data shows
(Panić et al. 2013, and references therein). Figure 1.4 illustrates the evolution of
dust masses in circumstellar disks of pre- (T Tauri and Herbig Ae stars) and main-
sequence low-mass stars (M∗ between 0.2 and 3.3). The boundary between PPDs
and debris disks is set at 1 M⊕ (Wyatt 2008). Dust masses shown in this plot were
derived from the submillimetre and millimetre photometry (850 µm - 2.6 mm) as-
suming optically thin thermal emission with the dust opacity κ = 1.7 cm2 gm−1

(Zuckerman & Becklin 1993). The observed fluxes at 850 µm Fν were converted
to mass according to:

Mdust =
FνD2

κBν(Tdust)
(1.8)

with D being the distance to the star, Bν the Planck function at 850 µm and the
dust temperature Tdust. Figure 1.4 also shows some detections of massive and old
debris disks which suggest the existence of planetesimal reservoirs sufficiently
large to sustain dust production during 1 Gyr.

To describe the evolution of collision-dominated debris disks in the quasi
steady state, some scaling relations have been found for the disk characteristics
which are directly proportional to the amount of disk material in any size bin
(Wyatt et al. 2007; Löhne et al. 2008; Krivov et al. 2008). For a narrow birth ring
with radius r and initial mass M0 at any time tage after onset of collisional cascade,
a quantity F(M0, r, tage) scales roughly like (Löhne et al. 2008):

F(xM0, r, tage) = xF(M0, r, xtage). (1.9)

where x > 0 is an arbitrary factor and F may stand for the total disk mass, the
mass of dust, total dust cross section etc.

In particular for the dust mass as a function of time, more detailed modeling
yields the following rule (Löhne et al. 2008):

F(M0, r, xtage) ≈ x−ξ F(M0, r, tage). (1.10)
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1.1. Debris disks

Figure 1.4: Left: Evolution of dust masses in circumstellar disks of pre- and main-
sequence low-mass stars. Arrows indicate the observational limits which correspond
to the sensitivity of a few mJy for the discs around T Tauri stars (blue arrow) and Herbig
Ae stars (red arrow) the distinction between PPDs and debris disks is at 1 M⊕. Figure
is adapted from Panić et al. (2013) (for the references see caption of their Fig. 3). Right:
Evolution of 24-µm excess ratio in debris disks around FGK stars (Siegler et al. 2007). The
outliers, e.g. η Corvi or BD+20307, standing above the envelope of fractional luminosity,
exhibit an exceptionally high IR excess, most likely due to transient events such as recent
collision or dynamical instability. Figure from Wyatt (2008).

with ξ ≈ 0.3...0.4. This rule is also valid for every quantity F directly proportional
to the amount of dust and is more accurate for disk ages larger than collisional
lifetime of the 100 m-sized bodies.

The dependence of the evolution of quantity F on the distance r from the star
is approximately given by (Wyatt et al. 2007; Löhne et al. 2008):

F(M0, xr, tage) ≈ F(M0, r, x−13/3tage). (1.11)

This relation demonstrates that decays occur in the warm dust faster compared
to the cold dust because the former is located closer to the star.

Another conclusion following from scaling relations is that the fractional lu-
minosity, which is roughly similar to the total disk mass (see Eq. 1.7), is declining
with disk age as fIR ∝ t−0.3...−0.8

age . The surveys focusing on studies of debris disks
around A stars (Rieke et al. 2005; Su et al. 2006) and sun-like stars (FGK, Chen
et al. 2005; Siegler et al. 2007; Meyer et al. 2008) confirm the fall-off of the 24- and
70-µm excesses with the disk age (Fig. 1.4). Statistical analysis of the survey data
shows that, for both A and FGK stars, the 24-µm excess is a strong function of age
but the fall-off timescale is an order-of-magnitude shorter for the sun-like stars
(Wyatt 2008).

1.1.4 Disk architecture

The SED of many debris systems is consistent with a single narrow or broad plan-
etesimal ring (Strubbe & Chiang 2006; Chen et al. 2006; Jang-Condell et al. 2015).
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Figure 1.5: Schematic edge-on view of the planetary system with multiple planetesimal
belts. Figure shows zones which contain dust emitting at different temperatures (peak of
the thermal emission) and indicates observing wavelengths at which the disk zones are
primarely detectable. Figure adapted from Su & Rieke (2014).

A majority of these disks is detected at far-infrared wavelengths (λ > 60 µm) cor-
responding to the dust temperatures Td . 100 K and belt locations at tens to hun-
dreds au from the parent star. The cold icy belts are considered as analogs of EKB
(Carpenter et al. 2009) although their fractional luminosities of fIR = 10−5− 10−3

(Krivov 2010) are at least two orders of magnitude higher than the presumed lu-
minosity of the EKB at the present time. Based on estimations from the sub-mm
observations, cold disks contain dust masses in the range of 10−3 − 100M⊕ (in
grains up to a radius of 1 mm).

Around 20% of discovered disks harbour so called “warm” dust with a fit-
ted grain temperature of ∼ 100 − 200 K (Moór et al. 2009; Morales et al. 2012;
Ballering et al. 2013). In their structure and composition, “warm” belts could
be analogous to the main asteroid belt located between 2.5 and 3.5 au in the So-
lar System. Similar to the asteroid belt mechanisms, the ongoing collisions and
cometary activity may be responsible for the “warm” dust production. In fact,
many studies place the warm component near the water-ice line (T ∼ 150 K)
where the cometary dust is released through the comet sublimation. Since many
young solar-type stars show an excess from warm dust at the ages when planets
like the Earth form, it might well be that the “warm” belts are made up of de-
bris from terrestrial planet formation processes (Kenyon & Bromley 2004). The
masses of such disks are estimated to be in the range of 10−8 − 10−6M⊕ (Krivov
et al. 2008).

There is a growing evidence from the mid- and far-infrared surveys of the last
decade with Spitzer and Herschel space telescopes (e.g. Rieke et al. 2005; Meyer
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et al. 2006; Moór et al. 2011; Booth et al. 2013; Chen et al. 2014) that many debris
systems require multiple rings to explain the observed disk SED. Studying the
spectra of B8-K0 stars, Morales et al. (2011) have found a bimodal distribution of
the derived dust temperatures by fitting many disk SEDs with a cold (Td ∼ 50 K)
and a warm (Td ∼ 200 K) dust component. Such a bimodal distribution supports
the idea of two belt systems where two dust populations have a distinct spatial
separation, though the break in the dust temperature is often less pronounced
(Chen et al. 2009; Ballering et al. 2013).

Some SEDs of debris disks observed with Spitzer Infrared Spectrograph (IRS)
show a maximum spectral flux at 5− 25 µm. A peak of the infrared excess within
this wavelength range indicates a dust temperature well above 200 K (Td ∼ 250−
500 K) and the location of the planetesimal belt within a few au from the star
(Chen et al. 2006; Mittal et al. 2015; Lisse et al. 2009). One favoured interpretation
of the “hot” dust and observed spectral emission features (see also Chapter 4) is
that they originate from transient events of ongoing terrestrial planet formation
such as the Moon-forming impact (Mittal et al. 2015; Lisse et al. 2009).

Even closer to the star, within of 1 au, exozodiacal dust has been detected
in several stellar systems using ground-based near-IR interferometric techniques
(Defrère et al. 2012; Absil et al. 2013; Ertel et al. 2014). A very hot (Td ∼ 1500 K)
emission from “exozodiacal dusty clouds” has been found around such promi-
nent targets as Vega (Absil et al. 2006) and τ Ceti (di Folco et al. 2007). By mod-
eling the dust distribution around Vega as a ring with an inner radius of 0.17 au
and outer radius of 0.3 au, Absil et al. (2006) estimated the mass of exozodis at
8 · 10−7M⊕ and its fractional luminosity at 5 · 10−4.

A general picture, emerging from debris disk observations and statistical stud-
ies of the last years, is that the debris systems are rather common. And it can be
even assumed that all stars, born through the gravitational collapse of cold and
dense molecular clouds, are surrounded by the leftovers of accretion and planet
formation processes. It is likely that the general structure of debris, especially
around A to K stars, resemble the Solar System architecture where four terrestrial
planets, embedded in the zodiacal dust light, are followed by the asteroid belt
(warm dust) and four giant planets sweep out the space between the asteroid
belt and EKB (cold dust) as illustrated in Fig. 1.5 (Su & Rieke 2014).

1.1.5 Direct Imaging

Not all disk components discussed in Sect.1.1.4 are always present but most of
them are faint and remain undetected because of the sensitivity limits of current
instruments. Often, only the cold component of the disk is discovered since it
dominates the disk SED. However, images of debris disks with cold SED tem-
peratures (Tgr < 100 K) suggest that they may also possess warm components
(Chen et al. 2009). In such cases, only high-resolution imaging can help to resolve
distinct debris belts.
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To date, more than hundred debris disk have been imaged at different wave-
lengths3. Multiwavelength imaging of a debris disk is useful for studies of grain
populations with different sizes. Measurements at longer wavelengths such as
(sub-)mm detect cooler and therefore larger grains, which trace the parent ring of
the planetesimals (Krivov 2010, and references therein). In the images at shorter
wavelengths (far-infrared or mid-infrared), which probe warmer and smaller
grains, the disks may appear more extended (see Sect. 1.1.2). Observations in
near-infrared (at the shortest wavelengths of the thermal emission) reveal only
the hottest small grains which trace again the parent belt of planetesimals. An
example of the multiwavelength imaging is given in Fig. 1.1. It demonstrates
a different appearance of the debris disk around Fomalhaut observed at optical
wavelengths (λ = 0.6 µm), in the far-IR (λ = 70 µm) and at λ = 850 µm.

Spatial distribution of the dust in the disk can be accurately constrained only
with high-resolution imaging of debris system. The sizes of disks inferred from
the SED analysis (Eq. 1.4) are consistently smaller than sizes measured from re-
solved images. The assumption that small dust grains radiate like blackbodies
could be the reason for this discrepancy. The small grains are typically grey-
bodies, that means they are less effective emitters and therefore have a higher
temperature than blackbodies in the same radiation field (Draine 2004). As a re-
sult, the radial distance of the dust grains is underestimated compared with their
actual distance to the host star.

Scattered light images

At optical and near-infrared wavelengths, stellar light scattered off dust grains
dominates over their thermal emission. This offers the opportunity to image
disks in scattered light and with a higher spatial resolution than, for example,
at far-infrared wavelengths. To remove the stellar light from the image, many so-
phisticated data processing techniques have been developed. Besides reference
star subtraction (Reference-star Differential Imaging or RDI), other algorithms
such as classical Angular Differential Imaging (cADI; Marois et al. 2008), Locally
Optimized Combination of Images (LOCI; Lafrenière et al. 2007) and Principal
Components Analysis (PCA) are widely applied to date to unveil the faint signal
from the dust. Although the ADI-based techniques make the disk detection pos-
sible, a significant part of the disk flux is lost due to the data processing (so called
“disk self-subtraction”, Milli et al. 2012). Polarimetric differential imaging, which
we discuss in the following section, helps to work around this problem and is
especially for the detection of face-on disks very useful.

Imaging polarimetry

Polarimetric differential imaging (PDI, Quanz et al. 2011) is a technique based
on the fact that scattering produces polarization of light. Therefore, a certain

3 Resolved debris disk databases: www.circumstellardisks.org and www.astro.
uni-jena.de/index.php/theory/catalog-of-resolved-debris-disks.
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1.1. Debris disks

polarized light signal from the circumstellar debris dust is expected. In recent
years, the use of optical and near-infrared imaging polarimetry for debris disk
observations has been widely taken up. This remarkable start is connected to the
advent of new high-resolution and high-contrast instruments with extreme adap-
tive optics (AO) systems such as SPHERE (Spectro-Polarimetric High-contrast
Exoplanet REsearch; Beuzit et al. 2008) and GPI (Gemini Planet Imager; Macin-
tosh et al. 2014).

The key benefit of the imaging polarimetry lies in the increased contrast at
smaller angular separations due to the differential technique, allowing to effec-
tively remove the stellar residuals obscuring a weak scattered light signal. The
stellar light is assumed to be unpolarized. Therefore, the stellar halo and the
speckle pattern caused by the turbulent atmosphere are the same in the images of
two orthogonal polarization states of light, for example I0 and I90 (see Sect. 1.2.2),
if they are simultaneously measured by the imaging instrument. By taking a dif-
ference of these images, the stellar light is removed and the scattered polarized
light from the debris becomes visible (Fig. 1.6). PDI is a powerful technique
which provides a very high contrast up to 10−8 and the possibility to study the
disk geometry and its morphological features (gaps, warps and other asymme-
tries) in detail.

Polarimetric measurements are particularly useful to understand the physical
properties of dust grains through studying, for instance, the degree of linear po-
larization of the scattered light or its dependence on the scattering angle (Perrin
et al. 2015; Olofsson et al. 2016). Such observations help to further constrain the
size distribution (Graham et al. 2007; Olofsson et al. 2016), the grain’s mineralog-
ical composition, shape and degree of porosity (Kolokolova & Mackowski 2012;
Lisse et al. 2009).

First successful polarimetric observations of the debris disk around β Pictoris
were performed with HST. Gledhill et al. (1991) measured the disk flux with a
fractional polarization of ∼17% in the R band at radial separations between 15
and 30 arcsec. The small ISM particles have been found to be a good proxy for
the dust grains in this disk in terms of the polarization degree but not colour (the
ISM particles have a blue colour while grains in the disk are gray). Wolstencroft
et al. (1995) presented a multicolour (BVRI) imaging polarimetry of the β Pictoris
disk revealing asymmetries between the two sides in brightness and fractional
polarization. They have also noted the wavelength dependence of the polariza-
tion degree that varies from 12 to 20% across B to I bands, respectively.

Infrared polarimetric data (λ = 2 µm), where the β Pictoris disk was detected
down to the 2.6′′ (50 au), were obtained by Tamura et al. (2006) with the CIAO
instrument on the Subaru telescope. The debris disk appears more symmetric
and the polarization degree is about 10% at 2 µm. The lower polarization has been
explained with the presence of grains of similar size as the wavelength (a = 2 µm)
which are not blown out of the system and dominate the scattering at infrared
and optical wavelengths. In the optical, dust grains of this size scatter the light in
the geometrical optics regime (see Sect. 1.2.2) where a higher polarization, than in
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Figure 1.6: Illustration of the PDI technique. Two orthogonal polarization states I0 and
I90 contain both the stellar light and scattered light from the disk. The stellar light is as-
sumed to be unpolarized, thus I0 star = I90 star whereas the scattered disk flux is polarized
and I0 disk 6= I90 disk. The Stokes parameter Q (see Sect. 1.2.2) is derived by taking the
difference I0 − I90. In this way, the stellar light is removed and the Q image shows only
debris disk flux. The Stokes parameter U is obtained by taking the difference I45 − I135

and contains also only debris disk flux. The final polarized scattered flux from the disk
can be calculated as

√
Q2 + U2.

the Mie scattering regime, is predicted by the scattering theory (Voshchinnikov &
Krügel 1999).

Graham et al. (2007) have used the imaging polarimetry mode of HST to ob-
serve the debris disk around M dwarf AU Mic, another star in the β Pictoris mov-
ing group. The polarimetry of this disk at λ = 0.606 µm shows an increasing
degree of polarization with a radial distance ∝ r2.5 (roughly ∝ r for r > 40 au)
from ∼5% at 20 au to ∼35% at 50 au and reaching a maximum of ∼40% at 80 au.
The linear polarization is oriented perpendicular to the disk axis indicating scat-
tering by particles in an optically thin disk. The measured degree of polarization
combined with intensity (Stokes I) revealed that the disk is significantly depleted
of dust inside ∼40 au.

The similar growth of the polarization degree from ∼10% at 0.5′′ (62 au) to
45% at 1.5′′ (185 au) was measured by Thalmann et al. (2013) in the debris disk
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HIP 79977 in H band using the HiCIAO instrument at Subaru. Their results are
based on the total intensity image recovered with a forward modeling approach.

In the first polarimetric observation of the HR 4796A debris ring, performed
with the Gemini Planet Imager (GPI, Perrin et al. 2015) in K1 band, a maximum
polarization fraction of ∼ 40% is measured at the scattering angle θ = 50◦. The
comparison of the Mie scattering models, calculated for three different sizes of
grains with astronomical silicate compositions, showed that the 5 − 1000 µm
grain model matches closely the observed polarization fraction curve.

1.1.6 Observational constraints on dust properties

Observational studies of debris disks allow to put some constraints on differ-
ent properties of dust such as composition, shape, porosity, average grain size,
albedo etc. The physical properties of particles encode an information about their
formation processes and give mineralogical hints to the evolution of dust mate-
rial during the protoplanetary phase.

The chemical composition of dust grains can be determined from distinctive
emission features of the mid- and far-infrared spectra (Chen et al. 2006; Jura et al.
2004; Lawler et al. 2009). The interpretation of the emission shape is not straight-
forward. Still the material, which is inferred from the SED modeling, can shed a
light on ongoing evolutionary processes and the dust origin. Often, a mixture of
amorphous and crystalline silicates (olivine, pyroxene, forsterite, enstatite), silica,
sulfides and some other species including water ice fit well the disk spectra (e.g.
Schütz et al. 2005; Beichman et al. 2005; Lisse et al. 2008; 2009; Chen et al. 2008).

The silicate features at 10 and 18 µm, which are attributed to the thermal emis-
sion from “hot” small dust grains, are important diagnostics for the grain’s com-
position and size (e.g., Chen et al. 2006; Duchêne et al. 2014; Mittal et al. 2015;
Olofsson et al. 2009; Moór et al. 2009; Olofsson et al. 2012). A prominent example
of a debris disk with strong silicate features is HD 172555 which we discuss in
detail in Chapter 4. Lisse et al. (2009) found that only obsidian (glassy silica) can
match well the Spitzer spectrum of this disk at 9.8 µm. The strength of the emis-
sion line indicates large amounts of fine (sub-micron sized) dust at temperatures
above 300 K and a steep size distribution n(a) ∝ a−4.

Besides chemical composition and grain size distribution which can be de-
termined with spectroscopy, unique information on particle properties such as
shape, porosity and refractive index can be gained from polarimetric observa-
tions of circumstellar material (Kolokolova & Mackowski 2012; Zubko et al. 2012).
For the AU Mic, for example, Graham et al. (2007) found that the observed strong
forward scattering in intensity and high fractional polarization can be well fit-
ted with highly porous (vacuum fraction of 91-94%) micron-sized grains, likely
generated in collisions between decimeter-sized non-compact planetesimals in
consistency with the theory of planet formation.
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Figure 1.7: Images of planets discovered in the debris disk systems Fomalhaut and HR
8799. Left: The composite image shows the disk ring and the position of the planet Fo-
malhaut b in 2004 and 2006. Images are taken at 0.6 and 0.8 µm with the HST Advanced
Camera for Surveys (ACS). Credit: NASA, ESA, P. Kalas et al. (2008). Right: The plan-
etary system of HR 8799 (d = 39 pc) consisting of four super-Jupiters orbiting in a gap
between two dust belts at radial distances 14.5, 24, 38 and 68 au. Figure by Marois et al.
(2010).

1.1.7 Observational constraints on presence of planets

Debris disk studies contribute not only to the understanding of the history of
planetesimal formation. Direct imaging of debris surrounding other stars facil-
itates the search for exoplanets. Planets interact gravitationally with dust and
leave behind various footprints of this interaction (asymmetries, gaps, warps,
dense clumps, eccentric offsets etc.) in the spatial distribution of the dust.

Regions of dust concentration or regions depleted of dust, pointing towards
an unseen planet, can be revealed with direct imaging (Faber & Quillen 2007).
Often, resolved images of debris disks show tens of au wide inner gaps between
individual planetesimal belts. It is assumed that these gaps are cleared by planets
which orbit inside and sculpt the edges of debris belts. A classical example for
a system containing inner warm (at ∼10 au), outer cold (at ∼100 au) dust belts
with four planets residing within the cavity between them is the nearby A star
HR 8799 (Fig. 1.7, Marois et al. 2010).

If the planetary orbit is highly eccentric, the planet motion produces a spi-
ral propagating through the debris disk, stirring the planetesimals and bringing
them on crossing orbits (Wyatt 2005). The colliding planetesimals can form dense
clumpy structures indicating the presence of a planet. The clumps of circumstel-
lar material can arise also from resonant trapping of large bodies by planet mi-
gration (Wyatt 2003) or by capture of debris into mean motion resonances with
planets (Wyatt 2006; Krivov et al. 2007). Such disk structures have been observed
around Vega (Wyatt 2003). They are also present in the disk around ε Eridani
in observations at different wavelengths, in particular at submillimeter (Greaves
et al. 1998).
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Asymmetries in the disk structure such as warps can be caused by the planet’s
secular perturbations, if the orbital plane of the planet is misaligned with the disk
midplane. The detected warp at 80 au in the β Pic debris disk, for instance, was
used to predict a 9 MJup planet at a radial distance of∼10 au from the star (Mouil-
let et al. 1997; Augereau et al. 2001). This planet, β Pic b, was indeed discovered
later by Lagrange et al. (2010).

The prediction of planet Dagon (Fomalhaut b), detected by Kalas et al. (2005)
with HST, was based on the measured eccentricity of the outer planetesimal ring
(Fig. 1.7). Several other systems, e.g. HR 4796A (Thalmann et al. 2011) or HD
202628 (Krist et al. 2012), show similar offsets of the ring with respect to the star.
The search for planets in these systems is going on.

1.2 Electromagnetic wave

In the theory of electromagnetism, electromagnetic radiation in vacuum is de-
scribed by the Maxwell’s equations which yield the wave equations for the elec-
tric field E and magnetic field B:

∇2E(r, t) =
1
c2

∂2E(r, t)
∂t2 ∇2B(r, t) =

1
c2

∂2B(r, t)
∂t2 (1.12)

The electromagnetic field can be thus represented by the plane wave of both
fields with vectors E(r, t) and B(r, t) which are perpendicular to each other and
to the propagation direction of the wave z (Fig. 1.8, left). Usually, light is detected
through the interaction of the electric field with different kinds of detectors (eye,
photographic plates, CCD, etc.). Therefore in the following sections, we consider
only the electric field to describe this interaction.

For the electromagnetic plane wave with only one frequency ω = 2πν, the
electric field at some distance r in space from the source of radiation is given by:

E(r, t) = E0ei(k·r−ωt), (1.13)

where E0 is the wave amplitude and k = 2π
λ ez is a wave vector of the plane wave

with the wavelength λ propagating into the direction z.

1.2.1 Scattering of light

A plane electromagnetic wave striking a particle of arbitrary size and shape in-
teracts with it in many different ways (Fig. 1.8, right). Through this interaction
one part of the energy of the incident light is absorbed or reflected, diffracted,
refracted i.e. scattered in different directions. The absorption takes place when
the radiant energy is transformed into heat or energy of chemical reactions and
re-radiated later at longer wavelengths as thermal emission. The term “scattered
light” refers to the electromagnetic radiation produced by the oscillating elec-
tric charges inside the particle which were excited by the incident light. This
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Figure 1.8: Left: Plane electromagnetic wave with wavelength λ. The electric field E(r, t)
and magnetic field B(r, t) oscillate in the planes which are perpendicular to each other.
Right: Scattering and absorption of light by a dust grain.

secondary radiation is emitted in all possible directions with different intensity.
Scattering, therefore, changes the propagation direction of the incident light and
redistributes its energy in space. One particular case of scattering is a diffrac-
tion which refers to the interference between many light waves according to the
HuygensFresnel principle in classical physics. In this work, diffraction is treated
separately from other kinds of scattering.

The electric field E is often defined by two components relative to some ref-
erence plane: with one component E‖ parallel to the reference plane and another
component E⊥ perpendicular to it:

E = E‖e‖ + E⊥e⊥. (1.14)

For the scattered radiation field, the scattering plane, determined by the di-
rection of the incident beam ez and the scattering direction er, is often used as a
reference plane. The angle between these two vectors θ = ∠(ez, er) is defined as
the scattering angle (Fig. 1.11).

The scattered electric field Esca at large distances r from the scattering particle
with radius a (r � ka2) can be related to the incident field Ei using the far-field
approximation (Bohren & Huffman 1983):(

E‖
E⊥

)
sca

=
e−ik(r−z)

ikr

(
S2 S3
S4 S1

)(
E‖
E⊥

)
i

(1.15)

where eikz is the incident plane wave and e−ikr

ikr is the outgoing scattering wave
with components E‖ and E⊥ which are parallel and perpendicular to the scatter-
ing plane, respectively. The unitless matrix S is the amplitude scattering matrix.
It consists of four scattering amplitudes Si which depend on particle properties
and the direction of scattering.
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1.2.2 Polarized light

Light polarization is a property of the transverse electromagnetic wave and spec-
ifies the orientation of electric field oscillations.

Using the x-z plane as a reference plane, the equation 1.13 can be written as a
superposition of two orthogonal components for a perfectly coherent plane wave:

Ex(r, t) = E0, x cos(k · r−ωt + δx)

Ey(r, t) = E0, y cos(k · r−ωt + δy),
(1.16)

which oscillate in time with the same frequency ω but can have different maxi-
mum amplitudes E0, x, E0, y and initial phases δx, δy. A combination of the solu-
tions 1.16 yields an equation of the polarization ellipse (Fig. 1.9):

E2
x

E2
0, x

+
E2

y

E2
0, y
− 2

Ex

E0, x

Ey

E0, y
cos δ = sin2 δ, (1.17)

where δ = δy − δx.
When a plane wave propagates along the direction ez, the electric field vector

E rotates and traces out the ellipse in the x-y plane (for a fixed z). The orientation
of the ellipse is parametrized by the angle φ between the x-axis and the semi-
major axis of the ellipse:

φ =
1
2

arctan

(
2E0, xE0, y cos δ

E2
0, x − E2

0, y

)
(1.18)

as illustrated in Fig. 1.9.
Depending on the ratio between the maximum amplitudes E0, x, E0, y and the

value of the phase shift δ, there are different types of polarization. In the case
of linear polarization the phase shift is δ = nπ (n = 0, 1, 2, ...). The electric field
oscillates in the x-y plane along a line at orientation φ = arctan

(
E0, y/E0, x

)
cos δ.

Diagrams in Fig. 1.10 show some specific cases of linear polarization: (1) hori-
zontally linearly polarized wave (E0, y = 0), (2) vertically linearly polarized wave
(E0, x = 0), (4) linear polarization at 45◦ (E0, x = E0, y, δ = 0), (5) linear polarization
at 135◦ (E0, x = E0, y, δ = π). They are considered a distinct state of polarization.

If the phase shift δ is not equal nπ, the polarization is elliptical as shown in
Fig. 1.10 (3). When E0, x = E0, y and the phase shift is ±90◦, light becomes circu-
larly polarized (Fig. 1.10 (6)). Employing a quarter-wave plate in the optical path of
linear polarized light introduces a phase shift of π/2 producing thus the circular
polarization state. Both elliptically and circularly polarized waves can have ei-
ther a clockwise or counter-clockwise rotation of the electric field vector E which
corresponds to the distinct states of polarization.

Actual light, e.g. sunlight or light from a lamp, is a superposition of electro-
magnetic waves of different frequencies, amplitudes and phases. The polariza-
tion states of all involved waves are randomly distributed. Such mixed radiation
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Figure 1.9: Polarization ellipse drawn by the tip of the electric field vector E(t).

is referred to as unpolarized light. If one particular orientation of electric field
oscillations is dominant, we speak of partially polarized light.

The CCD detectors used in astronomy usually measure the intensity of the
light I = |E|2. It is also possible to measure the individual intensities of two
orthogonal components Ix = |E0, x|2 and Iy = |E0, y|2 as well as the phase shift δ
between them. To characterize the polarization of light, the Stokes parameter are
used.

Stokes vector

The Stokes parameters describe the polarization state of radiation in terms of
individually measured intensities IX. The four parameters, total intensity I, linear
polarization in horizontal/vertical direction Q, linear polarization in diagonal
direction U and circular polarization V, are usually represented in the form of
the Stokes vector:

I
Q
U
V

 =


E2

0, x + E2
0, y

E2
0, x − E2

0, y
2E0, xE0, y cos δ
2E0, xE0, y sin δ

 =


I0◦ + I90◦

I0◦ − I90◦

I45◦ − I135◦

IR − IL

 , (1.19)

where directions 0◦ and 90◦ coincide with positive directions of x- and y-axis,
respectively, and are perpendicular to the wave propagation direction ez. The
indices R and L denote right- and left-hand circular polarization. The intensities
IX for the Stokes parameters I, Q and U can be measured with linear polarization
filters which let through the light component only in direction X. To obtain IR
and IL, right and left handed circular polarizers are used.

The convention is to denote the Stokes parameter Q = E2
0, x − E2

0, y as Q+ and
to call the direction ’0◦’ (typically the x-axis), in which the intensity I0◦ is mea-
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sured, Q+ direction. The Stokes parameter Q− = −Q+ = E2
0, y − E2

0, x has a direc-
tion perpendicular to Q+ axis (or along the y-axis). The axes which are associated
with the Stokes parameters U+ and U− are rotated by 45◦ counter-clockwise with
respect to the Q+ direction (see Fig. 1.10 (7)).

Using the trigonometrical relationships, the polarization angle φ of the ellipse
(Fig. 1.9) can be obtained in terms of the Stokes Q and U parameters:

φ = 0.5 · arctan
(

U
Q

)
, (1.20)

The Stokes formalism makes use of the fact that the total intensity of light
I can be split into an unpolarized component which has an intensity Iu and an
elliptically polarized component with intensity Ip:

I = Iu + Ip = I0◦ + I90◦ = I45◦ + I135◦ (1.21)

The ratio between the intensity of the polarized component and total intensity
defines the polarization fraction of light:

p =
Ip

I
=

√
Q2 + U2 + V2

I
, (1.22)

where 0 ≤ p ≤ 1 with p = 0 for the unpolarized light and p = 1 for fully
polarized light.

We differentiate between the linear polarization fraction plinear and the circular
polarization fraction pcircular

plinear =

√
Q2 + U2

I
(1.23)

pcircular =
V
I

(1.24)

Polarization of scattered light in debris belts

Scattering off gas molecules and dust grains produces polarized light. When the
incident unpolarized radiation sets the electric charges inside small grains into
motion, they oscillate in all possible directions in the x-y plane (Fig. 1.11). This is
because the incident wave is transverse and its electric field vector randomly os-
cillates in the plane which is perpendicular to the wave travelling direction. Each
electric charge acts like a dipole producing secondary radiation with the electric
field vector oscillating along the axis of a charge motion. Therefore, in a simple
case of single scattering, light scattered along the x-axis will be predominantly
linearly polarized in y-direction because only the Ey component of the electric
field, oscillating along the y-axis, generates scattered radiation in x-direction and
vice versa. For example, observers O1 or O2 see the light which is linearly po-
larized along the y-axis but at the location of O3 or O4, the incoming wave is
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Figure 1.10: Diagrams illustrating oscillation patterns which are traced out by the electric
field vector E in different polarization states of the electromagnetic wave: (1) horizontal
linear polarization, (2) vertical linear polarization, (3) lefthand elliptical polarization, (4)
linear polarization at 45◦, (5) linear polarization at 135◦, (6) righthand circular polariza-
tion. Right (7): Orientation of the Stokes parameters Q+, Q−, U+ and U−.

linearly polarized along the x-axis. An observer in the x-y plane (at scattering an-
gles θ = 90◦) receives light which is partially linearly polarized perpendicular to
the scattering plane to the maximum degree. The observer O5 (θ = 0◦), along the
incident beam, sees only the incident radiation and forward scattered light which
is only little polarized. At intermediate scattering angles 0◦ < θ < 90◦ (location
of O6), the observed light is partially polarized but to a smaller degree than the
maximum at θ = 90◦.

Debris disks are thought to be optically thin. It is assumed that photons un-
dergo predominantly a single scattering and escape from the disk without further
interaction with dust grains. Since the direction of scattered light polarization is
perpendicular to the scattering plane, a distant observer should measure an az-
imuthal orientation of the electric field vector for the polarized light (perpendicu-
lar to the line connecting each region of the disk with the star). Figure 1.12 shows
the orientation patterns of the polarized light component which we would expect
to observe for the narrow debris belt at different inclinations.

Scattering phase matrix

The scattering process transforms the whole Stokes vector. The relation between
the Stokes parameters of the incident radiation and the Stokes parameters of the
scattered light can be established using the matrix equations 1.15 and 1.19 and
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Figure 1.11: Polarization of light after scattering off a dust grain. The incident stellar
light is unpolarized. Light scattered along the y-axis is linearly polarized in x-direction,
whereas light propagating along the x-axis after scattering is linearly polarized in y-
direction. Light scattered along the z-axis remains unpolarized. The light reaching ob-
server O6 is partially polarized. Modified after Falk et al. (1985)

can be represented as:
I
Q
U
V


sca

=
σsca

4πr2


P11 P12 P13 P14
P21 P22 P23 P24
P31 P32 P33 P34
P41 P42 P43 P44




I
Q
U
V


i

(1.25)

where P is the scattering phase matrix of which the elements Pij(θ) can be calcu-
lated from the scattering amplitudes Sj in Eq. 1.15. The scattering phase matrix
elements are functions of the scattering angle θ and the wavelength of the inci-
dent light. They also depend on size, shape and composition of the dust grains.
In general, all Pij are independent. A scattering symmetry implies that for ran-
domly oriented non-spherical particles the matrix becomes simpler:

P =


P11 P12 0 0
P12 P22 0 0
0 0 P33 −P34
0 0 P34 P44.

 (1.26)

If the circular polarization can be neglected (all Pi4 = 0), the components of
the phase matrix are given by (Bohren & Huffman 1983):

P11 =
2π

k2σsca
(|S2|2 + |S3|2 + |S4|2 + |S1|2), (1.27)

P12 =
2π

k2σsca
(|S2|2 − |S3|2 + |S4|2 − |S1|2), (1.28)
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Pole-on disk  Inclined disk  Edge-on disk  

Figure 1.12: Orientation pattern of the electric field vector E of the polarized light scat-
tered off dust grains in a narrow debris belt. The length of the vector corresponds to
the polarized light intensity given by the scattering phase function for polarization (see
Sect. 2.2.1).

P22 =
2π

k2σsca
(|S2|2 − |S3|2 − |S4|2 + |S1|2), (1.29)

P33 =
4π

k2σsca
<(S2S∗1 + S3S∗4). (1.30)

There are different methods to compute Pij components which are discussed
in the next sections.

Extinction efficiencies

The light attenuation or the amount of energy removed from a beam by a particle
through scattering and absorption is defined in terms of cross sections. Consid-
ering an incident beam with the intensity Ii and total scattered power Wsca, the
scattering cross section σsca is given by:

σsca =
Wsca

Ii
(1.31)

The scattered power Wsca is non-uniformly distributed in space because no parti-
cle scatters light isotropically. The angular dependence of the scattered intensity
can be characterised by the differential scattering cross section dσsca/dΩ. The to-
tal scattering cross section is obtained by integrating over all directions (Bohren
& Huffman 1983):

σsca =
∫

4π

dσsca

dΩ
dΩ (1.32)

The normalized differential scattering cross section

p =
1

σsca

dσsca

dΩ
(1.33)
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is often referred to as the phase f unction. This is an important characteristic of
dust grains and is discussed more in Sects. 1.2.3 and 2.2.1.

The rate of absorption of radiation by an illuminated particle Wabs is propor-
tional to the absorption cross section:

σabs =
Wabs

Ii
(1.34)

The sum of both cross sections defines the extinction cross section:

σext = σsca + σabs (1.35)

Cross sections normalized to the particle geometrical cross section are referred to
as efficiencies:

Qsca =
σsca

G
Qabs =

σabs

G
Qext =

σext

G
(1.36)

where G is the particle’s area projected onto a plane perpendicular to the incident
beam. For a spherical particle with radius a it is equal to πa2.

The extinction cross section is a function of radiative properties of grains such
as the refractivity n and the absorptivity κ which are described by the complex
index of refraction m = n + iκ (Bohren & Huffman 1983). The real part n is the
index of refraction which specifies the phase velocity of light in material. The
imaginary part κ is called extinction coefficient and indicates the amount of light
attenuation when the wave propagates through material. The extinction cross
section depends strongly on the relation between particle size and wavelength
of the incident radiation. This relation is characterised by the dimensionless size
parameter x:

x =
2πa

λ
(1.37)

where λ = λ0/m0 is the wavelength of the incident wave in the surrounding
medium with the refractive index m0 and λ0 is the wavelength of the wave in
vacuum.

Figure 1.13 illustrates the extinction efficiency as a function of the size pa-
rameter x for astrosilicates (m = 1.7− i 0.1, Draine (2004)), olivine grains (m =
1.66 − i 1.68, material which is assumed to be often present in debris disks) in
comparison with water droplets (m = 1.33 + i 0) at visible wavelengths (λ = 735
nm). The extinction efficiencies were obtained using the Mie theory.

Light scattering by small particles is divided in three main regimes based on
their size parameter x:

• x � 1: Rayleigh scattering

• x ≈ 1− 10: Mie scattering

• x � 10: Geometrical optics.

An example of scattering domains for the spherical particles is given in Fig. 1.13.
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 Geometrical  
optics regime 

   Qext     2 

 Rayleigh  
  regime 

Qext  ~  x4 

Figure 1.13: Left: Extinction efficiency Qext as a function of the effective size parameter
x for olivine (green line), astrosilicates (red line) and water droplets (blue line). The Mie
theory and refractive indices of the material at λ = 735 nm were used. Right: Example
for domains of scattering regimes.

Rayleigh scattering

Rayleigh scattering takes place when the wavelength of the incident electromag-
netic wave is much larger than the size of the particle (λ � a). Such a small par-
ticle scatters light like an oscillating dipole. The generated secondary radiation
has the same frequency of electric field as the incident radiation and propagates
as an outgoing spherical wave. The phase matrix components have the following
angular dependence on the scattering angle θ:

P11 ∝ (cos2 θ + 1), P12 ∝ (cos2 θ − 1), P33 ∝ cos θ. (1.38)

In observations of scattered light from the circumstellar dust, the Rayleigh
scattering becomes a dominant regime for the submicron-sized dust grains i.e.
with a < 0.1 µm. In this regime, the scattering cross section is much larger at
shorter wavelengths because σsca ∝ λ−4.

Mie scattering

Scattering by particles with size comparable to the wavelength of the incident
light is treated by the Mie theory. In 1908, German physicist Gustav Mie pro-
posed a solution to the Maxwell’s equations, describing the scattering of electro-
magnetic plane waves by a homogeneous sphere, in terms of infinite series of
vector spherical harmonics (Mie 1908).

Although spheres are non-appropriate proxies for the dust grains and their
aggregates, the Mie theory is often used for the modeling of scattering processes
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in circumstellar environments because it provides a method to compute the scat-
tering matrix amplitudes. Meanwhile, there are a number of computational pro-
grams implementing Mie solutions for different particle geometries, e.g. infinite
cylinders, clusters of spheres, concentric spheres etc.

For the spheres is valid: P11 = P22 and P33 = P44. The Mie theory provides
four independent phase matrix elements:

P11 =
1
2
(|S2|2 + |S1|2), (1.39)

P12 =
1
2
(|S2|2 − |S1|2), (1.40)

P33 =
1
2
(S∗2S1 + S2S∗1), (1.41)

P34 = i
1
2
(S∗2S1 − S2S∗1). (1.42)

with the scattering amplitudes

S1(θ) =
∞

∑
n=1

2n + 1
n(n + 1)

(anπn(cos θ) + bnτn(cos θ)) (1.43)

S2(θ) =
∞

∑
n=1

2n + 1
n(n + 1)

(bnπn(cos θ) + anτn(cos θ)) (1.44)

S3(θ) = S4(θ) = 0 (1.45)

where the complex Mie coefficients an and bn are derived from boundary condi-
tions and expressed via spherical Bessel functions.

The Mie angular functions πn and τn are functions of the associate Legendre
polynomials:

πn(cos θ) =
1

P1
n(cos θ)

, τn(cos θ) =
d
θ

P1
n(cos θ), (1.46)

and the scattering and extinction cross sections are derived from the coeffi-
cients an and bn:

σsca =
2π

k2

∞

∑
n=1

(2n + 1)(|an|2 + |bn|2), (1.47)

σext =
2π

k2

∞

∑
n=1

(2n + 1)<(an + bn). (1.48)
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Geometrical optics

The geometrical optics approximation is used to compute scattered light intensity
for dust grains, which are much larger than the radiation wavelength. In this ap-
proximation, the propagation of light is described in terms of rays. The rays are
considered to travel in straight-line paths, they can be reflected or absorbed. This
interaction regime becomes more important if large grains are dominant particles
of the grain size distribution. In such a case, they determine the spatial distribu-
tion of scattered intensity at specific scattering angles. The observations of the
debris disk around the nearby star Fomalhaut have shown, for instance, that the
dust grains in this system scatter most of the light in a backward direction (Min
et al. 2010). The authors explained such a scattering behavior of debris material
with the reflectance by micro-asteroids and concluded that the Fomalhaut dust
ring should be dominated by very large grains of at least 100 µm in size.

In the geometrical optics regime the extinction efficiency of particles ap-
proaches 2 (Qext ≈ 2, Fig. 1.13 (left)). This means that the amount of energy
removed from the incident wave is twice as large as the amount of energy which
interacted with the particle’s surface. This so called extinction paradox contradicts
the geometrical optics theory which predicts the extinction efficiency of Qext = 1.
One of the favourable explanations for this effect is the shadowing of light by a
particle and the diffraction of light at the particle’s edges.

1.2.3 Phase function

The phase function p(θ) (Sect. 1.2.2) specifies the amount of radiation (for unit
incident irradiance) scattered in direction θ (Fig. 1.11) per unit solid angle. For
the forward scattering, θ = 0◦ and for the backward scattering, θ is equal to 180◦.

In general, the scattering off dust grains is defined by the 4× 4 phase matrix
P(θ) (see Eq. 1.25). However, we assume that the stellar radiation is unpolarized.
This means that only the first component of the Stokes vector for the incident
radiation, the light intensity Ii, is non-zero and

Isca(θ) =
σsca

4πr2 P11(θ) Ii. (1.49)

Therefore, P11(θ) is usually referred to as the scattering intensity phase function
or simply as the phase function p(θ). Hereafter, we also refer to P12(θ) as the
polarized phase function, because it specifies the fraction of radiation scattered
in direction θ which is linearly polarized. Consequently, P12(θ)/P11(θ) defines
the fraction of linear polarization of the scattered light.

In this thesis, we use the normalized phase function p(θ) = P11(θ)
4π so that:

2π∫
0

π∫
0

p(θ) sin θ dθ dφ = 1 (1.50)
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Figure 1.14: Left: Scattering phase function of Rayleigh (red line) and the Mie scattering
phase function for a spherical astrosilicate particle (m = 1.7− i 0.1). Right: Comparison
of several Henyey-Greenstein phase functions plotted for g = 0.9, 0.5, 0.0 (isotropical
scattering), -0.5 and the empirical zodiacal function. All phase functions are normalized
so that their integral over the full solid angle equals unity.

is valid and equivalent to:

1∫
−1

p(cos θ) d(cos θ) =
1

2π
(1.51)

As mentioned in 1.2.2, the phase function depends on the size, shape and
optical properties of dust grains as well as on the wavelength of the incident
radiation. For example, the phase function for small particles, scattering light in
the Rayleigh regime, is given by:

p(θ) =
3
4
(1 + cos2θ), (1.52)

whereas the phase function of a single spherical particle derived from the Mie
theory (size parameter in range 0.1 . x . 50) is more complicated and exhibits
many wiggles. Figure 1.14 shows a sample of scattering phase functions com-
puted with the Mie theory for the wavelength λ = 0.735 µm and a spherical
astrosilicate particle (m = 1.7− i 0.1) of different size parameters x.

The shape of the phase function is often characterized with an asymmetry pa-
rameter g. Considering an azimuthally-averaged phase function as a probability
distribution function, the asymmetry parameter is defined as the mean cosine of
the scattering angle θ. It is derived from the first moment of the phase function
in cos θ:

g ≡< cos θ >= 2π

1∫
−1

p(cos θ) cos θ d(cos θ). (1.53)
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The asymmetry parameter takes values in the range −1 6 g 6 1 and specifies
the degree of scattering in the forward direction (θ = 0◦): g = 1 indicates pure
forward scattering, g = 0 means that grains scatter the light isotropically while
g = −1 stays for pure backward scattering. Dust grains which scatter radiation
preferentially in the forward direction are described with 0 < g ≤ 1. If scattering
is directed more backwards then g is negative (−1 ≤ g < 0).

Henyey-Greenstein function Because of its convenience, a one-parameter
function called the Henyey-Greenstein (HG) phase function (Henyey & Green-
stein 1941) is often used when modeling images of debris disks in scattered light:

PHG(θ, g) =
1− g2

4π(1 + g2 − 2g cos θ)3/2 . (1.54)

The HG function was introduced to describe the angular distribution of the in-
tensity of stellar radiation diffused by interstellar dust in the Milky Way Galaxy.

Zodiacal phase function Another empirical phase function was obtained by
the interpretation of zodiacal light brightness measured with micrometeroid de-
tectors on the space probes in the inner solar system (Leinert et al. 1976). The
fluxes of interplanetary dust suggest that the average size of particles in zodiacal
dust is ∼ 30 µm. Ahmic et al. (2009) proposed the following interpolation for the
zodiacal phase function:

Pzod(θ) =
0.3

(0.2 + θ/2)3 + 1.4
(

θ

3.3

)4

+ 0.2. (1.55)

Phase function of mm-sized grains Recently Muñoz et al. (2017) have pre-
sented the experimental phase functions for mm-sized dust grains at an optical
wavelength (λ = 0.527 µm) measured in the laboratory. The data were obtained
for the grains consisting of enstatite (m = 1.7− 0.1 i), quartz and volcanic mate-
rial. Although the investigated grains can not be considered as a good proxy for
the cosmic interplanetary grains which could have a different composition and
aggregate state, the derived scattering functions (Fig. 1.15) resemble surprisingly
well the observed phase functions measured from scattered light images of debris
disks (Kalas et al. 2005).

Phase function for a collection of particles For a given type of particles charac-
terized by the size distribution n(a), the optical characteristics are derived by the
integration over n(a). The differential number density dn(a) = n(a)da defines
the number of spherical grains with radii between a and a + da per unit volume.
The total number of grains with radii in the interval [amin, amax] per unit volume
is an integral:

N(amin, amax) =

amax∫
amin

n(a) da. (1.56)
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Figure 1.15: Comparison of the experimental phase functions (F11) for enstatite, quartz
and volcanic material with the observed phase function of grains in the Fomalhaut debris
disk (Kalas et al. 2005). Figure adapted from Muñoz et al. (2017).

The size distribution n(a) is given in units
[

1
volume

1
length

]
.

The scattering phase function for an ensemble particle is derived as:

p(θ) =

amax∫
amin

p(θ, a) σsca(a) n(a) da

amax∫
amin

σsca(a) n(a) da
(1.57)

The evaluation of the phase function of interplanetary grains is one of the
fundamental questions of the current debris disk studies. The phase function is
a key characteristic because the scattering behavior of dust particles contains in-
formation about their optical properties and effective sizes, giving thus valuable
insights into the evolutionary processes in young stellar systems. An accurate
measurement of the spatial distribution of scattered intensity in a wide range of
scattering angles with current space or ground-based telescopes can provide an
estimate for a shape of the phase function. This remains still a challenging task
and is only possible for debris disks which have a proper extent and inclination.
So far, such measurements have been done only for a handful of objects, e.g. de-
bris disks around Fomalhaut (Kalas et al. 2005), HD 181327 (Schneider et al. 2014),
HR 4796 A (Milli et al. 2017).

Another possibility to shed light on the grain nature would be an investiga-
tion of the polarized phase function (P12(θ)), which we discuss in more detail in
Sect. 2.2.1. Especially for edge-on disks, the polarized phase function is easier to
reconstruct because the maximum polarized flux is achieved at larger scattering
angles compared to the maximum total scattered flux and thus at larger radial
separations from the star, which are not hidden behind the coronagraphic mask.
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1.3 Thesis overview

This thesis presents the studies of debris disks around young A and F stars using
detailed analytical modeling of the dust spatial distribution, stellar light scat-
tering off dust grains and polarization of the scattered radiation. The focus of
these studies is on the polarimetric observations of edge-on debris disks and on
the diagnostic potential of polarimetry as a tool for studies of disk morphologies
and properties of the circumstellar dust grains. The scope of the presented re-
search includes the questions of which parameters can be derived from scattered
and polarized light observations and to which extent these data are affected by
the instrumental effects and data reduction bias. The imaging and polarimet-
ric data used in this work were obtained with SPHERE-ZIMPOL (Zurich IMag-
ing POLarimeter) and SPHERE-IRDIS (Infra-Red Dual-beam Imager and Spec-
trograph) at VLT. ZIMPOL was developed at ETH by the research group led by
H.M. Schmid and is currently one of the most sensitive instruments for high-
contrast and high-resolution polarimetric observations. One substantial part of
my work during the past four years consisted of the examination and processing
the ZIMPOL data. This work aimed at the optimization of the data reduction
pipeline as well as the study of the exploitation limits and the full potential of the
instrument. The gained knowledge and experience facilitated a lot the analysis
of the observed debris disk morphologies discussed in this thesis. The work pre-
sented in the second part of the manuscript was performed in tight collaboration
with H.M. Schmid (Chapters 3 to 4) and with A. Boccaletti (Chapter 5).

Chapter 2 contains a description of three-dimensional (3D) model which was
developed to create synthetic images of debris disks in scattered and in polarized
light. The effect of the polarized flux cancellation due to the limited resolution of
the instruments and convolution with the instrument PSF is also discussed in this
section. The model was presented in paper “The HIP 79977 debris disk in polarized
light” by N. Engler et al., published in 2017 in Astronomy & Astrophysics.

In Chapter 3, the polarized light model is applied to the specific case of the de-
bris disk around HIP 79977. The polarized intensity image (Stokes parameter Qφ

image) is modeled to derive geometrical parameters of the disk and to constrain
the Henyey-Greenstein parameter g. For the study of the disk morphology, the
vertical profiles of the polarized flux are obtained. The radial profile of the po-
larized flux, integrated over the disk height, is compared with the similar radial
profile of another edge-on debris disk around M star AU Mic. Both profiles show
a maximum value at the location of the “birth” ring (see Sect. 3.6.2). The power
of polarimetric measurement as a diagnostic tool to determine the location of the
planetesimal ring in the edge-on disk is discussed. In addition, the photometric
analysis of the data is carried out. The fractional infrared luminosity of the disk
is compared with the fractional polarized light luminosity and a new parameter
is defined to describe the dust grain’s properties. The results of this work are
published in the paper “The HIP 79977 debris disk in polarized light” by N. Engler
et al. in 2017 in Astronomy & Astrophysics 607, A90.

In Chapter 4 the first detection of scattered light from the close-in circumstel-
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lar dust around A star HD 172555 is presented. The HD 172555 debris disk is a
special disk because it is very close to the star (radius of the disk is ∼10 au) and
the disk SED shows a very pronounced emission feature at 9.8 µm. This emission
indicates a large amount of “hot” fine (sub-micron sized) dust in the disk which
could be generated in a violent impact between two planetary embryos (Lisse
et al. 2009). Our detection shows rather an axisymmetric distribution of the dust
in the disk which was modelled using a polarized light model presented in Chap-
ter 2. We performed the photometric analysis of the data and investigated with
model simulations the presence of an additional source of polarized light which
could be hidden behind the coronagraph and remained undetected in our data.
The results of this work are accepted for publication in Astronomy & Astrophysics.

Chapter 5 is dedicated to the observations of the well-known HD 15115 debris
disk, nicknamed “blue needle” because of its strong asymmetry in shape and
brightness between the east and west sides at visible wavelengths (Kalas et al.
2007). The west side of the disk extends to 12′′ (580 au) whereas the east side is
detected up to 7′′ (340 au) with HST. Dust grains in this disk exhibit blue F606W -
H color beyond r ≈ 2′′. Closer to the star, the F110W - H disk color is red (Debes
et al. 2008) and the KS − L′ color is grey (Rodigas et al. 2012). Our observations
at near-IR wavelengths with SPHERE-IRDIS resolved the debris ring previously
seen in NICI data (Mazoyer et al. 2014). We measured the disk surface brightness
along the major axis in the broad J and H bands and detected the change in the
disk color from red to blue between 2.5′′ and 4′′. Moreover, polarimetric data in
the J band revealed the complex morphology of HD 15115 disk in a new light. The
polarized light image shows significant structural differences between both sides
of the disk with morphological features, which could be induced by the presence
of a large gravitating body or by collisions of large planetesimals. Alternatively,
these features might be explained by a double belt system. The discussion about
a possible inner belt in the HD 15115 disk is presented in Chapter 5 and summa-
rized in paper “Investigating the presence of two belts in the HD 15115 system” which
is submitted to Astronomy & Astrophysics.

The thesis concludes with an outlook on perspectives of the debris disk imag-
ing and their future studies with the currently available and upcoming instru-
ments.
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Chapter 2

Modeling of scattered and polarized light
images of debris disks∗

2.1 Description of model of the scattered light image

To reproduce the physical appearance of the debris disks, we construct a 3D
model for the scattered intensity and the polarization flux from optically thin
(single scattering) dust. The disk is described by an axisymmetric dust distri-

bution using the cylindrical coordinates r =
√

x2
d + y2

d and h, where xd and yd

describe the disk midplane and the axis h gives the height above it (see Fig. 2.1).
The disk model is projected onto an x-y sky plane, where x = xd defines the line
of nodes and y is the perpendicular axis through the central star. The z-axis is
equivalent to the line of sight to the star and the z-component is important for
the calculation of the scattering angle θ. The disk coordinates are related to the
sky coordinates by:

x = xd,
y = yd cos i + h sin i,
z = −yd sin i + h cos i.

Following Artymowicz et al. (1989) we adopt a product of two functions to
describe the number density distribution n(r, h) of dust grains in the disk

n(r, h) ∼ R(r) Z(h).

For the radial R(r) and vertical Z(h) distribution profiles we adopt expressions
which are often used in the literature (Augereau et al. 2001; Ahmic et al. 2009;
Thalmann et al. 2013) in accordance with the theory of a ”birth ring”, a plan-
etesimal reservoir in analogy to the Kuiper Belt in the solar system. In this ring,
dust down to sub-micron sizes is produced by collisions and evaporation of solid
bodies. The radial profile is given by the following expression:

R(r) =

((
r
r0

)−2αin

+

(
r
r0

)−2αout
)−1/2

, (2.1)

∗ Parts of this chapter have been published by Astronomy & Astrophysics (2017) 607, A90
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Chapter 2. Model for scattered and polarized light

𝒙, 𝒚, 𝒛   

𝜽  

𝒚  

𝒛 = 𝑳𝑶𝑺  
𝒊  

𝒙 = 𝒙𝒅  

𝒉  

𝒕𝒐 𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒓  𝒚𝒅  

Figure 2.1: Illustrative sketch of the debris disk with inclination i and coordinate systems
(x, y, z) and (xd, yd, h) used in model. The small blue cube at scattering angle θ marks the
position (x, y, z) of a grid element with grain number density n(x, y, z).

where r0 is the radius of planetesimal belt and radial power laws rαin (αin > 0)
and rαout (αout < 0) describe the increase of grain number density inside the ”birth
ring” and the decrease of the density in the outer region, respectively. The vertical
profile Z(h) defines an exponential drop-off with the disk height:

Z(h) = exp
[
−
(
|h|

H(r)

)γ]
, (2.2)

where γ = 1 for a purely exponential fall off and γ = 2 for the Gaussian profile.
For the scale height H(r) we assume a power law dependence on radius

H(r) = H(r0)

(
r
r0

)β

,

where H(r0) is a scale height at r0 and β is the flare index of the disk.
For an optically thin debris disk the amount of scattered radiation from a vol-

ume element with coordinates (r, h) is determined by the intensity of the incident
light at wavelength λ and the product of the average grain cross-section for scat-
tering 〈σsca〉(r, h) per particle with the number density n(r, h) of grains in this
volume. How much light is scattered by particles into the specific direction de-
pends on the scattering angle θ:

θ = arccos

(
z√

x2 + y2 + z2

)
and is described by the phase function fλ(θ). We derive the intensity of the light
in the computed image from the integral over all grid cells along the line of sight
or z-axis

Iλ(x, y) =
Lλ

4πD2

∫ fλ(θ) 〈σsca, λ〉(r, h) n(r, h)
4π(x2 + y2 + z2)

dz, (2.3)

36



2.2. Model of the polarized light image

where Lλ denotes stellar monochromatic luminosity at wavelength λ, D is the
star-Earth distance and fλ(θ) is an averaged dust scattering phase function (see
Sect. 2.2.1).
The grain cross-section for scattering σsca, λ is a product of the grain geometrical
cross-section with the grain-scattering efficiency Qsca. In general, the scattering
efficiency as well as the phase function depend on the wavelength of the incident
light λ and the grain size, shape and composition. Assuming the same compo-
sition and shape parameters for all grains in the unit volume with coordinates
(r, h), we can average over all particle sizes to express σsca, λ(r, h) per particle as

〈σsca, λ〉(r, h) = π 〈Qsca, λ(a) a2〉 = π

n(r, h)

amax∫
amin

Qsca, λ(a) a2 n(a)da, (2.4)

where a is a grain radius varying between the minimum size amin and maximum
size amax for a given grain size distribution n(a), and n(a) da defines the differ-
ential number density of grains with radii in the interval [a, a + da]. The grain
minimum and maximum sizes have to be fixed in our model if the phase func-
tion is calculated from the Mie scattering theory. In detailed treatments these
parameters can vary freely but in order to reduce the running time of the code,
the computation of the scattering cross-section can be simplified by considering
the same grain-size distribution, grain sizes and optical properties everywhere in
the disk. In this case the average cross-section per particle is constant through the
disk and we can take it out of an integral:

Iλ(x, y) =
Lλ〈σsca, λ〉

4πD2

∫ fλ(θ) n(r, h)
4π(x2 + y2 + z2)

dz = A
∫ fλ(θ) R(r) Z(h)

(x2 + y2 + z2)
dz, (2.5)

where A is a normalization parameter containing all constants used in the model,
such as the stellar luminosity and the star-Earth distance, and so on.

2.2 Model of the polarized light image

The intensity of polarized light from a debris disk has a different angular de-
pendence on the scattering angle θ compared to the intensity of scattered light
(Fig. 2.3). Therefore we need to model the polarized flux Ip, λ, which requires
the consideration of a different scattering phase function fλ(θ, gsca) together
with the corresponding angle dependence of the produced polarization signal
pm(λ)LP(θ) as discussed in the following subsection. The result follows then
from the integration

Ipλ(x, y) =
Lλ〈σsca, λ〉

4πD2

∫ pm(λ) LP(θ) fλ(θ, gsca) n(r, h)
4π(x2 + y2 + z2)

dz =

= Ap

∫ LP(θ) fλ(θ, gsca) R(r) Z(h)
(x2 + y2 + z2)

dz,
(2.6)
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Chapter 2. Model for scattered and polarized light

where Ap is the scaling factor A · pm.
The polarized flux Ip, λ can be calculated from the components of the Stokes

vector (Eq. 1.22):

Ip, λ =
√

Q2 + U2 =
√

Q2
φ + U2

φ, (2.7)

We assume that in an optically thin debris disk the single scattering of pho-
tons is dominant and multiple scattering is negligible. Single scattering produces
linearly polarized light oriented perpendicular to the scattering plane. Therefore,
in the two-dimensional image of polarized flux we should measure the azimuthal
orientation of the electric field. This orientation corresponds to the signal of the
Stokes parameter Qφ. The locally defined Stokes parameters Qφ and Uφ (Eq. 2.10
and 2.11) describe the polarization components with the azimuthal orientation
and in direction at 45◦ to the azimuthal orientation, respectively (see Sect. 1.2.2).
Thus, the image of the Stokes parameter Uφ should display no signal because it
shows the polarization component oriented at 45◦ to the azimuthal direction. In
this direction we do not expect to measure any signal if the assumption of single
scattering is valid. This means Ip, λ = Qφ.

Figure 2.2 illustrates individual steps in the modeling of the consecutive im-
ages imitating the procedure of the polarized flux measurement with the ZIM-
POL instrument (from the left column to the right column). For this illustration,
the geometric parameters of the HD 172555 debris disk (see Chapter 4) were used.
The first column shows the modelled intrinsic polarized flux Ip, λ = Qφ (hereafter
the Qφ image) and the Stokes parameter Uφ = 0 (hereafter the Uφ image). Using
the map of the polar angle φ, these images are transformed to the Stokes param-
eter Q and U:

Q = −Qϕ cos 2ϕ (2.8)

U = −Qϕ sin 2ϕ (2.9)

where ϕ is the polar angle of each image point and is measured from north over
east (NoE). This polar coordinate system corresponds to the measurement axes
of the instrument shown in the diagram on the right side of Fig. 2.2. In ZIMPOL,
the Stokes Q+ parameter is measured along north-south axis and the Stokes U+

parameter is measured along northearst-southwest axis. The diagram shows also
the orientation of north and east in each image. In this example, the images of
the HD 172555 debris disk are rotated by 22◦ clockwise to place the major axis of
this particular disk in a horizontal position. The non-alignment of the disk axes
with the Q and U measuring axes causes an asymmetric flux distribution in the
Q and U images in Fig. 2.2 ((c), (d), (e) and (f)). Generally, to simulate images of
the Stokes Q and U parameters, the φ = 0 axis of the φ-map should be aligned
with the Q+ axis of the instrument.

The Q and U images (Figs. 2.2 (c) and (d)) are used to create the images of
individual polarization states I0, I45, I90 and I135. In the next step, the images
Ii (i = 0, 45, 90, 135) are convolved with the instrument PSF measured from the
data. The PSF shape is often strongly variable during the observing run. In such
a case, a mean PSF is representative for the observations. It can be fitted with a
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2.2. Model of the polarized light image
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Chapter 2. Model for scattered and polarized light
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Figure 2.3: Scattering phase function for the polarized light (blue) for three different
asymmetry parameters gsca = 0.2, gsca = 0.4, and gsca = 0.6. The red lines show the
corresponding Henyey-Greenstein functions for f (θ, gsca).

radial, rotationally symmetric Moffat profile which can be used for the convolu-
tion. The exact shape of the stellar PSF is not so critical because the disk model
has a relatively simple structure.

After the convolution, the orthogonal states Ii are combined to the model im-
ages of the Stokes parameters Q and U in the convolved state (Figs. 2.2 (e) and (f)).
These Q and U images imitate the output of the ZIMPOL data reduction pipeline.
They are used to compute the final Qϕ and Uϕ images of the disk (Figs. 2.2 (g) and
(h)) by doing the reverse coordinate transformation as follows:

Qϕ = −(Q cos 2ϕ + U sin 2ϕ), (2.10)

Uϕ = −Q sin 2ϕ + U cos 2ϕ (2.11)

Finally, the modelled Qϕ and Uϕ images can be compared with the observa-
tions to find a set of model parameters which best fits the data.

2.2.1 The scattering phase function for polarized light

The phase function (PF) fλ(θ) in Equation (2.3) characterizes the angle depen-
dence of scattered radiation. In the following, we disregard the wavelength de-
pendence of the PF.

A very popular way to describe the scattering phase function is the Henyey-
Greenstein (HG) function (Henyey & Greenstein 1941):

f (θ) =
1− g2

4π(1 + g2 − 2gcosθ)3/2 , (2.12)
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2.2. Model of the polarized light image

where g is the average of the cosine of the scattering angle which characterizes
the shape of the phase function. For isotropic scattering g = 0, forward scattering
grains have 0 < g ≤ 1, while for −1 ≤ g < 0 the scattering is peaked backwards.

However, there exists also growing evidence that a simple HG-function is a
poor approximation for the modeling of the scattered intensity from debris disks.
This is nicely demonstrated for the bright disk HR 4796A (Milli et al. 2017), which
shows a strong diffraction peak for small phase angles θ < 30◦ and a scattering
intensity which is roughly angle-independent for large phase angles θ > 30◦.
Thus, a more general phase function, for example a two-component (or double)
HG function, seems to be required for the modeling of the scattered intensity of
highly inclined debris disks

f (θ, gdiff, gsca) = w · f (θ, gdiff) + (1− w) · f (θ, gsca) , (2.13)

where the first term describes the strong diffraction peak, the second term repre-
sents the more isotropic and much less forward scattering part (see also Min et al.
2010), and w is the scaling parameter, 0 ≤ w ≤ 1.

The situation is slightly different for the polarized scattered radiation. The
strong forward peak seen in the intensity, which can be ascribed to the light
diffraction by large particles a � λ, is expected to produce no significant light
polarization. The scattering polarization is produced by the photons hitting the
particle surface and interacting by diffuse reflection or/and refraction and trans-
mission as described above by the second term f (θ, gsca). But in addition to that,
the angle dependence of the linear polarization LP(θ) produced by the particle
scattering needs to be taken into account. For example, strict forward and back-
ward scattering will produce no polarization for randomly oriented particles for
symmetry reasons. We adopt the Rayleigh scattering function as a simple ap-
proximation for the angle dependence of the polarization fraction psca:

psca(θ) = pm
1− cos2 θ

1 + cos2 θ
= pmLP(θ),

with the scaling factor pm, which defines the maximum fractional polarization
produced at a scattering angle of θ = 90◦.

Figure 2.3 shows some examples of the obtained phase function for the po-
larized flux LP(θ) f (θ, gsca) for different cases of the HG function f (θ, gsca). For
isotropic scattering (gsca = 0) the maximum of scattered polarized flux occurs at
θ = 90◦. For an asymmetry parameter gsca > 0 the maximum is shifted to smaller
scattering angles producing a corresponding asymmetry in the amount of polar-
ized light received from the front and back sides of the disk. So, for example,
the value of polarized flux PF (gsca = 0.6) at θ = 20◦ is 35 times higher than at
θ = 160◦.
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Chapter 2. Model for scattered and polarized light

2.3 Investigation of the flux cancellation effect

The examination of the final Qϕ and Uϕ images (Figs. 2.2 (g) and (h)) leads to
two important conclusions. The comparison of the unconvolved and convolved
Qϕ images (Figs. 2.2 (a) and (g)) demonstrates the loss of a fraction of the polar-
ized flux due to the convolution of the intensity of two orthogonal polarization
states Ii with the PSF (see also Sect. 4.5.2). As a result of the blurring effect on
the positive and negative signals in the Stokes Q and U due to the convolution
with PSF, a non-zero signal is present in the final Uϕ image (Fig. 2.2 (h)). How-
ever, our calculations show that the generated Uϕ flux is of one order smaller
than the Qϕ flux which we measure in the Qϕ image (Fig. 2.2 (g)). In general,
this artificially created Uϕ flux, as well as the magnitude of the flux loss in the
Qϕ image, depend on the geometry and extent of the polarized flux source and
on the PSF structure. For the small compact sources, the generated Uϕ flux and
PDI efficiency loss are the largest because the resolution of the instrument is lim-
ited. Therefore, this effect should be estimated by means of modeling for each
individual object and detector. To demonstrate this point, we calculated three
models with the same parameters and the same aspect ratio between the radius
of the planetesimal belt and the scale height as in the mean grid model for the HD
172555 debris disk shown in Fig. 4.4(b). The three models have different radii of
the belts: one model with the radius r = 2 au (0.07′′) shown in Fig. 4.6, the second
model has a radius of 10 au (0.35′′) and the third model has a radius of r = 30 au
(1.05′′). Our investigation of the PDI efficiency in these three cases show that the
total polarized flux of the smaller debris disk is reduced by the factor of 0.4 in the
final Qϕ image whereas for the disk of middle size this factor is 0.6. The most ex-
tended disk suffers much less from the convolution effect and its reducing factor
is 0.73 for this disk.
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Chapter 3

The HIP 79977 debris disk in polarized light∗

N. Engler, H.M. Schmid, Ch. Thalmann and the SPHERE collaboration1

Abstract

Context. Debris disks are observed around 10 to 20 % of FGK main-sequence
stars as infrared excess emission. They are important signposts for the presence
of colliding planetesimals and therefore provide important information about
the evolution of planetary systems. Direct imaging of such disks reveals their
geometric structure and constrains their dust-particle properties.

Aim. We present observations of the known edge-on debris disk around
HIP 79977 (HD 146897) taken with the ZIMPOL differential polarimeter of
the SPHERE instrument. We measure the observed polarization signal and in-
vestigate the diagnostic potential of such data with model simulations.

Method. SPHERE-ZIMPOL polarimetric data of the 15 Myr-old F star HIP 79977
(Upper Sco, 123 pc) were taken in the Very Broad Band (VBB) filter (λc = 735 nm,
∆λ = 290 nm) with a spatial resolution of about 25 mas. Imaging polarimetry ef-
ficiently suppresses the residual speckle noise from the AO system and provides
a differential signal with relatively small systematic measuring uncertainties. We
measure the polarization flux along and perpendicular to the disk spine of the
highly inclined disk for projected separations between 0.2′′ (25 AU) and 1.6′′ (200
AU). We perform model calculations for the polarized flux of an optically thin
debris disk which are used to determine or constrain the disk parameters of HIP
79977.

Results. We measure a polarized flux contrast ratio for the disk of (Fpol)disk/F∗ =
(5.5 ± 0.9) · 10−4 in the VBB filter. The surface brightness of the polarized
flux reaches a maximum of SBmax = 16.2 mag arcsec−2 at a separation of
0.2′′ − 0.5′′ along the disk spine with a maximum surface brightness contrast
of 7.64 mag arcsec−2. The polarized flux has a minimum near the star < 0.2′′

∗ This chapter is published in Astronomy & Astrophysics, 607, A90 (2017)
1 The complete list of authors can be found at the end of the chapter
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Chapter 3. HIP 79977 in polarized light

because no or only little polarization is produced by forward or backward scat-
tering in the disk section lying in front of or behind the star. The width of the
disk perpendicular to the spine shows a systematic increase in FWHM from
0.1′′ (12 AU) to 0.3′′ − 0.5′′, when going from a separation of 0.2′′ to > 1′′. This
can be explained by a radial blow-out of small grains. The data are modelled
as a circular dust belt with a well defined disk inclination i = 85(±1.5)◦ and a
radius between r0 = 60 and 90 AU. The radial density dependence is described
by (r/r0)

α with a steep (positive) power law index α = 5 inside r0 and a more
shallow (negative) index α = −2.5 outside r0. The scattering asymmetry factor
lies between g = 0.2 and 0.6 (forward scattering) adopting a scattering-angle
dependence for the fractional polarization such as that for Rayleigh scattering.

Conclusions. Polarimetric imaging with SPHERE-ZIMPOL of the edge-on debris
disk around HIP 79977 provides accurate profiles for the polarized flux. Our
data are qualitatively very similar to the case of AU Mic and they confirm that
edge-on debris disks have a polarization minimum at a position near the star and
a maximum near the projected separation of the main debris belt. The compari-
son of the polarized flux contrast ratio (Fpol)disk/F∗ with the fractional infrared
excess provides strong constraints on the scattering albedo of the dust.

3.1 Introduction

Many main-sequence stars with circumstellar dust have been identitified based
on the detection of infrared (IR) excess emission (Aumann et al. 1984; Oudmaijer
et al. 1992). For nearby systems with strong IR excess, like β Pic, Fomalhaut, HR
4796A and others, it was shown with high contrast observations that this dust is
located in disks or rings (Smith & Terrile 1984; Backman & Paresce 1993; Schnei-
der et al. 1999; Kalas et al. 2005) around the central star. The dust is attributed to
dust debris from collisions of solid bodies in a planetesimal disk, similar to the
Kuiper belt in the solar system (see e.g., Wyatt 2008, for a review). The lifetime
of small dust particles, which are the main component for the IR-excess emis-
sion, is very short because they are blown out of the system by radiation pressure
or stellar winds and therefore they must be replenished by ongoing collisions
in the system. Bright debris disks are particularly frequent around young stars
where they are the last phase of the evolution of planet-forming disks and for
this reason young, bright giant planets are often found in systems with debris
disks (e.g., Kalas et al. 2008; Marois et al. 2008; Lagrange et al. 2010). For older
stars (> 108 yr) the debris disks are rare and usually faint with a few interesting
exceptions which could be caused by a strong transient collisional event. Debris-
disk structure has the potential to reveal the dynamics of planetary systems and
provide very important information about their evolution.

Important aspects for an understanding of the parent bodies responsible for
the debris dust are the disk geometry and the dust particle sizes, structures, and
compositions. The determination of the geometry requires spatially resolved ob-
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servations of the disk. This can be achieved with IR-observations of the thermal
emission of the dust (e.g., Stapelfeldt et al. 2004; Su et al. 2005; Wahhaj et al. 2007),
or with high-contrast observations of the scattered stellar light (e.g., Golimowski
et al. 2006; Schneider et al. 2014). Particle properties are difficult to derive obser-
vationally, because the measurements are indirect and often ambiguous. Typical
particle sizes may be inferred from the spectral energy distribution in the IR and
the separation of the dust from the star. For hot dust, the composition can some-
times be inferred from spectral features, mainly the silicate bands around 10 µm
and 18 µm (e.g., Chen et al. 2006; Duchêne et al. 2014; Mittal et al. 2015; Olofsson
et al. 2009; Moór et al. 2009; Olofsson et al. 2012) and the color of the scattered light
might also indicate grain size, porosity or composition of the particle (e.g., Debes
et al. 2008; 2013).

Up to now, most high-resolution and high-contrast images of debris disks in
scattered light have been taken with the Hubble Space Telescope (HST) or adap-
tive optics (AO) observation using large telescopes from the ground. HST is a
powerful high-contrast instrument because the point spread function (PSF) is not
affected by a turbulent atmosphere and therefore it provides well calibrated in-
tensity images of extended disks. AO observations from the ground provide
a high spatial resolution but they suffer from the variable PSF which depends
strongly on atmospheric conditions. To reveal faint debris disks, high-contrast
data-reduction techniques like angular differential imaging (ADI) or reference
PSF subtraction must be applied. This can be particularly difficult for ground-
based AO data.

In this work we present data of the debris disk HIP 79977 which was observed
with differential polarimetric imaging using the new, extreme AO instrument
SPHERE-ZIMPOL at the VLT (Beuzit et al. 2008). Polarimetry is an alternative
and very sensitive differential measuring method for accurate measurements of
the polarized and therefore scattered light from circumstellar dust in the bright
halo of unpolarized light from the central star. The measured polarization signal
contains additional diagnostic information on the scattering dust, different from
the intensity signal. But the diagnostic potential of polarimetry has hardly been
investigated for debris disks because only a few systems have been observed with
polarimetry up until a few years ago (Gledhill et al. 1991; Tamura et al. 2006; Gra-
ham et al. 2007; Hinkley et al. 2009). With the advent of new extreme AO systems,
such as SPHERE and Gemini Planet Imager (GPI), with sensitive polarimetric
modes (e.g., Perrin et al. 2015; Olofsson et al. 2016; Draper et al. 2016) this tech-
nique will become much more attractive. Our data on HIP 79977 are also used to
demonstrate the capabilities of SPHERE-ZIMPOL for debris disks with imaging
and polarimetric imaging. Therefore, we provide more extensive information on
data reduction, analysis, and modeling.

HIP 79977 is a young, 15 Myr old (Pecaut et al. 2012), F2/3V star of the Up-
per Scorpius association, located at a distance of 123+18

−14 pc (van Leeuwen 2007).
The ∼1.5 M� star is not known to have stellar or planetary companions so far.
The infrared excess was detected by the IRAS satellite and was associated with a
bright debris disk based on the 24 µm and 70 µm excesses measured with Spitzer
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Multiband Imaging Photometer (MIPS) (Chen et al. 2011). The authors supported
their suggestion with the high-resolution optical spectra obtained with Magel-
lan MIKE spectrograph which showed no signs of active accretion onto the star.
There is not much gas in the disk because only a tentative detection of the CO gas
was reported by Lieman-Sifry et al. (2016), suggesting that the amount of gas in
the disk is small compared to the amount of dust. The fractional IR luminosity of
LIR/L? = 5.21 · 10−3 of this target is high but not exceptional. Among 46 young
F-type stars of the Scorpius-Centaurus OB Association with mass ∼1.5 M� and
age between 10 and 17 Myr which were identified as debris disk systems, 11 show
a fractional IR luminosity higher than 10−3 (Jang-Condell et al. 2015).
The disk around HIP 79977 was imaged in scattered light intensity, or Stokes I, in
the H-band and also detected with polarimetry with the Subaru HiCIAO instru-
ment (Thalmann et al. 2013). The observations revealed an edge-on disk extend-
ing out to approximately 2′′ (250 AU), though its inner regions (r < 0.4′′) were
hidden by residual speckles. These data show that HIP 79977 is a good case for
an edge-on debris disk fitting well onto the detector field of view (3.6′′ × 3.6′′) of
the SPHERE-ZIMPOL instrument. Similar full disk observations are not possible
with this instrument for the famous nearby examples β Pic or AU Mic, because
they are too extended.

The paper is organized as follows. In Sect. 3.2 we describe the observations
and present the data. Section 3.3 is dedicated to the methods of the data reduc-
tion and Sect. 3.4 to the polarimetric data analysis. Then, in Sect. 3.5, we give a
description of our model for the spatial distribution of the dust in the HIP 79977
debris disk and present the results of the modeling. Finally, in Sect. 3.6, we com-
pare results from this work with the disk models obtained in previous studies of
HIP 79977 and discuss the diagnostic potential of polarimetric measurements of
debris disks.

3.2 Observations

The SPHERE “Planet Finder” instrument for high-contrast observations in the
near-IR and visual spectral range consists of an extreme adaptive optics (AO) sys-
tem and three focal plane instruments for differential imaging (Beuzit et al. 2008;
Kasper et al. 2012; Dohlen et al. 2006; Fusco et al. 2014). The data described in
this work were taken with the ZIMPOL (Zurich Imaging Polarimeter) subsystem
working in the spectral range from 520 nm to 900 nm (Schmid et al. 2012; Bazzon
et al. 2012; Roelfsema et al. 2010). The SPHERE-ZIMPOL configuration provides
a spatial resolution of 20 − 30 mas and observing modes for angular differen-
tial imaging and polarimetric differential imaging. The pixel scale of ZIMPOL is
3.60 mas per pixel and the field of view is 3.6′′ × 3.6′′. ZIMPOL has two cam-
era arms, cam1 and cam2, and data are taken simultaneously in both arms, each
equipped with its own filter wheel.

A special feature of the ZIMPOL detectors is the row masks covering every
second row of the detector which is implemented for high-precision imaging po-
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Chapter 3. HIP 79977 in polarized light

larimetry using a polarimetric modulation and on-chip demodulation technique
(Schmid et al. 2012). A raw frame taken in imaging mode has only every second
row illuminated and the useful data has a format of 512× 1024 pixels where one
pixel represents 7.2× 3.6 mas on the sky. The same format results from polarimet-
ric imaging for the perpendicular I⊥ and parallel I‖ polarization signals stored
in the “even” and “odd” rows respectively. The advantage of this technique is
that the images with opposite polarization I⊥ and I‖ are recorded using the same
detector pixels. This significantly reduces the differential aberation between I⊥
and I‖ and flat-fielding issues. In the data reduction the I⊥ and I‖ frames, each
512× 1024 pixels, are extracted. In a later step in the reduction the 512× 1024
pixel images are expanded into 1024× 1024 pixel images with a flux conserving
interpolation so that one pixel in the reduced image corresponds to 3.6× 3.6 mas
on sky.

All SPHERE-ZIMPOL observations of HIP 79997 are summarized in Table 3.1.
Imaging observations of HIP 79977 were carried out during a SPHERE com-

missioning run in August 2014 using the VBB or RI-band filter (λc = 735 nm,
∆λ = 290 nm) in cam1 and the I-band filter (λc = 790 nm, ∆λ = 153 nm) in
cam2. A sequence of 40 frames with a total exposure time of 40 min was taken
in pupil tracking mode for angular differential imaging (ADI; Marois et al. 2006).
The atmospheric conditions were strongly variable with a seeing between 0.9′′

and 1.7′′ and short coherence times between 1.7 and 2.8 ms.
Polarimetric measurements were taken as part of the SPHERE guaranteed

time observations (GTO) on April 24, 2015 in field stabilized instrument mode
(P2) and using the slow polarimetry (SP) detector mode with modulation fre-
quency ∼27 Hz. The wide VBB filters were used in both arms of the instrument.
We observed the target with four different sky orientations on the CCD detectors
with position-angle offsets of 0◦, 50◦, 100◦ and 135◦ with respect to sky North.
We recorded several polarimetric QU-cycles for each position angle. In one cycle,
the half-wave plate (HWP) is rotated by 0◦, 45◦, 22.5◦ and 67.5◦ for measurements
of the Stokes linear polarization parameters Q,−Q, U, and −U, respectively. In
total 320 frames with an on-source integration time of about 85 min were taken.
The observing conditions for the polarimetric observations were strongly vari-
able with rather poor seeing conditions (varying from 1.07′′ to 2.23′′) and passing
clouds, so that the AO system loop crashed repeatedly. Figure 3.1 shows the reg-
istered source counts illustrating the variable atmospheric extinction.

The peak of the stellar PSF is saturated by at most a factor of 10 in the center
(r ≤ 3 pixels) for the imaging and also the cloud-free polarimetric observations.
Non-coronagraphic, moderately saturated observations were chosen to optimize
the dynamical range of the data at small angular separation with not too much
sensitivity loss at large separation due to read-out noise.
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Figure 3.1: Total counts per second in the frames for the polarimetric observations of
April 2015 illustrating the impact of clouds on the data. Essentially only frames with
count rates above 1 · 106 (green line) were used in the data reduction. The dashed lines
mark the maximum counts per frame 1.14 · 107 and the mean counts 8.6 · 106 for the
frames considered in the data analysis.

3.3 Data reduction

3.3.1 Angular differential imaging

For the basic data reduction steps of images of total intensity (Stokes I) taken in
2014, the SPHERE Data Reduction and Handling (DRH) software (Pavlov et al.
2008) was used. This includes the image preprocessing, dark frame subtraction
and flat-fielding. All 40 frames were visually inspected and 11 bad frames con-
taining strongly asymmetric PSFs and unexpected features were rejected (see Ta-
ble 3.1 for the total effective integration time after frame selection). These effects
were caused by phases when the control loop of the AO system failed or almost
failed because of the “rough” atmospheric conditions. To reduce the impact of
strong PSF variations, all selected frames were rescaled by dividing them by the
flux measured in an annulus between rin = 20 pixels and rout = 150 pixels.

We used a LOCI algorithm (Locally Optimized Combination of Images,
Lafrenière et al. (2007)) to remove the stellar light from the images. LOCI di-
vides each frame into segmented annuli; for each segment, it then constructs
a matching reference PSF from a linear combination of similar segments taken
from other frames in the dataset. The two most important tuning parameters of
the algorithm are Nδ and NA. The former determines the degree to which point
sources in the data are protected from self-subtraction: frames are excluded from
the linear combination if their differential field rotation with respect to the work-
ing frame is so small that a planet located in the working annulus would move
by less than Nδ times the Full Width at Half Maximum (FWHM) between the two
frames. The second parameter, NA, describes the size of the region in which the
optimization is performed in units of resolution elements.
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Figure 3.2: Composite image of debris disk around HIP 79977 with the VBB and I-band
filters obtained with LOCI data reduction. The original data were 3× 3 binned to reduce
the effect of the noise. The position of the star is marked by an asterisk in orange. The
white dotted line shows the position of the expected lines of nodes for an inclined disk
ring. The color-scale is given in arbitrary units.

When optimized for point-source detection, LOCI causes dramatic self-
subtraction and therefore signal loss in extended structures such as circumstel-
lar disks. However, the parameters can be adapted to preserve more disk flux
while still maintaining some of the algorithm’s efficacy at speckle removal (“con-
servative LOCI”). Here, we adopt a small value of Nδ = 0.5 and a large value
of NA = 10000, which has proven effective in past studies (e.g., Thalmann et al.
2010; Buenzli et al. 2010; Thalmann et al. 2011).

Scattered light from the debris disk is detected in the I-band and VBB data
along a line oriented in ESE – WNW direction which is slightly offset (< 0.1′′)
from the star towards SSW. Emission is visible from 0.1′′ to beyond 1′′ from the
star as shown in Fig. 3.2. The LOCI reduction can be interpreted as an edge-
on disk with a high inclination i > 80◦. At small separations from the star the
southwest side of the disk is bright while the northeast side is not detected. The
main disk features observed by us confirm the H-band observation of Thalmann
et al. (2013) but our data provide a higher spatial resolution and S/N-detection.

3.3.2 Polarimetric differential imaging

The data have been reduced with the SPHERE-ZIMPOL software developed at
the ETH Zurich. The basic reduction steps are essentially identical to the SPHERE
DRH software.
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The polarimetric data were also visually inspected and correctly recorded
frames with count rates above 1 · 106 were selected for the data reduction. The
total integration time after removing bad frames is 3872 s (see Table 3.1).

The ZIMPOL is designed as sensitive imaging polarimeter and it includes a
series of differential techniques to reduce systematic effects for the detection of
faint polarimetric signals (Bazzon et al. 2012; Thalmann et al. 2008). This includes
the combination of polarimetric modulation and a synchronous on-chip demod-
ulation where opposite polarization modes I⊥ and I‖ are stored with charge shift-
ing in the “odd” and “even” detector pixel rows on the CCD. Furthermore, every
second frame reverses the up and down shifting to account for charge shifting dif-
ferences, and every Q+ = I⊥ − I‖-frame is complemented with a Q− = I‖ − I⊥-
frame to compensate the instrumental polarization. These steps are intrinsic parts
of the observing strategy.

A basic data reduction is often sufficient to identify a bright circumstellar disk.
Sometimes, better results can be obtained if also the residual telescope polariza-
tion is taken into account. This is a more difficult task, because pT and the orien-
tation θT of this polarization depends on color, rotation mode P1 or P2, and point-
ing direction and the correction law is not available yet. A preliminary analysis of
the calibration with zero-polarization standard stars indicates a telescope instru-
mental polarization at the level of pT ≈ 0.5 %. A useful work-around provides
a forced normalization of the total counts of corresponding frames, for example,
I⊥ = I‖ or Q+ = Q− = 0. However, such procedures can introduce spurious
signals and must be applied with caution because they treat the intrinsic polar-
ization of the central star or an interstellar polarization signal like a (instrumental)
telescope polarization signal.

Early ZIMPOL-SPHERE observations demonstrate that the basic reduction
steps combined with the forced normalization trick yield high-quality polarimet-
ric images of proto-planetary disks (Garufi et al. 2016; Stolker et al. 2016). How-
ever, one should be aware, that the contrast of even a bright debris disk like HIP
79977 is about one order of magnitude lower than a bright proto-planetary disk.
For this reason additional systematic effects need to be corrected.

Systematic noise from the instrument can also be reduced by averaging data
taken with different field orientations. We have taken such data for HIP 79977
but the improvement is limited because certain position angles were strongly af-
fected by clouds. Important for the quality of the final result is a careful centering
of individual images to a high precision. This works well with a fit of a two-
dimensional (2D) Gaussian function to the steep intensity gradients of the stellar
profile, despite the often saturated central peak. The estimated centering accu-
racy is < 0.3 pixels or < 1 mas.

Finally, we found that the combination of the final frames from cam1 and
cam2 is also very beneficial for the image quality. Spurious polarization signals
introduced by temporal variations of the atmosphere and AO system are opposite
in the two channels if the same filters are used in cam1 and cam2 so that in a mean
image some temporal effects are compensated.

After all these data reduction steps, significant signals of polarized light from
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the debris disk are clearly visible in the Stokes Q and U images (Fig. 3.3). The
central star is marked with an asterisk, and the white circle shows the immediate
region surrounding the star which is affected by saturation and strong speckle
noise.

The Q and U images both show a faint negative halo around the central star.
This could be explained by a residual polarization signal of −0.3 % and −0.2 %
of the stellar PSF in the Q and U images respectively which could be the result of
the applied “forced normalization” described above. This effect can be corrected
by:

Qnew = Q + 0.003 ∗ Iq (3.1)

Unew = U + 0.002 ∗ Iu, (3.2)

where Iq and Iu are mean stellar intensities measured in Q and U cycles respec-
tively.

Diffraction from the telescope spider could be an additional effect contribut-
ing to the observed halo. The orientation of the vertical telescope spider coincides
during the polarimetric observations with the negative regimes above and below
the disk in Q and U images. Further characterization of the instrument is needed
to understand the origin of this signal.

Azimuthal polarization images: From the Stokes Q and U maps we can com-
pute the intensity of the polarized flux P =

√
Q2 + U2. However, P is affected

for low signal-to-noise data by a systematic bias effect because of squaring of Q
and U parameters. Therefore we characterize the disk polarization pattern with a
locally defined azimuthal / radial Q- and U-parameter definition with respect to
the central light source as discussed in Schmid et al. (2006). Single scattering off
dust particles in optically thin debris disks generates linearly polarized light with
the electric field vector azimuthally oriented with respect to the star. Polarization
in the azimuthal direction is defined by the Stokes parameter Qϕ:

Qϕ = −(Q cos 2ϕ + U sin 2ϕ), (3.3)

where ϕ is the polar angle between north and the point of interest measured from
the north over east. The Stokes parameter Uϕ:

Uϕ = −Q sin 2ϕ + U cos 2ϕ (3.4)

defines the polarization pattern in the directions ±45◦ with respect to the Qϕ

direction.
Figure 3.4 shows the final Qϕ and Uϕ. The Qϕ image clearly reveals the nearly

edge-on disk structure down to a projected separation of ∼ 0.1′′. Polarized light
is detected across the entire width of the image of ∼ 3.6′′. The peak of the surface
brightness appears here as a narrow stripe below the expected major axis of an
inclined circular ring (white dotted line) with a flux minimum near the position
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Figure 3.3: Polarimetric differential imaging data of HIP 79977 with the VBB filter (590-
880 nm). The mean images show polarized flux Stokes Q (left) and U (right) after 3× 3
binning. The position of the star is marked by an asterisk in orange. The image region
located within a white stellarcentric circle with a radius of ∼ 0.12′′ is dominated by the
strong speckles variations. The color-bar shows the counts per binned pixel.

of the star.

By contrast, the Uϕ image contains no structural features from the disk. As-
suming azimuthal polarization of light generated in single scattering processes
and no multiple scattering (see Canovas et al. 2015), we do not expect to find any
astrophysical signal in the Uϕ image. Therefore, this image can be used for an
estimation of the statistical pixel to pixel noise level and large-scale systematic
errors in our observations.

Very close to the star, marked by a white circle with a r ' 0.12′′ (Figs. 3.3 and
3.4), the data are unreliable because of strongly variable wings of the PSF peak.
Also visible are the faint features at r & 0.12′′ above and below the disk which
are negative in the Q and U images, and appear as positive signal in the Qϕ and
Uϕ images. These features are much fainter (factor < 0.1) than the disk signal
and originate most likely from poorly corrected instrumental effects because an
intrinsic signal is expected to produce no Uϕ signal.

3.4 Data analysis

3.4.1 Disk position angle

We measured the position angle of the disk in the Qϕ-image by the determination
of the orientation of the mirror line through the central star perpendicular to the
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Figure 3.4: Polarimetric differential imaging data of HIP 79977 with the VBB filter (590-
880 nm). The original data were 3× 3 binned to reduce the noise. The position of the star
is marked by an asterisk in red. The upper panel shows Qϕ (left) and Uϕ (right) images.
Lower panel: Isophotal contours of polarized light overlying Qϕ image. The contours
were measured from the Qϕ image smoothed via a Gaussian kernel with σ = 1.5 px.
Contour levels are given for 3 (blue line), 9 (light blue), 15 (orange) and 21 (red) counts
per frame per binned pixel. The white dotted line shows the position of the expected ring
axis. The region inside the white stellarcentric circle with radius∼ 0.12′′ is dominated by
strong speckles variations. The color-bars show the counts per binned pixel.
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disk. The best position angle was found by searching with an angle increment
of 0.1◦ the orientation of the mirror line which produces the smallest residuals if
one side is subtracted from the other side.

The results from the polarimetric and imaging data sets agree. After including
ZIMPOL’s True North offset of−2◦we obtain the position angle of the disk axis to
be θdisk = 114.5◦± 0.6◦. This value is in good agreement with PA = 114◦ reported
by Thalmann et al. (2013) for the scattered light images in H-band and with PA =
115◦ measured by Lieman-Sifry et al. (2016) in the sub-mm range.

We define an x− y disk coordinate system where the star is at the origin, +x is
the coordinate along the major axis in roughly WNW-direction (θdisk + 180◦), −x
towards ESE (θdisk), and y perpendicular to this with the positive axis towards
NNE (or 24.5◦ EoN). The disk images in Figs. 3.2 and 3.4 and the plot coordinates
in Figs. 3.5 and 3.6 are given in this system.

Scattered light images of edge-on disks after classical ADI, LOCI or PCA-ADI
reductions suffer from the disk flux over-subtraction particularly in the regions
close to the star. The degree of flux loss depends on the shape of stellar PSF and,
hence, on the observational conditions. This also applies to the total intensity
image of the disk shown in Fig. 3.2. In contrast, the intensity of the polarized
light in the Qϕ image is not strongly affected by the data reduction and better
suited for the analysis of the disk structure. Therefore, in the following sections,
we study, model and discuss the distribution of the polarized surface brightness
based on the Qϕ image.

3.4.2 Polarized light brightness profiles vertical to the disk

Figure 3.5 shows the vertical brightness profiles at different separations x from
the star which are obtained from the Qϕ image by applying a wide binning of
30 pixels (108 mas) in x-direction and a narrow binning of 3 pixels in y-direction.
Obviously, the disk structure is very similar or symmetric on the east-southeast
(ESE) and west-northwest (WNW) sides of the disk, with strongly peaked vertical
profiles at small separations x . 0.5” (. 60 AU) and weak and broad profiles at
large separations x & 0.7′′ (& 87 AU). The innermost profiles at x = ±0.16′′

and also slightly at x = ±0.27′′ are affected by the residual instrumental features
restricted to small |x|-coordinates.

The vertical profiles can be fitted well by the Moffat function (Trujillo et al.
2001)

fM(y) = aM

[
1 +

(
y− y0

α

)2
]−β

,

where aM is the flux peak located at a vertical distance y0 from the disk major
axis. The parameter α and exponent β are related to the FWHM by

FWHMM = ∆y = 2α

√
2

1
β − 1.
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Vertical separation from the disk major axis

Figure 3.5: HIP 79977 polarized intensity cross-sections perpendicular to the disk major
axis at several separations x from the central star. Blue crosses are the data from the 30× 3
px binned Qϕ image. Black solid lines show the Moffat profile fits to the data. The yellow
line marks the position of the disk axis.
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Figure 3.6: HIP 79977 debris disk properties along the axis x. The individual points give
parameters of the Moffat profile of the vertical cross section as shown in Fig. 3.5 and
described in Sect. 3.4.2. From the top to the bottom:(a) the profile peak SBpeak(x), (b)
FWHM, (c) vertically integrated flux P(x), and (d) spine distance from the disk major
axis y0. At separations smaller than x ≈ 0.2′′ the systematic uncertainties are increased
and open circles mark the low S/N points. The vertical yellow line indicates the position
of the star.
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Chapter 3. HIP 79977 in polarized light

We used a non-linear least squares algorithm to find the best fit parameters for the
vertical Moffat profiles. The plotted in Fig. 3.5 cross-sections are offset vertically
by integer units for clarity.

Figure 3.6 shows the x-dependence of the vertical profiles along the major
axis of the disk. The top panel (Fig. 3.6(a)) demonstrates the nearly identical
decrease of the profile’s peak as a function of the projected separation ±x for
both sides of the disk. The profiles with the highest peak flux aM lie between
x = ±(0.20′′ and 0.45′′). The results of our measurement of interior r ≈ 0.2′′ can-
not be considered as reliable because of the residual speckle noise and detector
saturation effects.

As shown in Fig. 3.6(b), the disk width ∆y is continuously increasing with sep-
aration |x| from about ∆y ≈ 0.08′′ (∼10 AU) at x = 0.2′′ (∼25 AU) to ∆y = 0.3′′

(∼37 AU) at x = 0.8′′ (∼100 AU). At |x| > 1” the disk width is not well defined
but the ESE side seems to be broader than the WNW side. The points beyond
x = 1.6′′ are not included in this estimate because of the low SNR at large sepa-
ration.

The blue line in Fig. 3.6(c) gives the vertically integrated polarized flux P(x)
per ∆x-interval (width 108 mas) along the major axis. The integration in y-
direction is from y = −0.9′′ to +0.9′′ for each x-bin. The blue dots are the same
but the integrated flux is derived from the fitted Moffat profiles. According to
this, the maximum brightness in polarized light of the edge-on disk in HIP 79977
is at a separation of x = 0.6′′ (∼74 AU). There is a very small discrepancy between
data and fit for x . 0.6′′ because the Moffat profile cannot fit correctly negative
flux values at small angular separations which originate from the systematic ef-
fects described above.

The vertical offset y0(x) of the disk spine is shown in Figure 3.6(d). The
spine curve is roughly symmetric with respect to x0. The smallest y0-offset is
approximately −25± 5 mas (2.5 AU) around x ≈ 0.6′′ ±0.1′′. Closer to the star,
x ≈ ±0.3′′, the spine is further away from the major axis with y0 ≈ −50 mas,
and also in the outskirts (|x| & 1′′) the y0-offset is even more than 50 mas. In
comparison, the offset y0(x) of the disk spine measured in the imaging data (Fig.
3.2) is approximately −60± 5 mas (≈7.5 AU) at |x| < 0.3′′. For larger separa-
tions, the y0-offset in intensity is smaller and achieves a minimum ≈ −45 mas at
|x| = 0.7′′ ± 0.05′′.

3.4.3 Polarized flux, surface brightness and contrast

The polarimetric image in Fig. 3.4 and the deduced profiles in Fig. 3.6 serve as ba-
sis for the quantitative determination of the polarized flux and surface brightness
of the disk which can both be compared to the stellar brightness with “contrast”
parameters.

We derive the total polarized flux of the debris disk by summing up all the
bins from |x| = 0.3′′ to 1.8′′ along the major axis in the integrated flux profile P(x)
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given in Fig. 3.6(c). This does not include the innermost regions |x| < 0.2′′. Only
a small polarization signal is expected at small apparent separations for a disk
or ring with an inner radius r > 0.2′′, because at small separations we observe
scattering from the disk sections located in front of and behind the star. This
forward and backward scattering produces only little polarization. Thus, one
can approximate the innermost disk with a linear extrapolation of the measured
curve from P(x = 0.27′′) to P(x = 0.0′′) = 0 (red dotted line in Fig. 3.6(c)).

This neglects a possible contribution of polarized flux from warm dust located
very close (r < 0.2′′) to the star. Studies on the spectral energy distribution of HIP
79977 (e.g., Chen et al. 2011) indicate that there is no significant (& 1%) signal to
the IR excess emission from warm dust at small separation. Therefore, we assume
that there is also no significant unresolved contribution from an inner disk to the
polarization signal.

The polarized flux in the VBB filter, covering an effective aperture area of
3.6′′ × 1.8′′ and including the interpolated points inside interval |x| < 0.3′′,
amounts to 5800 counts per second and per ZIMPOL arm. This value must be
corrected for the variable atmospheric transmission Tatm (Fig. 3.1) using a factor
of fcorr = 1/Tatm = 1.3± 0.1. This yields a corrected count rate of 7540 ± 800
cts/s where the uncertainty is dominated by fcorr.

The determination of the stellar flux of HIP 79977 must account for the satu-
ration of the PSF core and the cloudy weather. We first determine the mean value
of 1.13 · 107 cts/s in the VBB filter for frames 210-280 which were apparently not
affected by clouds (Fig. 3.1). Because the exposure is saturated out to the radius
r ∼= 3 px some flux is lacking. To account for the saturated part of the PSF, we
compare the HIP 79977 profile with high-quality ZIMPOL PSFs of the standard
star HD 183143 (STD261 0013-24, Schmid et al. 2017), which were taken under
excellent atmospheric conditions. For the narrow band filters N R (λc = 646 nm,
∆λ = 57 nm) and N I (λc = 817 nm, ∆λ = 81 nm), these PSFs contain within a
radius of r = 5 px a flux between ∼ 20% and ∼ 25% of the total stellar flux mea-
sured for an aperture of 3′′ diameter. Based on this, we assume for our HIP 79977
data, that the round annulus with inner and outer radii rin = 5 px and rout = 416
px (= 3′′ diameter) contains between ∼ 75% and ∼ 80% of the flux expected for
an unsaturated PSF profile. This yields for the corrected stellar count rates be-
tween 1.33 · 107 cts/s and 1.40 · 107 cts/s per ZIMPOL arm for observations in the
VBB filter in the slow polarimetric mode.

The count rates are converted to photometric magnitude m(VBB) using the
following expression (Schmid et al. 2017):

m(VBB) = −2.5 log(cts/s)− am · k1(VBB)−mmode + zpima(VBB),

where am = 1.15 is the airmass, k1(VBB) = 0.086m is the filter coefficient for the
atmospheric extinction, zpima(VBB) = 24.61m is the photometric zero point for
the VBB filter and mmode = −1.93m is an offset to the zero point which accounts
for the used instrument and detector mode. We obtain for HIP 79977 a magnitude
m(VBB) = 8.60m ± 0.07m in good agreement with the literature values (see Table
3.2). The derived photometric magnitude m(VBB) yields the color V-VBB = 9.09m
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Chapter 3. HIP 79977 in polarized light

Table 3.2: HIP 79977 photometry.

Filter λ ∆λ mag σmag Ref.
(µm) (µm) (mag) (mag)

HIP HP 0.528 0.221 9.20 ¡0.01 1
Tycho V 0.532 0.095 9.11 0.02 2
Johnson V 0.554 0.082 9.09 ¡0.01 1
Gaia G 0.673 0.440 8.93 ¡0.01 3
ZIMPOL VBB 0.735 0.290 8.60 0.07 4
Johnson J 1.250 0.300 8.06 0.02 5

Notes: (1) ESA (1997); (2) Høg et al. (2000); (3) Gaia Collaboration (2016); (4) this work; (5)
Cutri et al. (2003).

- 8.60m = 0.49m which is close to the color index in the Johnson-Cousins’ photo-
metric system V− IC = 0.44m (λeff = 0.806 µm, ∆λ = 0.154 µm for IC; Pecaut
et al. 2012) for a F2/3V star.

For the polarized flux of the whole disk we get mpdisk(VBB) = 16.6m ±
0.3m. This yields a ratio of total polarized flux of the disk to the stellar flux of
(Fpol)disk/F∗ = (5.5± 0.9) · 10−4.

We determine for the peak surface brightness of the polarized light
SBpeak(VBB) = 16.2m arcsec−2 along the inner (0.2′′ − 0.4′′) disk spine
(Fig. 3.6(a)) and a surface brightness contrast for the polarized flux of
SBpeak(VBB) − mstar(VBB) = 7.64 mag arcsec−2. For the outer disk around
x ≈ ±1.7′′ the surface brightness contrast is about 10 mag arcsec−2.

3.5 Model fitting

To reproduce the physical appearance of the debris disk around HIP 79977 we
used a 3D model described in Chapter 2. We have calculated 5.28 · 106 models
for a parameter grid as specified in Table 3.3 in order to find the set of model
parameters which best fit the observed polarized intensity image.

For the fitting, we reduced the number of image pixels by 3× 3 binning and
selected a rectangular image area with a length of 341 and width of 100 binned
pixels centered and aligned to the disk x and y (major and minor) axes (see
Fig. 3.7(d)). A round area with a radius of 16 pixels (0.17′′) centered on the star
and the spurious features near the saturated region are excluded from the eval-
uation of the fit goodness. Figure 3.7 illustrates the different steps in the image
fitting procedure. From the model dust distribution in the disk (a) the expected
polarization flux is calculated (b), convolved with the instrument PSF (c), fitted
to observation (d), and the residuals (e) are then used for the χ2

image evaluation of
the image fit.

The goodness of the fit was estimated for each model with the reduced χ2-
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parameter:

χ2
red =

1
Ndata − Npar

Ndata

∑
i=1

[yi − xi(p)]2

σ2
yi

,

where Ndata is a number of data points with measurement results yi which have
uncertainties σyi. Each data point corresponds to a binned pixel within the
minimization window shown in Fig. 3.7(d). Npar denotes the number of free
parameters p = (p1, p2, ..., pNpar) used to create a model image with values xi and
listed in Col. 1 of Table 3.3.

To accelerate the fitting procedure we have made a preselection of disk models
using the mean disk profile 〈P|x|〉 along the major axis shown in Fig. 3.8. The
mean profile 〈P|x|〉 consisting of 15 points from |x| = 0.22′′ to |x| = 1.80′′ for the
observed disk polarization is obtained by averaging the P(x) data points from
the negative and positive x-axes given in Fig. 3.6(c). Thus the 2D models were
collapsed to a profile and fitted first to the 〈P|x|〉 profile calculating the χ2 and
defining a good fit threshold based on the number of degrees of freedom for the
fit (Press et al. 2007).

The procedure is straight forward because the noise is well defined for these
data points which represent flux integrations over a large area. This can also be
inferred from the observed profiles for the two disk sides, which look essentially
identical, indicating that there are no localized spurious effects or strong intrin-
sic asymmetries in the disk. The fitting does not depend on uncertainties in the
PSF model convolution because the spatial resolution is low. Still, the key prop-
erties of the geometric distribution of the polarized flux along the disk spine are
captured by the 〈P|x|〉-profile.

Models with a χ2
red SB < 2.5 are considered to fit the 〈P|x|〉-profile well (see the

examples in Fig. 3.8). The profile fitting is compatible with a disk with a radius r0
in the range [60, 86] AU which coincides with the separation of the maximum. Of
course, the fitting of disk models described by 9 parameters to a 15 point 〈P|x|〉
profile cannot define a unique solution for HIP 79977 disk but provides more or
less well defined ranges for the model parameters.

The scaling factor Ap (see Table 3.3) is determined by the χ2 minimization of
the 〈P|x|〉-profile fit for each model. This approach has been chosen because the
statistical noise is larger and not well known systematic uncertainties are much
harder to quantify for the image data points.

In a second step, we compare the 2D disk models which were preselected by
the previous profile fitting to the Qϕ image (Fig. 3.7(d)) to further constrain the
model parameters. This provides a multidimensional parameter distribution of
well-fitting models by setting a threshold for the 2D image fit χ2

red image < 8. The
mean values of the obtained distribution are adopted as the best-fit model param-
eters. Their uncertainties are given by the 68% marginalized errors as calculated
from the sample covariance matrix. The mean parameters together with the con-
fidence intervals are listed in Table 3.3 (Col. 5 and Col. 6, respectively). The
corresponding synthetic image of polarized light is shown in Fig. 3.7(b) and the
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0.5’’ 

61 AU 

Figure 3.7: Comparison of the best-fit model with the Qϕ image. (a) Image visualizing
the dust distribution in the disk. (b) Model image of the polarized light non-convolved
with PSF. (c) Model image of the polarized light convolved with the instrumental PSF.
(d) Qϕ image from the data. The rectangular area outlined with an orange box shows the
minimization window as described in the body text. The orange circle marks the central
region of the image excluded from the χ2 evaluation. (e) Residual image obtained after
subtraction of the PSF-convolved model image (c) from the Qϕ image (d). Color-scales of
images (a) and (b) are given in arbitrary units. The color-bar for images (c), (d) and (e)
shows polarized flux in counts per binned pixel.
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3.5. Model fitting

Figure 3.8: Comparison of the mean disk profile 〈P|x|〉 for the polarized flux (see Sect.
3.5) with profiles of 3 models given in Table 3.3. 〈P|x|〉 is the mean of both disk sides
profiles P(x) shown in Fig. 3.6(c) between 0.22′′ (27 AU) and 1.80′′ (220 AU). The best-
fit model and ”Model 70” (χ2

red SB < 2.5) fit 〈P|x|〉 while ”Model 40” (χ2
red SB > 2.5) is

significantly off at small distances.

convolved image (Fig. 3.7(c)) appears to fit the Qϕ image (Fig. 3.7(d)) well. The
residuals image (Fig. 3.7(e)) displays some PSF-shaped leftovers, the instrumen-
tal features above and below the disk center and, possibly, some minor residues
from the disk flux. In this case the model would lack flux along the spine at small
separation.

Our modeling assumes that the optical depth in the disk is small. According
to our best-fit model we estimate a τ ≈ 0.5 for a radial photon path through the
disk midplane (Θ = 0◦), and significantly less for Θ > 1◦. After scattering, a
photon escapes without further interaction because we see the disk inclined by
≈ 5◦ with respect to edge on.

Our statistical analysis of the model fitting allows an assessment of the pa-
rameter degeneracy problem where many different combinations of parameters
match the data. In particular we notice an important degeneracy between the ra-
dius of the planetesimal belt r0 and scattering asymmetry parameter gsca. Figure
3.10 shows the 68% and 95% confidence level (CL) regions derived from the distri-
bution of these two parameters. The contours cover an extended region implying
that the degeneracy between the radius of the planetesimal belt and asymmetry
parameter cannot be resolved with our data.

To examine how well/badly models other than the mean model reproduce the
data, we compare two models randomly picked from the generated distribution:
one model (specified in Table 3.3 as ”Model 70”) with all parameters lying inside
of the 1-σ area with the belt radius r0 = 70 AU close to the mean value of this
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0 

a 

b 

c 

d 

Figure 3.9: Comparison between alternative models of the HIP 79977 debris disk: ”Model
40” with the radius of the planetesimal belt r0 = 40 AU (left) and ”Model 70” with the
radius of r0 = 70 AU (right) and fitting parameters as specified in Table 3.3. From top to
the bottom: (a) model of the dust distribution in the disk, (b) model of the polarized light,
(c) model of the polarized light convolved with the instrumental PSF and (d) residuals
left after subtraction of the PSF-convolved model image from the Qϕ image. Color-scales
of images (a) and (b) are given in arbitrary units. Color-bar of images (c) and (d) shows
flux in counts at each pixel of the image.

parameter, and one model (specified in Table 3.3 as ”Model 40”) with the same
gsca but r0 = 40 AU lying outside of the 1-σ range. Figure 3.9 shows both models
in four different views: dust distribution in the disk n(y, z), non-convolved model
image of the polarized flux, polarized image produced after the combination of
convolved intensities I0, I90, I45, I135. with the instrumental PSF.

”Model 40” gives a significantly worse fit for the central part of the Qϕ image
compared to ”Model 70” based on the derived χ2 and visual examination of the
residues. The comparison of the disk polarization profile of “Model 40” with the
observations also shows a relatively poor match (see Fig. 3.8). ”Model 70” gives
a reasonable fit to the polarization profile and also the residuals in the 2D image
appear to be not much larger than the best-fit model, as is expected for a model
within the 1σ confidence area.
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Chapter 3. HIP 79977 in polarized light

Figure 3.10: Two-dimensional constraints on the radius of the planetesimal belt r0 and
the asymmetry parameter gsca for HIP 79977. The contours show the 68% and 95% CL
regions for the model sample and the dots point out the locations of the described models
in this parameter plain.

3.6 Discussion

3.6.1 Disk structure

Our results from the modeling of the dust distribution around HIP 79977 indicate
a mean radius of ∼73 AU for the planetesimal belt. The vertical distribution of
the dust in the disk is described by a profile with an exponent γ smaller than
two. This is a steeper fall-off than a Gaussian distribution, indicating a higher
concentration of particles in the midplane. The radial distribution of the grain
number density matches the shape of an annular disk with an inner cavity. This
assumption is supported by the SED of HIP 79977 showing no significant thermal
emission at wavelengths . 14 µm. The depletion of scattering material inside a
possible belt of parent planetesimals can be caused by the radiation pressure or
drag forces acting on small particles (Wyatt 2008, and references therein).

The radiation pressure pushing outward the dust grains with sizes close to
or smaller than the blow-out size (< 1 µm) could be responsible for the grow-
ing width of the disk vertical cross-sections when the separation from the star
increases from 0.2′′ to > 1′′ (Fig. 3.6(b)).

In the past years several authors have derived a distance of the dust grains
from the star in HIP 79977 by modeling the shape of the disk SED with a single-
or double-temperature fit. Assuming that the dust grains emit radiation like
black bodies, Chen et al. (2011) have determined a dust grain temperature of 89 K
based on the Spitzer MIPS photometry. They considered amorphous silicates with
olivine composition as the main component of the dust, and the average size of
the grains, which were not removed by the radiation pressure, to be 1.5 µm. They
have estimated that if the grains are spherical and in radiative equilibrium they

68



3.6. Discussion

should be located at a distance of at least 40 AU from the star. In reality, the bulk
of the dust could have a larger radial separation because the real dust grains emit
radiation less efficiently than black bodies. Dust with the same equilibrium tem-
perature can therefore exist at larger distances from the star. This supports our
mean model indicating a separation which is more like 70 AU.

Jang-Condell et al. (2015) postulated a much larger average grain size of
11.1 µm based on an analysis including Spitzer IRS spectra. They derived a grain
temperature of 102 K (for amorphous silicates with olivine composition) requir-
ing a stellocentric distance of about 11.5 AU for the grain distribution which is in
conflict with our results.

Previous imaging and polarimetric imaging of the disk around HIP 79977 in
the H-band was presented by Thalmann et al. (2013). From the data they derived
a disk orientation of 114◦ (major axis), and an inclination of 84◦ in very good
agreement with this work. Thalmann et al. (2013) modelled the self-subtraction
effects for flux extraction for the intensity image and derived the intrinsic inten-
sity slope for the disk along the major axis. In addition, they detected a polari-
metric signal from the disk for separations from 0.3′′ to 1.5′′, compared the po-
larization with the intensity profile and found a fractional polarization of ∼ 10 %
(1σ-range [5 %, 20 %]) at 0.5′′ and ∼ 45 % ([30 %, 60 %]) at 1.5′′. From their data,
it is not clear whether or not they see in polarized flux a maximum at a separa-
tion of around 0.6′′ and a flux decrease inside. Thalmann et al. (2013) also fit the
observations with model calculations but they adopt a radius of r0 = 40 AU for
the planetesimal ring and do not investigate models with larger r0.

The new SPHERE - ZIMPOL observations presented in this work provide
a very much improved polarimetric sensitivity which clearly reveals a maxi-
mum in the polarization profile P(x) at a projected separation of 0.60±0.06′′

(74±7 AU). This maximum location is not compatible with the small ring radius
of r0 = 40 AU adopted by Thalmann et al. (2013), probably, because they only fit
the intensity profile which shows no features that could constrain the ring radius.

Our best-fit model is in good agreement with results of recent observations of
HIP 79977 with ALMA. Lieman-Sifry et al. (2016) used the 1240 µm continuum
visibilities and derived basic geometrical parameters of the disk. They modelled
the surface density of the disk with a single power law r−1 extending from an
inner to an outer radius and they derived Rinner = 60+11

−13 AU without detecting
an outer cut-off radius. This result confirms the large ring radius r0 found by
us from the polarimetric profile. Lieman-Sifry et al. (2016) also measured a disk
inclination i > 84◦ and PA = 115+3

−3 which are consistent with our and previous
results.

3.6.2 Diagnostic potential of polarimetry

The scattered flux has been measured for more than 20 debris disks, mainly with
the Hubble Space Telescope (HST) (e.g., Schneider et al. 2014; 2016). With ground-
based observations the flux measurement for the scattered light from debris disks
is very difficult because of the speckle noise introduced by the atmospheric tur-
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bulence. The polarized flux of the disk (Fpol)disk is much easier to determine,
because it is a differential quantity which can be distinguished from the unpolar-
ized light from the bright central star ((Fpol)∗ ≈ 0), even in the presence of strong
atmospheric speckles.

For HIP 79977 the disk profile in polarized flux reveals a clear maximum
which traces the radial location of the disk ring. This information is difficult to
obtain from intensity imaging of edge-on disks, because the Stokes I disk profile
is dominated by the forward scattering dust in front of the star and therefore the
projected disk extension may not be visible.

The disk flux Fdisk and the polarized flux (Fpol)disk contain complementary in-
formation about the scattering dust. The scattering angle dependence is strongly
different because forward and backward scattering produces no or only very lit-
tle polarized flux. This applies also to the diffraction peak (or forward scattering
peak) from large particles a > λ, which is not or only slightly polarized. This
means that the polarized flux originates predominantly from scatterings with
scattering angles in the range 45◦ − 135◦ and the polarized flux produced per
scattering event can be approximated by an averaged particle parameter for the
induced scattering polarization pm for the scattering angle of 90◦ (see Sect. 2.2.1).

New constraints on dust properties may be obtained if quantitative polarimet-
ric data of many debris disks can be collected. The dust grain size distribution
and therefore the polarimetric properties are expected to depend on the spec-
tral type of the central star and different system ages may reveal evolutionary
processes in the polarimetric properties of the scattering dust. Polarimetric pa-
rameters which can be quantified for the dust are scattering cross-section σsca or
albedo, and parameters of the polarimetric scattering function pm and gsca. A bet-
ter understanding of the dust in debris disks would be very useful for interpre-
tations regarding the nature of their parent bodies which produced the observed
dust in a collisional cascade.

Polarized flux and infrared excess

The reflectivity or scattering albedo of the dust in the debris disk of HIP 79977
can be characterized by a comparison of the scattered polarized flux with the IR
excess luminosity which is a good measure for the dust absorption.

In Sect. 3.4.3, we derived the fractional polarized flux or ratio of total polar-
ized disk flux to the stellar flux (Fpol)disk/F∗ = (5.5 ± 0.9) · 10−4 . This ratio
was obtained for the wide VBB filter near the peak of the stellar energy distribu-
tion. Therefore, we can consider the ratio (Fpol)disk/F∗ as a good order of magni-
tude estimate for the fractional polarized light luminosity of the disk expressed
as (Lpol)disk/L∗. This statement considers also the fact that (Fpol(i))disk/(Lsca)disk
depends very little, less than a factor of two, upon the disk inclination.

The fractional infrared excess of HIP 79977 LIR/L∗ = 5.21 · 10−3 is given in
Jang-Condell et al. (2015). This yields the double ratio

Λ =
(Fpol)disk/F∗

LIR/L∗
= 0.11± 0.02,
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Figure 3.11: Ratio of polarized flux to the scattered light luminosity for optically thin
debris disks as a function of disk inclination and scattering asymmetry parameter gsca

(plotted for gsca = 0.0, 0.2, 0.3, ..., 0.9). The ratio is independent of the disk geometry and
follows from the scattering phase functions as shown in Fig. 2.3.

where the uncertainty only accounts for uncertainty in the (Fpol)disk/F∗-ratio de-
rived in this paper. The double ratio Λ could be a good proxy for the ratio be-
tween the polarized luminosity and the IR-excess luminosity of the disk

Λ =
(Fpol)disk/F∗

LIR/L∗
≈

(Lpol)disk

LIR
,

if the wavelength and inclination dependence of the dust scattering can be ne-
glected. It is emphasized, that neglecting the wavelength dependence of the po-
larized flux of the disk may not be an acceptable simplification for some cases,
for example, for near-IR polarimetry of disks around A-stars, which emit most of
their radiation in the UV-visual spectral region.

Therefore, Λ is an observational parameter that depends, like the scattering
albedo, on the ratio between dust scattering cross-section σsca and absorption κ,
and parameters of the polarimetric phase function pm and gsca as

Λ ∝
σsca(λ)

κ
· f (pm(λ), gsca(λ), i) . (3.5)

The inclination dependence of (Fpol)disk is illustrated in Fig. 3.11, which shows
the polarized flux (Fpol)disk (expressed per steradian) with respect to the scattered
light luminosity Lsca excluding the diffracted light. The scattered light interacts
with the surface of the dust particles, and, therefore, the asymmetry parameter
gsca, which we introduced for the polarized light, is also adopted for the intensity
of the scattered light as a first approximation (see Sect. 2.2.1).

For isotropic scattering g = 0 and maximum polarization (pm = 1), the
ratio of polarized flux to scattering luminosity is (Fpol)disk/Lsca = 1/4π for
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i = 0◦ because the scattering angle for a pole-on disk is 90◦ throughout and
the radiation is 100 % polarized. For larger inclinations (for gsca = 0) the ra-
tio is smaller, because there is more forward and backward scattering which
produces less polarization. The ratio between a pole-on and edge-on disk is
Fpol(i = 90◦)disk/Fpol(i = 0◦) = 0.41. We note that pure Rayleigh scattering
is different, because it is not isotropic.

For strong forward scattering gsca → 1 the amount of polarized light is re-
duced with respect to the scattered intensity (see Fig. 2.3) or the disk luminos-
ity in scattered light (without diffraction). For g ≈ 0.6− 0.8 the polarized flux
(Fpol)disk is therefore almost independent of the disk inclination, and for g ≈ 0.8,
edge-on disks are even brighter in (Fpol)disk than pole-on disks because so much
more light is scattered in forward directions.

Figure 3.11 is independent of the radial mass distribution for rotationally sym-
metric, flat, optically thin disks and a given scattering phase matrix. The incli-
nation can usually be determined easily. More difficult is the determination of
the scattering asymmetry parameter gsca, at least for edge-on disks and pole-on
disks. For HIP 79977, the 1-σ uncertainty range for gsca is [0.2,0.7], and this leaves
an uncertainty of about a factor 1.5 (see Fig. 3.11) for the (Fpol)disk/Lsca ratio de-
termination. In addition, there is also the factor pm, which needs to be known to
constrain the mean scattering albedo of the dust in debris disks.

Clearly, there is not a straight-forward way to derive a value for
f (pm(λ), gsca(λ), i) from a polarimetric observation of a single disk. However,
we can expect progress if the polarized flux is derived for several disks with
different inclinations, including cases where the gsca-asymmetry parameter can
be well defined.

Also of great value would be polarimetric observation, for which well cali-
brated HST intensity images are available to complement the Fdisk/F∗ − LIR/L∗-
plot of Schneider et al. (2014, their Fig. 8) with an equivalent plot for the polarized
disk flux (Fpol)disk and constrain differences between scattered intensity and po-
larized intensity of debris disks.

Up to now there exists only few polarized flux (Fpol)disk measurements for
debris disks and therefore it is difficult to compare different disks. More data will
become available soon from the new polarimetric high-contrast observing modes
of SPHERE and other similar instruments (e.g., GPI, HiCIAO).

Comparison with the edge-on disk AU Mic

The disk around the nearby (9.9 pc) low-mass star AU Mic (M1Ve) is a very good
example of a previous high-quality study of the polarization of an edge-on debris
disk. HST imaging for this target is presented by Krist et al. (2005) and Schneider
et al. (2014) and imaging polarimetry is described in Graham et al. (2007).

Krist et al. (2005) measure from their AU Mic intensity image a disk width
which increases with apparent separations qualitatively similar to the behavior
measured from our polarized intensity image for HIP 79977 (Fig. 3.8). Graham
et al. (2007) present a profile of the fractional polarization p(x) along the disk
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Figure 3.12: Polarized flux profile 〈P|x|〉 of the AU Mic debris disk derived from the
polarimetric profiles of Graham et al. (2007, their Fig. 4). The bins are 5 AU wide and error
bars are obtained from error propagation including systematic uncertainties. Open circles
are derived from noisy data without considering the bias effect for the determination of
the fractional polarization (Clarke et al. 1983).

spine together with an intensity profile I(x) for the F606W filter-band (λc = 0.590
µm, ∆λ = 0.230 µm). We obtained their profiles (J. Graham, personal communi-
cation) and constructed for AU Mic a mean disk profile 〈P|x|〉 = (p(x < 0)I(x <
0)+ p(x > 0)I(x > 0))/2 given in Fig. 3.12. This profile shows a maximum value
and essentially no polarized flux close to the star, again very similar to HIP 79977
(Fig. 3.8).

In AU Mic, the peak of the polarized flux is at 40 AU and this coincides well
with the outer edge of the dust belt seen in the ALMA 1.3 mm dust continuum,
which probably traces the outer edge of the suspected “birth ring” of colliding
planetesimals (MacGregor et al. 2013). This finding for AU Mic supports our
interpretation of HIP 79977 data, that the measured maximum polarization at
r ∼75 AU represents well the “birth ring” radius.

The HST polarimetry of Graham et al. (2007) is not flux calibrated and there-
fore we used the F606W imaging of AU Mic of Krist et al. (2005). They provide a
calibrated SB profile of the disk spine and the disk widths at different separations
from which we derive a calibrated intensity profile I(x). With this, we calibrate
the polarimetry of Graham et al. (2007) and derive for the AU Mic disc in the
F606W filter a total polarized flux of 0.31± 0.11 mJy. This includes the disk re-
gions from 1′′ to 11′′ on both sides but not the innermost arcsec. The calculated
polarized flux relative to the stellar flux is (Fpol)disk/F∗ ≈ (2.41± 0.84) · 10−4.

With the fractional infrared luminosity LIR/L∗ = 4.4 · 10−4 (Plavchan et al.
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2009) we obtain a Λ-parameter equal to 0.55± 0.19 for AU Mic. It is interesting to
note that the debris dust in AU Mic produces approximately five times as much
scattering polarization when compared to HIP 79977, if we compare the fractional
polarized flux in the F606W filter to the fractional infrared excess.

The interpretation of this difference is not clear. One possibility is, that the
blue color of the disk around AU Mic is caused by a surplus of very small grains
when compared to other debris disks (Krist et al. 2005). Roughly, the maximum
blow-out size scales like the ratio L∗/M∗ between the stellar luminosity and the
stellar mass (Burns et al. 1979). For AU Mic this ratio is about an order of magni-
tude smaller than for HIP 79977. When disregarding possible small differences in
grain properties it implies that the minimum grain size in the disk around AU Mic
is about amin ≈ 0.1 µm, in rough agreement with results obtained by Schüppler
et al. (2015). The corresponding value is amin ≈ 0.9 µm for HIP 79977. For this
reason, the polarized flux derived for the HST F606W might not represent a good
wavelength average for the scattering polarization in AU Mic and the derived
Λ-parameter must therefore be interpreted with caution.

Dust scattering properties and disk model

In this work the observed polarized flux from the debris disk in HIP 79977 is fitted
with disk models. For this, the parameters describing the dust scattering were
restricted to gsca for the scattering phase angle dependence for polarized light and
pm for the amount of polarized light produced by the scattering. Unfortunately,
it was not possible to constrain these parameters well with the modeling.

The maximum fractional polarization produced per scattering pm can only be
constrained if the intensity Fdisk of the scattered light from the disk can also be
accurately measured. The intensity signal of HIP 79977 is clearly detected with
SPHERE-ZIMPOL but this signal is strongly affected by self-subtraction effects of
the ADI procedure which are hard to quantify. Therefore, a determination of Fdisk
and pm needs a more accurate stellar PSF subtraction technique, as is possible
with HST.

The asymmetry parameter for the polarized scattered flux gsca is also not well
constrained because of the edge-on configuration of the HIP 79977 disk. We
clearly see the expected polarization minimum for forward and backward scat-
tering at small angular separation from the star. However, the more subtle asym-
metry parameter gsca is not well defined. From the modeling of the polarization
profile along the disk spine 〈P|x|〉, it is not possible to disentangle the parameters
r0, αin, αout for the radial distribution of the dust from the scattering asymmetry
parameter gsca. Our data show at least that gsca > 0.2, that is, much more polar-
ized flux is produced in the forward scattering direction because the disk spine
in polarized flux is on the same side of the central star, like the intensity spine
caused by forward diffraction.

A more accurate determination of gsca will be possible for debris disks with
a slightly smaller inclination, where the azimuthal dependence of the polarized
flux can be defined.
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3.7 Summary

In this paper, we present SPHERE-ZIMPOL images of polarized light of the de-
bris disk around HIP 79977 in the 590-880 nm wavelength range using differential
polarimetry and an intensity image extracted with angular differential imaging
using the LOCI-algorithm. We have characterized and analyzed the disk struc-
ture, mainly based on the polarized flux image and obtained the following re-
sults:

• The images show a nearly edge-on disk extending from less than 0.1′′ out to
the edge of the detector at 1.8′′(∼225 AU): they unveil regions close to the
star which were hidden by residual atmospheric speckles in previous data
(cf. Thalmann et al. 2013).

• For the PA of the disk, we measure θdisk = 114.5◦ ± 0.6◦, which is in a good
agreement with the value reported by Thalmann et al. (2013) and Lieman-
Sifry et al. (2016).

• From our polarimetric data, we derive disk cross-sections perpendicular to
the disk midplane. The peaks of the perpendicular profiles are slightly off-
set (≈ 30− 60 mas) because we are seeing a strong flux asymmetry between
the front and back sides of a highly inclined disk. At small apparent sep-
arations (r < 0.5′′) the profiles have a super-exponential drop-off pointing
to a well defined concentration of large dust particles in the midplane of
the inner disk. The disk width (FWHM) is increasing systematically from
FWHM ≈ 0.1′′ (12 AU) to 0.3′′ − 0.5′′, when going from a separation of 0.2′′

to > 1′′. The growth of the profile scale height could be caused by a radial
blow-out of small grains.

• The disk surface brightness profile in polarized light along the disk spine
is symmetric on the ESE and WNW sides. There is a clear maximum of
SBmax = 16.2 mag arcsec−2 between 0.2′′ and 0.5′′ where the surface bright-
ness contrast with respect to the central star is 7.64 mag arcsec−2. There is
a clear minimum of SB closer to the star (r < 0.2′′), because no or only lit-
tle polarization is produced by forward scattering in the disk section lying
in front of the star which dominates the signal in the intensity image. The
geometric structure of the disk seen in polarized light is consistent with in-
tensity images taken with SPHERE-ZIMPOL and literature data. Unfortu-
nately, it is difficult and we were not able to derive a high-quality intensity
profile for the disk and therefore we could not make a quantitative compar-
ison between intensity and polarized flux.

• The disk profile in polarized flux for HIP 79977 shows a clear maximum at
the projected separation of 74± 7 AU. This seems to be a good measure of
the belt radius for this edge-on debris disk.

• The disk total polarized flux amounts to mpdisk(VBB) = 16.6 ± 0.3 which is
(Fpol)disk/F∗ = (5.5± 0.9) · 10−4.
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• The ratio Λ ≈ 0.11 compares the disk polarized flux with the disk infrared
excess. We emphasize the value of this parameter for the characterization
of the scattering albedo of the dust particles. For comparative purposes, we
derive the ratio Λ ≈ 0.55 for the edge-on debris disk around the M star AU
Mic based on the previous HST observations of this target.

The dust distribution of the disk around HIP 79977 was modelled with a 3D
rotationally symmetric belt of radius r0, with radial power laws for the density
fall-off inside and outside r0 and an exponential function in vertical density
distribution. A large grid of models was fitted to the data and we derive the
best disk parameters using a χ2 optimization technique. This model analysis
yields a disk with an inclination of i ≈ 85◦ and a belt radius r0 ≈ 73 AU and
a grain density distribution with a steep power law index α = 5 inside r0 and
a more shallow index α = −2.5 outside r0. The derived scattering asymmetry
parameter lies between gsca = 0.2 and 0.6 (forward scattering) using an adopted
angle-dependence for the fractional polarization like for Rayleigh scattering.
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Chapter 4

Detection of scattered light from the hot dust
in HD 172555∗

N. Engler1, H.M. Schmid1, S.P. Quanz1, H. Avenhaus,1 and A. Bazzon1

Abstract

Context. Debris disks or belts are important signposts for the presence of col-
liding planetesimals and, therefore, for ongoing planet formation and evolution
processes in young planetary systems. Imaging of debris material at small sepa-
rations from the star is very challenging but provides valuable insights into the
spatial distribution of so-called hot dust produced by solid bodies located in or
near the habitable zone. We report the first detection of scattered light from the
hot dust around the nearby (d = 28.33 pc) A star HD 172555.

Aim. We want to constrain the geometric structure of the detected debris disk
using polarimetric differential imaging (PDI) with a spatial resolution of 25 mas
and an inner working angle of about 0.1′′.

Method. We measured the polarized light of HD 172555, with SPHERE-ZIMPOL,
in the very broad band (VBB) or RI filter (λc = 735 nm, ∆λ = 290 nm) for the
projected separations between 0.08′′ (2.3 au) and 0.77′′ (22 au). We constrained
the disk parameters by fitting models for scattering of an optically thin dust disk
taking the limited spatial resolution and coronagraphic attenuation of our data
into account.

Results. The geometric structure of the disk in polarized light shows roughly
the same orientation and outer extent as obtained from thermal emission at
18 µm. Our image indicates the presence of a strongly inclined (i ≈ 103.5◦),
roughly axisymmetric dust belt with an outer radius in the range between 0.3′′

(8.5 au) and 0.4′′ (11.3 au). An inner disk edge is not detected in the data.
We derive a lower limit for the polarized flux contrast ratio for the disk of
(Fpol)disk/F∗ > (6.2± 0.6) · 10−5 in the VBB filter. This ratio is small, only ∼9 %,

∗ Parts of this chapter are accepted for publication in Astronomy & Astrophysics
1 ETH Zurich, Institute for Particle Physics and Astrophysics, CH-8093 Zurich, Switzerland
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Chapter 4. HD 172555 debris disk

when compared to the fractional infrared flux excess (≈ 7.2 · 10−4). The model
simulations show that more polarized light could be produced by the dust lo-
cated inside ≈ 2 au, which cannot be detected with the instrument configuration
used.

Conclusions. Our data confirm previous infrared imaging and provide a higher
resolution map of the system, which could be further improved with future
observations.

4.1 Introduction

Young stars are often surrounded by circumstellar dust debris disks or rings.
These consist of solid bodies, such as planetesimals and comets, as well as large
amounts of dust and small amounts of gas. Small dust grains with a broad size
distribution are generated in steady collisions of solid bodies and perhaps by the
evaporation of comets. Debris disks are usually recognized by infrared (IR) ex-
cess on top of the spectral energy distribution (SED) of the stellar photosphere
because of the thermal emission of the heated dust grains (see, e.g., Wyatt 2008;
Matthews et al. 2014, for a review). In scattered light, debris disks are usually
very faint, i.e., > 103 times fainter than the host star, and therefore they are dif-
ficult to image. To date, several dozen debris disks have been spatially resolved
in various wavelength bands, from visible to millimeter, using various space and
ground-based telescopes. These data provide important constraints on the debris
disk morphologies (e.g., Moerchen et al. 2010; Schneider et al. 2014; Choquet et al.
2016; Olofsson et al. 2016; Bonnefoy et al. 2017).

In the absence of imaging data, the location of the bulk of dust in the system
can be inferred from the grain temperature derived by SED modeling. Based
on modeling results, most debris disks have been found to harbor warm dust,
meaning that the temperature of small grains lies between 100 and approximately
300 K (e.g., Moór et al. 2006; Trilling et al. 2008; Chen et al. 2011; Morales et al.
2011). Cold debris reside far away from the host star where their temperature
does not exceed 100 K. The prominent analogs to warm and cold dust belts are
the main asteroid belt at 2-3.5 au and the Kuiper belt between 30 and 48 au in
the solar system (Wyatt 2008). Aside from this, several stars with hot disks have
been found (Wyatt et al. 2007a; Fujiwara et al. 2009) based on the IR excess with
an estimate temperature above 300 K. The stars that possess hot dust are very
interesting targets because the submicron-sized grains at a small small distance
from a star could be a signpost for transient collision events. HD 172555 (HIP
92024, HR 7012) is one of the most studied objects among these special stellar
systems (Cote 1987; Schütz et al. 2005; Chen et al. 2006; Wyatt et al. 2007b; Lisse
et al. 2009; Smith et al. 2012; Riviere-Marichalar et al. 2012; Johnson et al. 2012;
Kiefer et al. 2014; Wilson et al. 2016; Grady et al. 2018).

HD 172555 is a V = 4.8m, A7V star (Høg et al. 2000; Gray et al. 2006) at a dis-
tance of 28.33± 0.19 pc (Gaia Collaboration 2016) and a member of the β Pictoris
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moving group. The deduced age for the group is 23± 3 Myr (Mamajek & Bell
2014). HD 172555 has a K5Ve low mass companion CD-64 1208, separated by
more than 2000 au or 71.4′′ (Torres et al. 2006).

The Infrared Astronomical Satellite (IRAS) identified HD 172555 as a Vega-
like star that has a large IR excess with an effective temperature of 290 K (Cote
1987). Mid-infrared (mid-IR) spectroscopy from the ground (Schütz et al. 2005)
and 5.5-35 µm spectroscopy obtained with the Spitzer Infrared Spectrograph (IRS)
show very pronounced SiO features (Chen et al. 2006, their Fig. 2(d)) indicating
large amounts of submicron sized crystalline silicate grains with high tempera-
tures (T > 300 K). Lisse et al. (2009) fitted the flux density of the IR excess with
a 200 K blackbody spectrum and an emission from the fine dust mixture made
up of crystalline (76%) and amorphous silicates and amorphous carbon. They
analysed the Spitzer spectrum in detail comparing it to the lab emission spectra
and to the spectra of dust from comets, young stars and the Deep Impact Tempel
I experiment. They found that the circumstellar material around HD 172555 is
composed of three main components: fine dust (a ≈ 1 µm) at T = 305 K with an
estimated total mass of 1019 − 1020 kg, large dust particles (a > 100 µm) which
radiate as blackbodies at T ∼200 K and have a total mass of at least 1021 − 1022

kg, and a large reservoir of SiO gas (estimated mass ∼ 1022 kg). The fine dust
mineralogy consisting of the sub-micron amorphous silica (SiO, ∼75%), refrac-
tory crystalline silicates (olivine, pyroxenes), metal sulfides and amorphous car-
bon was determined at a high significance level (> 95% CL). Their modelling
results have shown that glassy silicas (obsidian and tektite) produce a good fit to
the sharp peak at 9.3 µm and that the rotational-vibrational complex of the SiO
gas molecule gives an excellent match to the broad emission feature centered at
∼ 8 µm. Since these materials are typically formed in the high-temperature pro-
cesses by the rapid heating, melting and vaporization of silicate-rich bodies, their
presence argues for a recent hypervelocity impact whereby they could be created.
The idea of a fresh source of material in HD 172555 system within the last 0.1 Myr
is also supported by the steep particle size distribution (dn/da = a−3.95) needed
to fit the sharp silica feature. Based on these findings, Lisse et al. (2009) concluded
that the origin of the circumstellar material giving rise to the observed IR excess
emission is in a giant hypervelocity (> 10 km s−1) collision of large (with a radius
of 150-200 km) rocky planetesimals similar to that could have created the Earth-
Moon system. They derived Rdust = 5.8± 0.6 au for the location of the smallest
grains with the maximum temperature Tmax = 305 K. For the large grains, they
obtained T = 200 K by fitting the excess continuum and scaling from the dust
temperature measured in the Deep Impact experiment.

Generally, the grain temperature obtained from the SED modeling provides
only poor constraints on the radial separation of dust and no information on the
dust azimuthal distribution. In other words, the observed spectrum of HD 172555
could be also explained by the asteroid belt made up of a large number of smaller
asteroids undergoing permanent collisions and forming a smooth ring of debris
or even an extended disk. If the suggestion of a recent catastrophic impact event
is correct, on the short timescales we would expect to find an asymmetric dust

85



Chapter 4. HD 172555 debris disk

distribution with a strong localized peak of light scattered off dust particles or
some other structural features which could be associated with a large solid body.
This ambiguity can be eliminated only with high-resolution imaging.

Until now, only one resolved image of the HD 172555 debris disk existed that
was obtained in the Qa band (λc = 18.30 µm, ∆λ = 1.52 µm; hereafter Q band)
with TReCS (Thermal-Region Camera Spectrograph) at Gemini South telescope
and described by Smith et al. (2012). They detected extended emission after sub-
traction of a standard star point spread function (PSF), which is consistent with
an inclined disk with an orientation of the major axis of θ = 120◦, an inclina-
tion of ≈ 75◦, and a disk outer radius of 8 au. In Si-5 filter (λc = 11.66 µm,
∆λ = 1.13 µm; hereafter N band) data, the disk was not detected. Combining
these results with the visibility functions measured with the MID-infrared Inter-
ferometric instrument (MIDI), Smith et al. (2012) concluded that the warm dust
radiating at ∼10 µm is located inside 8 au from the star or inside the detected 18
µm emission.

The proximity of the host star and strong excess in the mid-IR (LIR/L∗ =
7.2 · 10−4; Mittal et al. 2015) from hot dust, makes HD 172555 an excellent, yet
challenging, object for the search of scattered light. In this paper, we report the
first detection of scattered light from the hot debris disk around HD 172555 with
polarimetric differential imaging (PDI).

We present the PDI data from 2015 taken with ZIMPOL (Zurich IMaging PO-
Larimeter; Schmid et al. 2018, submitted) at the Very Large Telescope (VLT)
in Chile. The ZIMPOL instrument provides high contrast imaging polarimetry,
coronagraphy with a small inner working angle of ∼0.1′′, and high spatial res-
olution of ∼25 mas. The next section presents the available data together with
a brief description of the instrument. Section 4.3 describes the data reduction
and Section 4.4 the obtained results. Section 4.5 includes analysis of the observed
disk morphology and photometry. For the interpretation of the data we calcu-
lated three-dimensional (3D) disk models for spatial distribution of dust to put
constraints on the geometric parameters of the disk and to estimate the flux can-
cellation effects in the Stokes Q and U parameters. In Sect. 4.6, we compare our
results with previous TReCS and MIDI observations (Smith et al. 2012). We also
investigate the possible presence of a very compact dust scattering component
that would not be detectable in our data. We conclude and summarize our find-
ings in Sect. 4.7.

4.2 Observations

Observations of HD 172555 were taken in service or queue mode during six runs
in 2015 as part of the open time program 095.C-192 using ZIMPOL, the visual sub-
system of the SPHERE (Spectro-Polarimetric High-contrast Exoplanet REsearch)
instrument. The SPHERE instrument was developed for high contrast observa-
tions in the visual and near-IR spectral range and includes an extreme adaptive
optics (AO) system and three focal plane instruments for differential imaging
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(Beuzit et al. 2008; Kasper et al. 2012; Dohlen et al. 2006; Fusco et al. 2014, Schmid
et al. 2018, submitted).

The ZIMPOL polarimetry is based on a modulation-demodulation technique
and our observations of HD 172555 in the VBB filter were carried out in the fast
modulation mode using field stabilization, which is also known as the P2 dero-
tator mode. The ZIMPOL modulation technique measures the opposite polar-
ization states of incoming light quasi-simultaneously and with the same pixels
such that differential aberrations between I⊥ and I‖ are minimized. Fast modu-
lation means a polarimetric cycle frequency of 967.5 Hz, which is obtained with
a ferro-electric liquid crystal (FLC) and a polarization beam splitter in front of
the demodulating CCD detector. The high detector gain of 10.5 e−/ADU allows
broadband observations with high photon rates without pixel saturation and en-
sures high sensitivity at small angular separations at the expense of a relative high
readout noise. The ZIMPOL VBB or RI filter used (λc = 735 nm, ∆λ = 290 nm)
covers the R band and I band. Polarimetric data were taken in coronagraphic
mode using the Lyot coronagraph V CLC MT WF with a diameter of 155 mas.
The mask is semi-transparent such that the central star is visible as faint PSF in
the middle of attenuation region if the stellar PSF is of good quality (good AO
corrections) and well centered on the mask. Short flux calibrations (the star was
offset from the coronagraphic mask) with detector integration time (DIT) of 1.2 s
and total exposure time of 14.4 s were also taken in each run using the neutral
density filter ND2 with a transmission of about 0.87% for the VBB filter to avoid
heavy saturation of the PSF peak.

The ZIMPOL instrument is equipped with two detectors/cameras, cam1 and
cam2, which both have essentially the same field of view of 3.6′′ × 3.6′′. The
format of the processed frame is 1024× 1024 pixels, where one pixel corresponds
to 3.6× 3.6 mas on sky. The spatial resolution of our data provided by the AO-
system is about 25 mas.

The HD 172555 data were taken at three different sky orientations on the CCD
detectors with position angle (PA) offsets of 0◦, 60◦ and 120◦ with respect to sky
north. For each field orientation, eight polarimetric QU cycles were recorded
consisting each of four consecutive exposures of the Stokes linear polarization
parameters +Q,−Q,+U and −U using half-wave plate (HWP) offset angles of
0◦, 45◦, 22.5◦, and 67.5◦, respectively. For each exposure, eight frames with DIT of
10 s were taken and this yields a total integration of 10 s× 8 frames× 4 exposures
× 8 cycles or ∼42.7 minutes. Because of a timing error in the control law (see
Maire et al. 2016) of the derotator during the first three runs performed in June
2015, the program was re-executed in August and September 2015. However, it
turned out that this timing error was so small, that it does not significantly affect
the imaging of an extended source at small separation. Therefore none of the six
disk observations for HD 172555 are degraded by this effect.
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4.3. Data reduction

All our deep polarimetric observations of HD 172555 are listed in Table 4.1
together with the observing conditions, which have an important impact on the
data quality.

4.3 Data reduction

The data were reduced with the SPHERE-ZIMPOL data reduction pipeline de-
veloped at ETH Zurich. We applied very similar procedures as in Engler et al.
(2017) using flux normalization before polarimetric combination of the data.

For high contrast polarimetry at small separations from the star an accurate
centering and the correction of the ZIMPOL polarimetric beam-shift are impor-
tant (Schmid et al. 2018, submitted). The stellar position behind the mask should
be determined with a precision higher than 0.3 pixels, otherwise the final im-
age shows strong offset residuals disturbing the detection of a faint polarimetric
signal. For the fine centering we fitted a 2D Gaussian function using a central
subimage with a radius of eight pixels containing the stellar light spot transmit-
ted through a semitransparent coronagraphic focal plane mask.

The output of the data reduction pipeline consists of images of the intensity or
Stokes I and the Stokes Q and U fluxes, where Q = I0− I90 is positive for a linear
polarization in N-S-direction and U = I45 − I135 is positive for a polarization in
NE-SW direction. For the data analysis, we transformed the Q and U images into
a tangential or azimuthal polarization images Qϕ and Uϕ, locally defined with
respect to the central light source. This transformation is useful for an optically
thin circumstellar scattering region because the polarization signal is mainly in
the Qϕ component, while Uϕ should be zero (e.g. Schmid et al. 2006, see also
Sect. 2.2).

During the data reduction, it turned out that an accurate centering of our HD
172555 images is difficult and not possible for a substantial portion of our data be-
cause several runs suffered from mediocre atmospheric conditions with a seeing
> 1′′ and therefore strongly reduced AO performance. Because of this problem
only data from the best night 177 (2015-06-26; see Table 4.1) with an average see-
ing of 0.78′′ and most data from the second best night 249 (2015-09-06) with see-
ing of 0.93′′ could be used for our high contrast polarimetry. Figure 4.8 shows the
Stokes I, Q, and U images of these data sets in comparison with the reduced data
from the other observing runs that were affected by poor observing conditions.

To have a higher S/N per resolution element, images were 8 × 8 (Fig. 4.1)
binned for the data analysis and modeling. In Fig. 4.2 we used a smaller binning
(6× 6) to preserve the spatial information and to have a more detailed picture of
the disk.
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14 au 

Figure 4.1: Polarimetric differential imaging data of HD 172555 with the VBB filter (590-
880 nm). The 8× 8 binned images show polarized flux computed as Stokes I (left col-
umn), Qϕ (middle column), and Uϕ (right column) parameters. Top row: Observation
OBS177 0010-0042 (see Table 4.1 for the observational conditions) data averaged over 8
QU cycles. Middle row: Observation OBS249 0028-0060 data averaged over 6 QU cycles.
Bottom row: Average of the data presented in the top and middle rows. The position
of the star is denoted by a yellow asterisk. White arrows point out quasi-static speckles
from the AO system. In all images north is up and east is to the left. The color bars show
the counts per binned pixel.
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Figure 4.2: Qϕ image (a) and isophotal contours of polarized light intensity overlying the
Qϕ image (b). The original data (OBS177 0010-0042) were 6× 6 binned to highlight the
disk shape and to reduce the photon noise level. The position of the star is indicated by a
yellow asterisk. White brackets in the top panel show the boundaries of two rectangular
areas where the counts were summed up to retrieve the total polarized flux of the disk
(see Sect. 4.5.3). Image (b) is smoothed via a Gaussian kernel with σkernel = 3 px. The
isophotal contours show levels of the surface brightness with approx. 25, 40, and 50
counts per binned pixel (from the lowest to the highest contour). Arrows ”A” and ”B”
mark the location of the increased surface brightness, which could indicate the radius of
the planetesimal belt. The x-axis coincides with the disk axis at estimated PA θdisk = 112◦

(see Sect. 4.5). The color bar shows the surface brightness in counts per binned pixel.
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4.4 Features in the reduced data

The top row of Figure 4.1 shows the main results of our data reduction, i.e., the
mean intensity or Stokes I, Stokes Qϕ, and Uϕ images using all eight cycles of the
best night. The second row shows the same for six out of eight cycles from the
second best night. The bottom row is the mean of these data.

The quality of the data can be easily recognized in the coronagraphic intensity
images. These images show, for the best night (top), a much weaker halo and a
weaker speckle ring at a separation of about r ≈ 0.35′′ than for the second best
night (middle). For all other nights the disturbing light halo and speckles from
the central star are even stronger (see Fig. 4.8). Also clearly visible in Fig. 4.1
is the rotated speckle pattern in the top I image, which was taken with a field
orientation of 120◦, with respect to the middle I image taken without field orien-
tation offset or 0◦. In the latter image two strong quasi-static speckles from the
AO system (indicated with white arrows) are located left and right from the cen-
tral source on the speckle ring. The same speckles are rotated in the top image by
120◦ because of the applied field rotation.

The Qϕ image from the best night in the top row shows a positive signal or
tangential polarization for regions just ESE and WNW from the coronagraphic
mask and some noisy features at the location of the two strong speckles. The cor-
responding Uϕ image is also noisy but shows no predominant extended feature
as seen in Qϕ. The same ESE–WNW extension is also present in the Qϕ image of
the second best night, but now the disturbing strong speckles are adding noise
in the E-W direction, particularly well visible in the Uϕ image. Besides this, both
Qϕ and Uϕ for the second best night show a quadrant pattern that is typical for a
not perfectly corrected component from the telescope polarization. The following
analysis of the disk morphology and modeling are based on the Qϕ image in the
top row obtained under the best observing conditions because these data are the
least affected by noise.

The fact that we see the same kind of extended feature in the ESE-WNW ori-
entation in both data sets (from the best and second best nights), while other
features can clearly be associated with instrumental effects, strongly supports an
interpretation that this is a real detection of the debris dust around HD 172555.
This is further supported by the fact that the orientation and extent of the detected
feature coincides at least roughly with the disk detection reported previously by
Smith et al. (2012) based on imaging in the mid-IR.

In our image there is a prominent bright spot located below the coronagraphic
mask. Most likely it is a spurious feature originating from image jitter and the
temporal leakage of light of the central star from behind the coronagraphic mask.
It is seen more particularly in 177 data set, which argues against this being a real
feature.

A final remark on the data quality. Our data look noisy and are affected by not
well corrected instrumental effects. However, we note that the signals in the Qϕ

and Uϕ images are at a very low level of 0.001 of the signal in the intensity frame
or the surface brightness in the Qϕ image is on the order 10−5 of the expected
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peak flux of the central star for a separation of < 0.3 arcsec. The detection of this
faint target requires very high contrast polarimetry at small angular separation.
Not all instrumental effects are understood and can be calibrated at this level of
sensitivity yet.

4.5 Analysis

4.5.1 Disk position angle and morphology

To determine the PA of the disk θdisk, we varied the position of the disk major
axis in the range from θdisk = 105◦ to θdisk = 125◦ with a step of 0.5◦. Each time
the Qϕ image was rotated by θdisk − 90◦ clockwise to place the disk major axis
horizontally and then we determined the difference between the left side and the
mirrored right side of the image. The minimum residual flux corresponding to
the best match between disk sides is achieved at θdisk = 113.5◦ for the data set
from 2015-06-26 (night 177) and at PA = 116.5◦ for the data set from 2015-09-06
(night 249).

We adopted the PA equal θdisk = 114◦ ± 3◦. This PA should be corrected for
the ZIMPOL True North offset of−2◦, which means the preprocessed image must
be rotated by 2◦ clockwise. The final PA of the disk is, therefore, θdisk = 112◦ ±
3◦ north over east (NoE), where the indicated uncertainty includes associated
systematic errors. For the following data analysis, the Qϕ image was rotated by
24◦ clockwise, including the correction for the True North offset, to place the disk
major axis horizontally. We introduced an x − y disk coordinate system with
the star at the origin and the +x coordinate along the derived disk major axis in
WNW direction and the y coordinate perpendicular to this with the positive axis
toward NNE (θ = 22◦) as shown in Fig. 4.2(b).

The observed Qϕ flux image shows areas of enhanced surface brightness at
the separations |x| ' 0.1− 0.3′′ but located about 0.04′′ above the x-axis and this
up-down asymmetry is reflected clearly in the surface brightness contours shown
in Fig. 4.2(b).

Figure 4.3 shows the profile for the polarized flux along the x-axis measured
in bins of ∆x = 29 mas and integrated in the y-direction from y = −0.13′′ to
y = +0.16′′. Our data show a higher flux closer to the star with a maximum flux
inside r = 0.3′′ and two small brightness peaks at |x| ≈ 0.3′′ (8.5 au) indicated
with arrows ”A” and ”B” in Figs. 4.2(b) and 4.3.

Figure 4.3 also includes background profiles determined below and above the
disk major axis by summing up the counts from y = −0.42′′ to y = −0.13′′ (light
green dotted line) and from y = +0.16′′ to y = +0.45′′ (green solid line). The
disk flux is at least twice as high as the background, except for a small region
around x ≈ +0.23′′ where the background is particularly high. The origin of the
enhanced background below the disk midplane is unclear. The errors on flux per
bin were calculated from the variance of the sum of pixel values in bins assuming
a sample of normal random variables. The uncertainty of the pixel value is given
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Figure 4.3: Radial polarized flux profile measured in the Qϕ image per 0.029′′(∆x) ×
0.290′′(∆y) bin (red solid line) compared with profiles of the best-fitting models and back-
ground. The background above (green solid line) and below (light green dotted line) the
disk midplane and the background in the Uϕ image (black solid line) are calculated as
explained in Sect. 4.5. The upper limit is set for the polarized flux per bin for the disk
regions beyond r = 0.53′′. The arrows ”A” and ”B” point to the surface brightness peaks.

by the standard deviation of the flux distribution (counts per pixel) computed in
concentric annuli in the Qϕ image (excluding the area containing the disk flux)
to take into account the radial dependence of the data variance. As an additional
noise estimator, we measured the background in the Uϕ image (black solid line
in Fig. 4.3) in the same areas where the polarized flux of the disk was measured
in the Qϕ image. The polarized scattered light from the disk is detected up to a
radial distance of r ∼ 0.8′′. Beyond r = 0.3′′, the polarized flux per x-bin is less
than 8 ct/s.

4.5.2 Modeling the observed disk flux

We modeled the spatial distribution of dust in HD 172555 disk with the 3D sin-
gle scattering code presented in Engler et al. (2017). The disk geometry is de-
scribed by a radius r0, where the radial distribution of the grain number density
has a maximum, and by inner and outer radial power-law falloffs with expo-
nents αin and αout, respectively. For the vertical distribution we adopt the simpler
Lorentzian profile instead of the exponential profile. The former profile has al-
ready been used for this purpose (e.g., Krist et al. 2005) and has an advantage
that it is described with one parameter less. The Lorentzian profile is given by

fL(h) = aL

[
1 +

(
h

H(r)

)2
]−1

,
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4.5. Analysis

where h is the height above the disk midplane and aL is the peak number density
of grains in the disk midplane. The scale height of the disk H(r) is defined as a
half width at half maximum of the vertical profile at radial distance r and scales
as in H(r) = H0 (r/r0)

β.

The parameters of the model are the PA of the disk θdisk, the radius of the plan-
etesimal belt r0, inner αin and outer αout power law exponents, scale height H0,
flare exponent β, inclination angle i, Henyey-Greenstein (HG) scattering asym-
metry parameter gsca and the scaling factor Ap. The scattering phase function for
the polarized flux fp (θ, gsca) is the product fp (θ, gsca) = HG(θ, gsca) · pRay(θ) of
the HG function and the Rayleigh scattering function (see Fig. 8 in Engler et al.
(2017)).

We assume that the debris disk is optically thin and neglect multiple scatter-
ing. The HG parameter has only positive values (0 6 gsca 6 1) assuming that
the dust particles are predominately forward-scattering as inferred from imaging
polarimetry of other highly inclined debris disks (e.g., Olofsson et al. 2016; Engler
et al. 2017). This means that the brighter side of the disk is the near side and the
inclination higher than 90◦ defines a disk with its near side toward north as in the
case of the HD 172555 disk.

To simplify the model computation, we adopt the same grain properties ev-
erywhere in the disk. The average scattering cross section per particle is a free
parameter included in the scaling factor Ap.

The Qϕ model image is calculated from the combination of the PSF convolved
images of the Stokes parameters Q and U. The individual steps of the modeling
procedure are described and illustrated in Sect. 2.2.

To find parameters of the model that best fits the Qϕ image (Fig. 4.4(a)), we
took a twofold approach: first, we fitted the data with models drawn from a
parameter grid and second we used the Markov chain Monte Carlo (MCMC)
technique.

Grid of models

We define an extensive parameter grid of ∼104 models and calculate a synthetic
Qϕ image for each model. The explored parameter space and steps of linear sam-
pling are given in Table 4.2, Cols. 2 and 3. In this first modeling approach, the
disk PA is set to θdisk = 112◦, which is the PA value found in the previous sec-
tion (Sect. 4.5.1). The flux scaling factor Ap is treated as a free parameter for each
model and is obtained by minimizing the χ2 for the fit of the Qϕ model image to
the data.

The reduced χ2
ν metric is estimated as follows:

χ2
ν =

1
ν

Ndata

∑
i=1

[
Fi, data − Ap · Fi, model(p)

]2
σ2

i, data
, (4.1)

where Ndata is a number of pixels used to fit the data, Fi, data is the flux measured
in pixel i with an uncertainty σi, data, and Fi, model(p) is the modeled flux of the
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a 

b 

c 

0.2’’ 

6 AU 

Figure 4.4: Comparison of the grid model with the Qϕ image. (a): Qϕ image after 8x8
binning. (b): Image of the best-fitting grid model convolved with the instrumental PSF.
(c): Residual image obtained after subtraction of the PSF-convolved grid model image
(b) from the Qϕ image (a). Color bar shows flux in counts per binned pixel.

same pixel. The degree of freedom of the fit is denoted by ν = Ndata − Npar,
where Npar represents the number of model parameters p = (p1, p2, ..., pNrmpar).

To be less affected by single pixel noise and to speed up this procedure, we
reduce the number of pixels of the original Qϕ image (Fig. 4.2(a)) by 8× 8 binning
and select a rectangular image fitting area with a length of 63 and width of 19
binned pixels (1.83′′ × 0.55′′; Fig. 4.4(a)) centered on the star. A round area with
radius of 2.5 binned pixels covering the coronagraph and a few pixels around this
region are excluded from the fitting procedure.

The minimum χ2
ν = 1.17 is achieved for the model with parameters listed

in Col. 4 of Table 4.2. Considering all the models that fit the observations well
and have a χ2

ν < 2, we derive the parameter distribution and fit a Gaussian for
each model parameter (see Fig. 4.9). We adopt the mean values of the parameter
distribution as the best-fitting model presented in Col. 5 of Table 4.2. The errors
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4.5. Analysis

on the mean parameters are given by the 68 % confidence interval derived for the
respective distribution.

MCMC modeling

We use the parameters of the best-fitting model from the parameter grid
(Sect. 4.5.2) as a starting point for the MCMC run. To perform this analysis,
we employed the Python module emcee by Foreman-Mackey et al. (2013), which
implements affine invariant MCMC sampler suggested by Goodman & Weare
(2010). The uniform priors are defined as specified in Col. 6 of Table 4.2. Contrary
to the modeling with a grid of parameters (Sect. 4.5.2), the PA θdisk is allowed to
vary.

For the run of the standard ensemble sampler, 1000 walkers are initialized
to perform a random walk with 2000 steps. The posterior distributions of the
parameters shown in Fig. 4.10 are obtained discarding the burn-in phase of 400
walker steps. The mean fraction of the accepted steps within the chain is 0.342
and the maximum autocorrelation time of parameter samples is 90 steps. This
indicates a good convergence and stability of the chain by the end of the MCMC
run (Foreman-Mackey et al. 2013).

A set of the most probable parameters, which are considered to be the pa-
rameters of the best-fitting MCMC model, is listed in Col. 7 of Table 4.2. These
parameters are derived as the 50th percentile of the posterior distribution. Their
lower and upper uncertainties are quoted based on the 16th and 84th percentiles
of the samples, respectively. Figure 4.10 demonstrates the degeneracy between
some of the model parameters, for instance, between HG parameter gsca and in-
clination of the disk i or scale height H0.

Modeling results

The MCMC sampling result for the PA of the disk is essentially the same as the
PA we found by subtracting one disk side from the other (Sect. 4.5.1). Regarding
other parameters, the best-fitting grid model (Table 4.2 Col. 5) and the MCMC
model (Table 4.2 Col. 7) are consistent with each other. They indicate a disk
radius r0 between 10 and 12 au and a disk inclination of≈103.5◦. The scale height
of the vertical profile H0 is 10 to 20 times smaller than the radius of the disk.
According to the MCMC model, the outer density falloff is at least steeper than
about αout = −7. It is not clear whether the disk is cleared inside r0 because the
inner radial index αin is smaller than 3. Both models indicate a relatively high
asymmetry parameter for scattering gsca ≈ 0.7. This result could be affected by a
higher surface brightness, which we observe inside r = 0.2′′. The flare index β is
the only parameter that remains unconstrained in both modeling methods (grid
and MCMC) showing a tendency to be 0.

Both models fit the Qϕ image equally well according to the χ2
ν metric: the

grid model has a χ2
ν = 1.20 (ν = 1152) and the MCMC model has a χ2

ν = 1.19
(ν = 1151). The residual images of both models show no noticeable differences.
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4.5. Analysis

Therefore, in Fig. 4.4, we show only the grid model in comparison to the Qϕ

image.
Also, the radial profiles for the polarized flux of both models, which are cal-

culated in the same bins as in the Qϕ image (Fig. 4.4(a)), are qualitatively very
similar (cf. yellow solid and dotted lines in Fig. 4.3a).

Modeling cancelation effect

The synthetic image of the best-fitting model (Fig. 4.4(b)) is important for a cor-
rection of the polarized flux due to the extended instrument PSF. One effect is
the loss of polarization signal because parts of it are outside the flux integration
aperture. The second and more important effect for compact sources is the polar-
ization cancellation effect where the positive and negative Q flux features in the
Stokes Q image, and similar for Stokes U, cancel each other substantially if their
separation is not much larger than the PSF. As described in Schmid et al. (2006)
and Avenhaus et al. (2014), this can easily cause a reduction of the measurable
polarization flux by a factor of two or more, depending on the source geometry
and PSF structure.

We determine the total polarized flux for our best-fit model before and after
convolution with the instrument PSF and derive for the cancellation effect a factor
of 0.61 for our observations of the HD 172555 debris disk. In addition we find that
only 82 % of the polarized flux of the convolved images fall into the rectangular
disk-flux measuring areas indicated by the white corners in Fig. 4.2, while 4 %
of the flux is covered by the coronagraphic mask near the star and 14 % of the
polarized flux are distributed in a very low surface brightness halo further out.

4.5.3 Measured polarized flux of the disk

To compare the polarized flux from the disk with the stellar flux we first derive
the expected count rates of the star in the coronagraphic image, if there were no
coronagraph hiding its PSF peak. This is obtained with the flux frames where the
star is offset from the coronagraphic mask. We use two flux measurements from
the nights when we obtained good results (177 and 249) and derive a mean count
rate for the central star of (4.36± 0.08) · 105 counts per second (ct/s) per ZIMPOL
arm by summing up all counts registered within the aperture with a radius of
1.5′′ (413 pixels). Then we correct with a factor of 1.007 for the coronagraph at-
tenuation at a distance of 0.35′′ from the stellar PSF peak and a factor of ∼115 to
account for the mean transmission of the neutral density filter ND2.0 in the VBB
filter. We obtain an average count rate of (5.00± 0.14) · 107 ct/s per ZIMPOL arm
for the expected flux of the central star for observation in the fast polarimetry
mode with the pupil mask but without correction for the attenuation by the focal
plane mask or ND2.0 filter.

For the disk, we derive the total polarized flux by summing up all the
counts in two rectangular areas indicated with white brackets in Fig. 4.2(a),
from |x| = 0.08′′ to 0.77′′ along the major axis and from y = −0.13′′ to 0.16′′
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Chapter 4. HD 172555 debris disk

perpendicular to it. The innermost regions with radial separations |x| < 0.08′′

are largely hidden behind the coronagraphic mask, and therefore they are not
included in this estimate. The total polarized flux in the VBB filter after the
modulation-demodulation efficiency calibration amounts to 780± 150 (ESE side,
left) and 760± 150 (WNW side, right) ct/s and per ZIMPOL arm. Therefore, the
total net flux obtained by integrating over abovementioned areas is 1540± 300
ct/s per ZIMPOL arm.

This measured flux must still be corrected for the polarimetric cancellation
effects to get a value for the intrinsic polarized flux. Because of the limited spatial
resolution of our data, the polarization in the positive and negative Q regions
is reduced since signals with opposite signs overlap and cancel each other. We
quantified this effect and calculated correction factors using our best-fit model
(see description in the last paragraph of Sect. 4.5.2).

Taking into account the PDI efficiency, which causes the reduction of disk po-
larized flux by a factor of∼1.7 and correction factor for the aperture size (see Sect.
4.5.2), the total polarized flux of the disk is at least twice as large as the total net
flux and is equal to 3100± 600 ct/s per ZIMPOL arm. This flux corresponds to
the intrinsic modeled polarized flux compatible with our observation. With this
value, the lower limit for the ratio of the disk total polarized flux to the stellar flux
is (Fpol)disk/F∗ > (6.2± 0.6) · 10−5 (cf. with the ratio (Fpol)disk/F∗ = 3.1 · 10−5

obtained for the net flux (Fpol)disk = 1540 ct/s).

4.5.4 Polarimetric flux

To check our photometry, we compare the measured stellar flux with the stellar
magnitudes from the literature. The stellar count rate of (4.36± 0.08) · 105 ct/s
per ZIMPOL arm before correction for the transmission of the neutral density
filter can be converted to the photometric magnitude m(VBB) (Schmid et al. 2017)
as follows:

m(VBB) = −2.5 log(ct/s)− am · k1(VBB)−mmode + zpima(VBB),

where am = 1.3 is the airmass, k1(VBB) = 0.086m is the filter coefficient for the
atmospheric extinction, zpima(VBB) = 24.61m is the photometric zero point for
the VBB filter, and mmode = 5.64m is an offset to the zero point, which accounts for
the instrument configuration, pupil stop (STOP1 2), neutral density filter ND2.0,
and the fast polarimetry detector mode. For HD 172555 we derive a magnitude
m(VBB) = 4.68m ± 0.03m (indicated with a black asterisk in Fig. 4.5). This value
is in good agreement with the Johnson photometric magnitude in R band m(R) =
4.887m ± 0.023m and I band m(I) = 4.581m ± 0.025m (Johnson et al. 1966).

For the estimated above ratio of the disk total polarized flux to stellar flux
(Fpol)disk/F∗ > (6.2± 0.6) · 10−5, disk magnitude in the VBB filter is mpdisk(VBB)
= 15.20m± 0.37m (indicated with a blue asterisk in Fig. 4.5).

At radial separation of r ≈ 0.3′′ indicated with arrows ”A” and ”B” in
Figs. 4.2(b) and 4.3, the peak surface brightness is ∼15 ct/s per binned pixel
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(0.029′′ × 0.029′′) and corresponds to the SBpeak(VBB) = 13.3m ± 0.3m arcsec−2 or
surface brightness contrast for the polarized flux of SBpeak(VBB)−mstar(VBB) =
8.62 mag arcsec−2.

4.6 Discussion

4.6.1 Comparison with thermal light detection and
interferometry

The disk geometry is consistent with the 18 µm image presented in Smith et al.
(2012). They found two lobes of extended emission along PA = 110◦ with a sep-
aration of about 0.4′′ from the star and a flux of 105 mJy. On top of this, they
measured a roughly seven times stronger (732 mJy) unresolved dust component
and a stellar flux of 202 mJy. In the N-band image the dust was not resolved by
Smith et al. (2012), but their N-band MIDI interferometry resolved the dust fully,
putting it at separations between > 0.035′′ and < 0.27′′ (1− 8 au). Therefore, we
also expect that a lot of polarized light from the dust scattering contributes to the
signal inside the inner working angle of the SPHERE/ZIMPOL observations at
0.12′′, which cannot be measured.

The disk modeling of the infrared flux by Smith et al. (2012) yields a disk
with radius r = 0.27′′ and width dr = 1.2r, which is equivalent to the ring with
constant surface brightness between 0.1′′ and 0.4′′, inclined at 75◦ to the line of
sight and at PA= 120◦ for the disk major axis. We confirm these parameters with
our observation and can provide more stringent parameters for the inclination
and the disk orientation because of the higher spatial resolution of our data. Also
the disk extension agrees, but it is not clear whether the scattered light emission
and thermal emission should show the same radial flux distributions.

In Fig. 4.5, we compare the flux distribution λFλ from the stellar photosphere
with the thermal emission of the disk and the polarized flux distribution mea-
sured in this work. Photometric data points of HD 172555 are listed in Table 4.3
and plotted as green diamonds in Fig. 4.5, which also includes a Spitzer/IRS
spectrum2. The stellar spectral flux density is approximated by a Planck func-
tion for the star temperature of 7800 K (Riviere-Marichalar et al. 2012). A black
asterisk (labeled VBB) denotes the stellar magnitude measured in the VBB (this
work). The near-IR aperture photometry of HD 172555 in the N and Q bands
(green diamonds at 11.7 and 18.3 µm), performed by Smith et al. (2012) using
TReCS imaging data, is indicated by capital letters ‘N’ and ‘Q’. The thermal flux
from the disk is shown as a blackbody emission with the temperature of 329 K
found by Riviere-Marichalar et al. (2012) (orange solid line). The net polarized
flux measured in the Qϕ image (Sect. 4.5.3) is indicated by a light blue asterisk
(labeled with ’Ipol = Qϕ’), and the polarized flux corrected for the polarimetric
cancellation effects and aperture size is indicated by a blue asterisk in this figure.

2 downloaded from http://www.stsci.edu/ cchen/irsdebris.html
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Figure 4.5: Photometry of the star and disk together with the blackbody SED fits.

The blue dotted line shows an approximate curve for the SED of the polarized
light obtained by scaling down the SED of the star. Using our best-fitting grid
model we roughly estimated the scattered flux from the disk (averaged over full
solid angle) in the VBB filter. This conversion neglects the contribution from the
diffracted light and assumes that the maximum polarization fraction of the phase
function for the polarized flux is pmax = 0.3. This value is denoted with a yel-
low asterisk and labeled ’< Isca >’. We used this magnitude as a proxy for the
scattered flux of the disk to compare it with the maximum thermal flux of the
disk at λ = 10 µm and thus to estimate a kind of the disk albedo. We obtain
< Isca > (pmax = 0.3)/λFλ (λ = 10 µm) = 0.54, which should be considered as
a very rough estimate for this ratio. The lower and upper limits on the scattered
flux Isca, shown in Fig. 4.5, are obtained assuming maximum polarization fraction
pmax = 0.1 (for the upper limit) and pmax = 0.7 (for the lower limit).

4.6.2 Hidden source of thermal emission

According to the mid-IR observations of Smith et al. (2012), most of the dust is
located inside 8 au, down to 1 au. Therefore, we investigate with model calcu-
lations whether a strong but compact source of scattered light could be present,
which is not detectable in our data because of the limited resolution and inner
working angle limit of the used coronagraph.

The occulting spot in our coronagraphic data has a radius r ∼ 0.08′′ (2.27 au).
We model a small disk with a radius of 2 au (0.07′′) with exactly the same geomet-
ric morphology as the best-fit grid model derived in Sect 4.5.2, but just smaller by
a factor of 5. This small disk is shown als Qϕ image in Fig. 4.6(a), together with
the convolved Qϕ image with the size of the coronagraphic mask indicated in
Fig. 4.6(b). First, we notice a large difference between Qϕ intrinsic polarized flux
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Table 4.3: Photometry of HD 172555.

Filter Wavelength Flux density Error Ref.
(µm) (Jy) (Jy)

Johnson B 0.44 53.87 0.94 1

Johnson V 0.55 38.45 0.53 1

Johnson R 0.7 33.40 0.71 1

Johnson I 0.9 35.74 0.82 1

Si-5 (N) 11.7 1.120 0.067 2

Qa (Q) 18.3 1.039 0.085 2

PACS70 70 0.191 0.005 3

PACS100 100 0.089 0.003 3

PACS160 160 0.036 0.02 3

References. (1) Johnson et al. (1966); (2) Smith et al. (2012); (3)
Riviere-Marichalar et al. (2012).
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Figure 4.6: Model of the small debris disk that could be hidden behind the coronagraphic
mask. The model parameters correspond to those of the mean model (Table 4.2) except
the radius of the belt and scale height of the dust vertical distribution, which are reduced
by a factor of 5. (a) Qϕ image of the debris disk model showing the polarized intensity
before being convolved with the instrumental PSF. (b) Qϕ image of the debris disk model
showing the polarized intensity after convolution with the instrumental PSF. The black
circle denotes the edge of the coronagraphic mask. (c) Uϕ image of the model demon-
strating nonzero Uϕ signal appearing after convolution of the Stokes Q and U parameters
with the instrumental PSF. The color bars show counts per pixel.
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and the convolved polarized flux of a factor of 2.5 because of the very strong
polarimetric cancellation for such a compact disk. Then, there is another factor
2.67 between the total convolved polarized flux from the disk and the convolved
polarized flux that falls into the rectangular measuring areas of our observations
shown in Fig. 4.2(a) because a major region of the polarization signal is hidden by
the coronagraphic mask. Thus, only about 15 % of the polarized flux produced
by an inner compact disk would contribute to our measurement. We measure a
net flux of 1540 ct/s in the measuring area of our observation and estimate that it
is not possible to recognize an inner disk in our data, which contributes less than
150 ct/s to our measurement. Thus, an unseen compact disk with the geometry
as described above and an intrinsic polarized flux of 6.675 x 150 ct/s could be
present without being in conflict with our observations and even more scattered
light could be hidden for a more compact inner disk.

4.6.3 Comparison between polarized flux and thermal emission

To characterize the scattering albedo of the dust, we compute the Λ parameter
describing the ratio of the fractional polarized light flux to fractional infrared
luminosity excess of the disk (Engler et al. 2017), i.e.,

Λ =
(Fpol)disk/F∗

LIR/L∗
,

where the ratio of total polarized flux of the disk to the stellar flux for HD 172555
is (Fpol)disk/F∗ > (6.2± 0.6) · 10−5 (Sect. 4.5.3). Adopting the ratio of the disk
infrared luminosity to stellar luminosity LIR/L∗ equal to 7.2 · 10−4 (Mittal et al.
2015), we obtain a lower limit for Λ > 0.086. This value is slightly smaller than
the Λ parameters we have estimated for the F star HIP 79977 and the M star AU
Mic (ΛHIP 79977 = 0.11 and ΛAU Mic = 0.55) in Engler et al. (2017).

4.7 Summary

In this paper, we presented images of polarized scattered light from the debris
disk around HD 172555 obtained in the VBB filter using differential polarimetry.
We found that the observed polarized intensity is consistent with an axisymmet-
ric dust distribution, which can be interpreted as a parent belt of planetesimals
or disk with a radius in the range between 0.3′′ (8.5 au) and 0.4′′ (11.3 au). We
analysed the disk structure and obtained the following results:

• The PA for the disk major axis is θdisk = 112.3◦ ± 1.5◦ on the sky.

• The disk emission is slightly shifted in NNE direction from the star indicat-
ing that the front side or forward-scattering part of the disk is on the NNE
side. The observed dust distribution can be described with the HG asym-
metry parameter g ≈ 0.7 and disk inclination ≈ 103.5◦.
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4.7. Summary

• Data analysis and modeling results do not suggest the clearing of the inner
disk regions (inside r = 0.3′′).

• The total disk magnitude in polarized flux in the VBB filter is mpdisk(VBB)
= 15.20m± 0.37m and the stellar flux is m(VBB) = 4.68m ± 0.03m. This
gives a disk to star contrast (Fpol)disk/F∗ of (6.2 ± 0.6) · 10−5. The mea-
sured peak surface brightness of the polarized light is SBpeak(VBB) =

13.3m ± 0.3m arcsec−2. This corresponds to a surface brightness contrast
of SBpeak(VBB)−mstar(VBB) = 8.62 mag arcsec−2.

• When compared with the fractional infrared luminosity of the disk using
the Λ parameter, the fractional polarized light flux in the VBB filter makes
up ∼ 9%.

Our data demonstrate high sensitivity and ability of ZIMPOL to resolve the po-
larized light from the hot debris around a nearby A star as close as 0.1′′ or ∼3 au.
It would be worth reobserving HD172555 in the I band without the coronagraph.
Additional observations of this target under excellent observing conditions, i.e.,
seeing 6 0.7, airmass 6 1.4, coherence time > 3.5 ms, and wind speed > 3 m/s,
to avoid the low wind effect (see SPHERE Manual) and with different offsets
of the sky field on the detector would allow us to better distinguish between
the instrumental features in the PSF and the real astrophysical signal. In the
VBB filter the speckle ring extends from 0.30′′ to 0.45′′ and overlaps the region
of interest. In the I band, the speckle ring is further outside of ∼ 0.40′′ and the
achievable contrast is higher under optimal observing conditions even if the
amount of photons received in the I band is a factor of 0.6 lower than in the VBB.
Moreover, noncoronagraphic data taken with I band are more suitable for the
measurement of the beam shift between the two orthogonal polarization states
and, hence, the correction of the beamshift effect (Schmid et al. 2018, submitted)
is much easier. Such observation may also allow us to probe the innermost dust
in the HD 172555 system.

Acknowledgements. This work is supported by the Swiss National Science Foundation
through grant number 200020 - 162630.
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Figure 4.7: Qϕ image (2× 2 binned). Left and right figures are identical: left figure is
included for a better view of the encircled regions shown in the right figure. The color
bars show the counts per binned pixel.

Appendix A: Qϕ image with 2× 2 binning

For the data analysis, we applied 6 × 6 or 8 × 8 binning to the data to reduce
the noise level (Sect. 4.3). The binning, however, always results in a less de-
tailed picture of the surface brightness distribution. Figure 4.7 shows the Qϕ

image presented in Fig. 4.2(a) but here with a 2× 2 binning. There are several
asymmetrically located bright spots and stripes in the Qϕ image (Fig. 4.7, left).
Some of them are the AO features. They became much fainter after averaging
over different field positions. The bright spots close to the coronagraph, e.g. the
brightest spot of the image (encircled by a yellow ellipse in Fig. 4.7), could be due
to the instrumental effects. This also applies to the features extending towards
southwest from the central star (also encircled by a yellow ellipse). We cannot
completely exclude the real astrophysical signal as an origin of these emissions,
especially because some surface brightness peaks appear at approximately the
same positions in different observations (e.g. within blue and yellow encircled
image regions). In particular, we would expect to find increased polarized scat-
tered flux at smaller separations (r < 0.3′′) because Lisse et al. (2009) placed the
warm dust at r = 5.8 au or ≈ 0.2′′ from the host star. We also find a polarized
signal in inner region (r < 0.2′′, see green encircled area) which form a half-ring
like structure more pronounced on the ESE side of the disk. The low level of
the flux inside the ’half-ring’ is remarkable and could be interpreted as the dust
clearing of the innermost regions.
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Appendix B: HD 172555 polarimetric data per
observing run

arcsec 

Stokes I flux  (ct)  Stokes Q / U  flux  (ct)  

Figure 4.8: Reduced imag-
ing data of HD 172555
from all six observing runs
arranged from top to the
bottom with the Stokes I (left
column), Q (middle column)
and U (right column) data.
Each run was carried out
with fixed sky orientation
on the CCD detector with
PA offset indicated in paren-
thesis. The highest quality
observations are in rows two
and four. To get north up
and east to the left, each im-
age should be rotated by the
PA offset counterclockwise
and the True North offset of
the ZIMPOL should be taken
into account. The yellow
lines in the Q and U images
show the position of disk
major axis. The FITS files
of the total intensity (Stokes
I) and Stokes parameters Q
and U of the data presented
in rows two and four in this
figure are available in elec-
tronic form at the CDS via
anonymous ftp to cdsarc.u-
strasbg.fr (130.79.128.5)
or via http://cdsweb.u-
strasbg.fr/cgi-
bin/qcat?J/A+A/.
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Appendix C: Probability distributions for fitted
parameters

See Figures 4.9 and 4.10.

Figure 4.9: One-dimensional marginalized distributions of model parameters drawn
from the sample of well-fitting models (χ2

ν < 2). The red dotted lines denote Gaussian fits
to the parameter distributions. Their mean values µ and standard deviation σ are given
in brackets.
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4.7. Summary

Figure 4.10: One- and two-dimensional posterior probability distributions of the fitted
parameters.
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Chapter 5

Investigating the presence of two belts in the
HD 15115 system∗

N. Engler, A. Boccaletti, H.M. Schmid, J. Milli, J.-C. Augereau1

Abstract

Context. Debris disks can be composed of multiple planetesimal rings. New
high-contrast and high-resolution instruments allow to spatially resolve the indi-
vidual components of such systems. Their direct imaging and study are tightly
connected with the search for exoplanets which may sculpt belt’s edges and
gravitationally interact with dust-releasing planetesimals.

Aim. We present new observations of the known edge-on debris disk around
HD 15115 (HIP 11360, F star at 48.2 pc) obtained with SPHERE-IRDIS. We search
for observational evidence for a second inner planetesimal ring in this system.

Method. SPHERE-IRDIS imaging and polarimetric data of HD 15115 were
taken in the broadband H and J filters. We apply angular differential imaging
techniques to the total intensity data to resolve the debris disk with an angular
resolution of about 40 mas. Disk images in polarized scattered light are processed
with a double difference method. A grid of models describing the spatial distri-
bution of grains in the disk is generated to constrain the geometric parameters of
the disk and to explore the presence of a second belt. We perform a photometric
analysis of the data and compare the brightness of the disk in two bands in
scattered and in polarized light.

Results. We observe an axisymmetric planetesimal belt which has a high in-
clination of 85.8◦± 0.5◦ and position angle of∼278.9◦± 0.1◦ in all datasets. From
the star to the west, we measure a radius of the belt Rwest = 1.91′′ ± 0.05′′ (∼92
au), and to the east Reast = 2.00′′ ± 0.05′′ (∼96 au). The polarized intensity image

∗ This chapter is submitted to Astronomy & Astrophysics for publication.
The chapter is based on data collected at the European Southern Observatory, Chile under pro-
grams 098.C-0686 and 096.C-0640

1 The complete list of authors can be found at the end of the chapter
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shows some structural features inside the belt which can be interpreted as an
inner belt. This idea is supported by several surface brightness peaks measured
along the disk major axis on both disk sides. The photometric analysis of the
data shows that the west side is ∼2.5 times brighter in the total intensity of the
scattered light F than the east side (Fwest = 2.5Feast) in both bands, while for the
polarized light it is Fpol west = 1.25Fpol east in the broad band J. Based on the results
of the forward modeling, we also find that the J - H color of the disk appears
to be red for the radial separations r . 2′′ and it is getting bluer for the larger
separations. The maximum polarization fraction is 14–20% at r ∼2.5′′.

Conclusions. The analysis and modeling of the presented data allow neither
to rule out nor to find firm evidence for an inner planetesimal belt primarily
because of the low SNR at small separations.
The apparent change of the disk color from red to blue with an increasing radial
separation from the star could be explained by the decreasing average grain size
with a distance.

5.1 Introduction

Due to the discovery of hundreds of debris disks by the Infrared Astronomical
Satellite (IRAS) (e.g. Aumann 1985) and thousands of exoplanets by the current
large missions like Kepler (e.g. Borucki et al. 2010) we know that planetary sys-
tems are not rare in the solar neighbourhood.

There is a growing evidence from the infrared and submillimeter surveys of
the last few years that the debris systems with multiple planetesimal belts around
young main-sequence stars are common as well (Carpenter et al. 2009; Moór et al.
2011; Morales et al. 2013; Chen et al. 2014; Jang-Condell et al. 2015). Their archi-
tectures could be similar to that of the Solar system harbouring two prominent
rings of debris, the main asteroid belt and the Edgeworth-Kuiper belt.

Several hypotheses were recently developed to explain the formation of such
systems. The most favourable of them are the disk sculpting by planets into dis-
tinct planetesimal belts (e.g., Dipierro et al. 2016; Geiler & Krivov 2017, and ref-
erences therein) and the interaction of dust grains with the gas in the disk (e.g.,
Lyra & Kuchner 2013). The former mechanism assumes the presence of planets
formed in the protoplanetary disk. In analogy to the Solar system, the planets
carve ring-like structures in the disk removing the gas and debris from their im-
mediate vicinities, so-called chaotic zones. They create a wide gap depleted of
debris material which separates the regions of the disk still containing dust and
planetesimals. Evidence for this hypothesis could be provided by the planetary
systems HR 8799 and HD 95086. In HR 8799, four planets (Marois et al. 2010)
reside in the hole between the warm and cold dust belts (Su et al. 2009). A sim-
ilar disk configuration with a warm and a cold component (Su et al. 2015) and a
planet located in between them (Rameau et al. 2013) is detected in the HD 95086
system.
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Multiple ring structures can also originate from local instabilities induced by
the gas in dusty disks. Using the hydrodynamical simulation of the gas-disk in-
teraction, Lyra & Kuchner (2013) showed that the photoelectric heating of the gas
by locally concentrated dust grains can create a pressure maximum resulting in
a further dust concentration at this location. However, in order for this mech-
anism to work, a strong coupling of dust to the gas is required and therefore a
disk dust-to-gas ratio lower than unity. This condition is fulfilled in the so-called
transitional disks such as HD 141569A (Thi et al. 2014) or in the gas-rich debris
disks such as HIP 73145 (Moór et al. 2017) in which multiple ring structures were
observed (Perrot et al. 2016; Konishi et al. 2016; Feldt et al. 2017).

The existence of double planetesimal belts is often inferred by analysing the
stellar spectral energy distribution (SED). The SED of such systems shows an in-
frared (IR) excess on top of the stellar photosphere which can be well fitted by
a combination of two Planck’s laws with different temperatures. This implies
that at least two spatially separated populations of dust exist in the system (e.g.
Morales et al. 2011; Ballering et al. 2013), a so-called hot/warm component lo-
cated closer than 10 au to the host star and a cold component usually between 70
and 150 au.

Generally, the SED modeling can provide neither the actual number of belts
in the system nor an accurate estimate of their location and spatial extent because
of degeneracy between orbital distance and grain properties. Multiple cold belts,
for instance, do not necessarily show up as distinct features in the SED. The ac-
tual distribution of the dust can only be revealed with direct imaging allowing
high-spatial resolution and high contrast (e.g. Matthews et al. 2017). Usually, the
innermost component is inaccessible for direct imaging because it is faint and lo-
cated too close to the star. To date, only a few examples of debris disks with mul-
tiple belts were spatially resolved in scattered light e.g. HD 92945 (Golimowski
et al. 2011), HIP 73145 (Feldt et al. 2017), HIP 67497 (Bonnefoy et al. 2017) and
HD 141569A (Perrot et al. 2016). In all these cases, the positions of the belts mea-
sured by direct imaging are different from those inferred from the SED modeling.

For a successful detection of multiple belts, a low inclination of the system is
an advantage. For the abovementioned objects the inclination of the disk is lower
than 80◦. Obviously, it is much more difficult to identify various belts in edge-on
disks. In this work, we investigate the presence of two belts of planetesimals in
the well known edge-on disk around HD 15115.

HD 15115 (HIP 11360) is a nearby zero-age main sequence F4IV star (Harlan
1974). According to the Gaia DR1 Catalog (Gaia Collaboration 2016), HD 15115
has a parallax angle of 20.76± 0.41 mas corresponding to a distance of 48.16±
0.95 pc which we apply in this work. This value is slightly different to the former
determination of 45.2± 1.3 pc (van Leeuwen 2007). The age of the star is very
uncertain with a range from 25 Myr, as a member of the β Pictoris moving group
(BPMG; Mamajek & Bell 2014), although the BPMG membership of HD 15115
has been questioned (Debes et al. 2008), to 100–500 Myr, based on different age
indicators (Debes et al. 2008).

The IR excess indicating thermal emission from circumstellar dust was first
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detected with the Infrared Astronomical Satellite (IRAS) (Silverstone 2000). Us-
ing the Hubble Space Telescope (HST) Advanced Camera for Surveys (ACS) and
the Keck near-IR camera NIRC2, Kalas et al. (2007) have subsequently discov-
ered a highly asymmetrical debris disk in the optical and in the near-IR (H band).
The disk was found to be nearly edge-on extending along the east-west direction
with a west side detected out to a stellocentric radius of ≈ 580 au (≈ 12′′) and
the east side to at least 340 au (≈ 7′′). The complexity of the inner disk struc-
ture was noted by Debes et al. (2008) who have imaged HD 15115 with the HST
Near-Infrared and Multi-Object Spectrometer (NICMOS) at 1.1 µm and claimed
a possible “warp” on the western side of the disk at around 1′′. They have also
established a wavelength dependence of the brightness asymmetries. Kalas et al.
(2007) measured an overall blue V - H color for the west side, which together with
the shape of the disk gave it its nickname: “the blue needle”. Debes et al. (2008)
detected a quite intense variation of disk colours as a function of distance from
the central star: at 2′′ they measured a neutral colour up to 1.1 µm and a blue
spectrum for λ > 1.1 µm, while at 1′′ two disk extensions show a red F110W - H
colour. This suggests the presence of several populations of grains with various
properties, such as grain size or composition, at different separations. The red
colour of the inner disk could be due to the strong absorption features of olivine
at 1 µm (Debes et al. 2008). Rodigas et al. (2012) found, on the contrary, that the
disk possesses mostly a spectrally neutral KS - L′ colour (hence, “the grey nee-
dle”).

Analysing the data obtained with PISCES on the Large Binocular Telescope
(LBT) and LBTI/LMIRcam, they have shown that the east-west asymmetry is
still present in the KS band but the disk appears to be almost symmetrical in the
L′ band. This symmetry was confirmed by Mazoyer et al. (2014) who detected
a ring-shaped structure with a radius of R ≈ 1.99′′ and a position angle (PA) of
98.8◦ in H and KS band images from the Gemini Near-Infrared Coronagraphic
Imager (NICI) archival data sets. They also found that the disk has an inclination
of ∼86◦, shows no noticeable center offset with respect to the star and probably
has an inner cavity. This work provided the first unbiased view of the disk struc-
ture though with some discrepancies with the results of recent observations of
HD 15115 with HST by Schneider et al. (2014). They confirm the bow-like struc-
ture measured by Rodigas et al. (2012) and Mazoyer et al. (2014) but obtain a
different inclination of ∼ 80◦ for an inner “half-ring” while they estimate that the
extended disk is edge-on (Schneider et al. 2014, see their Table 5). The authors
also note a bifurcation of the scattered light away from the major axis on the east
disk side and a significantly larger vertical extension of the disk on the west side
compared to the east.

These puzzles could not be solved with the 1.3 mm observations using the
Submillimeter Array (SMA; MacGregor et al. 2015). The resolved millimeter
emission showed a rather symmetric distribution of large grains in the disk with
a tentative detection of the asymmetric extension towards west. MacGregor et al.
(2015) have fitted these data with a model of a broad planetesimal belt extending
from Rin = 43 to Rout = 113 au.
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In this paper, we present observations of HD 15115 in the broad bands J and
H carried out with SPHERE (Spectro-Polarimetric High-contrast Exoplanet RE-
search; Beuzit et al. (2008)) at the Very Large Telescope (VLT) in Chile. The paper
is organized as follows. In Sect. 5.2 we describe the observations and present the
data. Section 5.3 is dedicated to the methods of the data reduction and Sect. 5.4 to
the data analysis. The modeling of the disk geometry using both the total inten-
sity and the polarimetric data is presented in Sect. 5.5. Section 5.6 describes the
measurement of stellar and disk fluxes and comparison of the results from differ-
ent datasets. In Sect. 5.7, we discuss our data analysis and possible indications
for the multiple belts in HD 15115 system from earlier observations and, finally,
summarize our results in Sect. 5.8.

5.2 Observations

The HD 15115 observations (098.C-0686 and 096.C-0640) were performed with the
Infra-Red Dual-beam Imager and Spectrograph (IRDIS, Dohlen et al. 2006), the
near-infrared imaging sub-instrument of SPHERE. We used the pupil stabilized
mode of IRDIS in order to allow for Angular Differential Imaging (ADI; Marois
et al. 2008) while the field of view rotates. The observations of HD 15115 with
the broad band filter BB H (λc = 1626 nm, ∆λ = 291 nm, hereafter H band) in
both channels of the instrument were conducted on Oct. 29th, 2015 and with
the broad band filter BB J (λc = 1258 nm, ∆λ = 197 nm, hereafter J band) on
Nov. 19th, 2015. To block the stellar light we used an apodized Lyot coronagraph
(N ALC YJH S) including a focal mask (ALC2) with diameter of 185 mas (inner
working angle of 95 mas, Boccaletti et al. submitted). The Detector Integration
Time (DIT) and total exposure time together with the observing conditions are
summarized in Table 5.1. To measure the stellar flux, several non-coronagraphic
frames were recorded before and after each observation with DIT ≈ 0.84 s in H
band and DIT = 2.00 s in J band using a neutral density filter ND2.0 with∼10−3−
10−2 transmissivity to prevent the saturation of the detector.

At the beginning of the science observation a ”center frame” was taken using
the deformable mirror waffle mode (Langlois et al. 2013). This frame provides
the accurate measurement of the star position when using the coronagraph. The
stability of the star position during the observation is ensured by the Differential
Tip-Tilt Sensor (DTTS, Baudoz et al. 2010).

For the polarimetric measurements on Oct. 3rd, 2016 we used the dual-
polarization imaging mode (DPI) of IRDIS (Langlois et al. 2010), for which the
field of view is stabilized. The data were taken in the J band with the same
apodized Lyot coronagraph as in imaging mode. We performed 10 QU cycles
consisting of the consecutive measurements of Stokes parameters Q,−Q, U,−U
setting DIT to 32s per frame. The total exposure time of the polarimetric obser-
vations was 5120s. As for the first observations, the stellar flux in the J band is
obtained with an off-axis image of the star and a neutral density.

A raw frame with imaging or polarimetric data recorded with IRDIS has a
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format of 2048×1024 pixels. In Classical Imaging (CI), it contains 2 images side-
by-side (left and right channels) simultaneously acquired with a broad band filter
in the common path. In DPI mode, the left and right images contain the intensi-
ties of orthogonal linear polarizations, also taken simultaneously with a common
broad band filter. The common optical path of both channels ensures that the two
beams have about the same optical aberrations allowing an efficient suppression
of speckles within the AO control radius.

The pixel scale of the IRDIS detector is 12.25 mas and the field of view (FOV)
is 11′′ × 11′′.

5.3 Data reduction

5.3.1 Classical imaging data

To produce the calibration data, raw frames (flats, darks and sky background) are
processed with the SPHERE Data Reduction and Handling (DRH) pipeline esorex
(Pavlov et al. 2008). A custom routine is utilized to perform the basic calibration
of the science frames: bad pixels removal, subtraction of the sky (instrumental)
background and the flat field correction. The calibrated science frames with the
size of 2048×1024 pixels are then split in two halves to create two temporal data
cubes (left and right channels of the instrument) containing 192 (H band) or 384
(J band) 1024×1024 pixels frames each.

The position of the star is determined by fitting a 2-dimensional (2D) Gaussian
function to the four satellite spots in the ”center frame”. The star coordinates are
derived from the intersection point of two lines connecting the centers of two
opposite spots. These coordinates are used for re-centering all frames in the data
cube.

In the next step, reduced and centered data cubes are processed with several
custom algorithms making use of ADI technique: cADI (classical ADI; Marois
et al. 2008), KLIP (Karhunen-Loève Image Projection; Soummer et al. 2012) and
LOCI (Locally Optimized Combination of Images; Lafrenière et al. 2007). The
final median-combined images obtained with cADI after the stellar light had been
removed are shown in Figs. 5.1a and 5.1d.

Similar results have been obtained with the KLIP algorithm (Figs. 5.1b and
5.1e). This method uses a principal component analysis to construct a reference
image for the stellar light from the projection of the science image onto an or-
thogonal basis given by the Karhunen-Loève (KL) transform of the same science
images. We have performed KLIP data reductions with 3, 5, 15, and 25 KL vec-
tors (or eigenimages) forming the basis for a reference image. The entire images
were used without selecting frames to avoid large disk-flux self-subtraction ef-
fects. The visual inspection of the final images showed that the larger number of
vectors yields a very strong self-subtraction of the disk flux.
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5.3. Data reduction

For comparison, we have also performed the LOCI data reduction (Figs. 5.1c
and 5.1f). The LOCI algorithm provides a high detectability performance sim-
ilar to the KLIP procedure. The reference image is constructed for each frame
individually as a linear combination of other images in the data cube which have
a minimal difference in parallactic angle to the processed frame. The requested
minimum difference in field rotation, in units of arc length, is set by the parameter
Nδ. The optimization algorithm works in annular segments with the size speci-
fied by the parameter NA which gives the number of ”PSF cores” that should fit
in the segment area. The frames must cover a large rotation angle to preserve the
flux of an extended structure like an edge-on debris disk. For the LOCI reduction
we adopted parameters Nδ = 1.25×FWHM and NA equal to 1000 and 300.

To correct for the IRDIS True North (TN) offset, all frames are additionally
rotated clockwise by 1.7◦ (Maire et al. 2016) during the ADI procedure.

Reduced frames for stellar flux measurement are centered by fitting a 2D
Gaussian function with a FWHM of ∼3 pixels to the stellar profile. The sky
subtraction is not applied to these frames. Instead, we measure an instrumental
background in median frames of both IRDIS channels and subtract it. The me-
dian frames are then divided by the mean transmissivity of the neutral density
filter ND2.0 equal to 3.3 · 10−3 and 1.5 · 10−2 in J and H bands, respectively (see
SPHERE manual2). The final frames which are used to measure the stellar count
rate (see Sect. 5.6) are the mean frames of two flux measurements performed
before and after each observation.

5.3.2 Polarimetric data

We used the DRH pipeline esorex to produce the calibration data. The raw polari-
metric science frames are calibrated with the same custom procedure (subtraction
of the sky (instrumental) background, flat-field correction, bad pixels removal) as
applied to the imaging data. The Stokes Q and U parameter were obtained with
the double-difference method from calibrated data using a custom routine. We
applied the same basic data reduction steps as described in Engler et al. (2017)
where the procedure is explained in detail. For the frame centering we have used
the same method as for the centering of imaging data (see Sect. 5.3.1). After that,
each Q and U frame was visually inspected to check the correct position of the
center of the right channel frame relative to the left channel frame.

The final Stokes Q and U parameters are calculated as following:

Q = 0.5 ∗ (Q+ −Q−)

U = 0.5 ∗ (U+ −U−),

where Q+ is measured along the axis pointing to the north, U+ is measured
along the axis pointing to the northeast and Q− and U− are measured along the
axes perpendicular to Q+ and U+, respectively.

2 https://www.eso.org/sci/facilities/paranal/instruments/sphere/doc.
html
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Figure 5.3: Qϕ images binned by 10 pixels along the x-axis and by 2 pixels along the
y-axis and smoothed via a Gaussian kernel with σ = 1 px (a) and with σ = 2 px (b) to
highlight the structure and position of both rings relative to each other. The central part
of the images, dominated by strong residuals, is masked out. The position of the star is
indicated by an yellow asterisk. The x-axis (interrupted white line going through the star
position) shows the outer disk major axis at PA = 279.0◦. The FOV of the displayed image
(a) is 9.8′′ × 0.735′′. ’A’, ’B’, ’C’ and ’D’ point to the surface brightness peaks discussed in
Sect. 5.4.1. Color bar shows flux in counts per binned pixel.

The Q and U images contain the linear polarization components of the to-
tal polarized flux received from the debris disk. To generate the image of the
disk showing the total polarized flux, the instrumental coordinate system is trans-
formed to the polar coordinate system where the linear polarization components
are represented by the azimuthally oriented Stokes Qϕ parameter and Uϕ param-
eter, the linear polarization component at a 45◦ angle to Qϕ:

Qϕ = −Q cos 2ϕ−U sin 2ϕ

Uϕ = −Q sin 2ϕ + U cos 2ϕ

where ϕ is the polar angle measured East of North in the coordinate system cen-
tered on the star.

Contrary to the reduction described in Engler et al. (2017), we do not perform
the correction of the instrumental polarization by subtracting the scaled images
of the total intensity I from the Stokes parameters Q and U.
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5.4. Data Analysis

Finally, the Qϕ and Uϕ images are rotated clockwise by 1.7◦ to perform the TN
correction (see Sect. 5.3.1).

Figure 5.2 shows the Qϕ image with the detected polarized light. The debris
disk appears as a thin almost symmetric stripe oriented in the east-west direction
and extending beyond 2.5′′ (120 au). There is no detection in the Uϕ image as
expected and, therefore, the Qϕ image shows the total intensity of the polarized
light.

5.4 Data Analysis

5.4.1 Disk morphology

Total intensity data

All data reductions (cADI, KLIP, LOCI) reveal an almost edge-on disk with the
bright side north of the disk major axis. The famous bow-like structure, pre-
viously reported in different studies (Rodigas et al. 2012; Mazoyer et al. 2014;
Schneider et al. 2014) and corresponding to the brightest side of the highly in-
clined ring, is clearly visible in both J and H band images. Additionally, our
images unveil the disk ansae symmetrically located to the east and west from the
star. In some images, parts of the fainter side of the disk are also visible near
the ansae. The brighter disk side is detected with a higher Signal-to-Noise Ratio
(SNR) than 4 (see SNR map in Appendix, Fig. 5.18) down to ∼4′′ eastwards and
to 6′′ on the west side (up to the end of frame).

Polarized intensity data

Figure 5.3 shows the Qϕ image after binning by 10 and 2 pixels along the x- and
y-axis, respectively. The smaller vertical binning is applied to preserve the spatial
information provided by the high resolution imaging. In this figure we define
an x − y coordinate system (Fig. 5.3a) where the star is at the origin, +x is the
coordinate along the major axis westwards (θdisk), −x is eastwards (θdisk − 180◦),
and the y- axis is perpendicular to this with the positive axis toward north.

The Qϕ image gives the impression that the HD 15115 debris disk is a mul-
tiple ring system consisting of two debris belts as seen particularly on the east
side of the star. The west side of the presumed inner belt appears to be dim-
mer since this side is only marginally visible. There are three surface brightness
peaks on the east side within r = 1.5′′ in azimuthal direction: at A(−0.80′′, 0.29′′),
B(−1.30′′, 0.05′′), C(−0.75′′, −0.16′′) indicated in Fig. 5.3b. However, the points
A and C are inside the AO correction area dominated by the strong stellar resid-
uals and cannot be considered as a detection. A straight line going through the
point B and the star intersects the small region with increased surface brightness
on the west side shown by arrow D. This region is mirror-symmetrically located
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to the point B with respect to the star suggesting that the inner ring has a depro-
jected radius of r ≈ 1.25′′ ± 0.07′′ and a PA θinn ring = 276◦ ± 3◦ which we obtain
by fitting an ellipse going through peaks A, B, C and D. Thus the derived PA
could be different by ∼6◦ relative to the PA of the outer ring.

The goal of the data analysis presented in the following subsections is to find
out whether there are some additional evidence for the double belt structure sus-
pected from the polarimetric observation. For this purpose, we investigate the
variation of the disk surface brightness along the disk axis calculated in apertures
of different sizes and explore the course of the disk spine (see Sect. 5.4.3).

5.4.2 Position angle and size of the disk

We estimated the disk radius, the PA and the inclination from the H band imaging
data reduced with LOCI and KLIP algorithms where the disk front and back sides
are visible. We derived the Rdisk = 2.01′′ ± 0.05′′, θdisk = 278.7◦ ± 0.2◦ and the
disk inclination i = 86.5◦ ± 0.5◦ by fitting an ellipse to the ring contours and the
surface brightness peaks at the east and west disk edges.

We have also derived the PA and the radius of the disk by determining the
centroids of bright ansae at the radial separation r ≈ 2′′ to the east and west from
the star in the polarimetric data in J band (Fig. 5.19). This location corresponds
to the radius of the symmetrical ring Rdisk = 1.99′′ detected by Mazoyer et al.
(2014) in the H band data which is evident in our data as well. For an edge-
on disk or ring with a characteristic radius Rdisk, the maximum polarized flux is
expected at the locations of the planetesimal belt or at scattering angles close to
90◦. This is a natural outcome of the interplay between the angular distribution
of the polarized flux, which is described by the polarimetric phase function, and
the radial distribution of the grain number density, which is maximal at Rdisk.
This provides a relatively simple method to directly measure the extent of the
planetesimal belt and its position on the sky. Using this approach we obtain for
the HD 15115 outer disk the radius Rdisk = 1.96′′ ± 0.05′′ (94.39± 2.41 au) along
the disk major axis and the PA θdisk = 279.0◦ ± 0.2◦. After taking into account
the PA measured in the total intensity data, this yields a mean PA of the disk
θdisk = 278.9◦ ± 0.1◦.

These values are in a good agreement with the disk radius Rdisk = 1.99′′,
PA θdisk = 278.8◦ ± 0.4◦ and the disk inclination i = 86.2◦ found by Mazoyer
et al. (2014) in the NICI data. Our measurement of the PA agrees also very well
with results from previous studies of HD 15115 in different wavelengths (Kalas
et al. 2007; Schneider et al. 2014). We do not see any evidence in our data of
an east/west misalignment as noticed by Debes et al. (2008) who obtained PA
θdisk = 278.9◦ ± 0.2◦ for the west side and PA θdisk = 276.6◦ ± 1.3◦ for the east
side at 1.1 µm. It should be noticed that the NICMOS data have much lower
resolution compared to the IRDIS data and the PA measurement of Debes et al.
(2008) could be affected by the strong stellar residuals around the coronagraph.
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5.4. Data Analysis

Figure 5.4: Vertical distance of the spine from the disk major axis measured as a vertical
offset of the Moffat profile center. The plot traces mean location of the spine in all avail-
able images (cADI, KLIP, LOCI reductions of the total intensity data) in H and J bands.
The star position is at (0, 0).

5.4.3 Spine of the disk

The geometric parameters of the disk can be inferred from the spine which we
define as the location of the maximum intensity of a Moffat function fitted to the
disk cross-sections perpendicular to the midplane. The Moffat function is given
by the following equation (Trujillo et al. 2001):

fM(y) = aM

[
1 +

(
y− y0

α

)2
]−β

,

where aM is the flux peak located at a vertical distance y0 from the disk major axis
and α and β are two constant parameters determined from the fit.

We measured the spine position of the brighter side of the disk for several
data reductions (cADI, KLIP, LOCI) in H and J bands (with a 4×4 binning) and
derived the mean vertical offset 〈y0(x)〉 as plotted in Fig. 5.4. The y0 values which
are larger than y0 = 100 mas or smaller than y0 = −25 mas, are considered as
poor fits due to low SNR and excluded from this analysis. The error bars show
the standard deviation of the offset values obtained in all data sets without taking
into account these outliers.

The spine has a well defined bow-like shape as already described in Mazoyer
et al. (2014) (see their Fig. 5) but here with a much smaller dispersion. The smaller
error bars are due to the improved angular resolution and contrast provided by
SPHERE compared to NICI. We also note that the spine dispersion is relatively
small for the radial separations between 1.2′′ and 3.7′′ on the west side and be-
tween 1.0′′ and 2.4′′ on the east side.

Between r ≈ 1.2′′ and r ≈ 2.2′′ the spine is roughly symmetric with respect
to x0. The smallest 〈y0(x)〉-offset is approximately 45 ± 5 mas (2.2 au) around
|x| = 2.0′′ ±0.1′′. For smaller radial separations the vertical offset is increasing
and achieves a maximum of ∼140 mas at x ≈ ±1.0′′ in our data. For radial
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separations |x| > 2.0′′ the spine deviates from the major axis by 45–60 mas toward
north. The same behavior is observed in the east, although with a lower SNR. A
similar spine curve which does not reach the disk major axis at the location of the
planetesimal belt was measured for another edge-on debris disk around F star
HIP 79977 (Engler et al. 2017). Such course of the spine curve is expected (see
Sect. 5.5.4) and explained by the anisotropic scattering of the dust (Mazoyer et al.
2014).

Spine diagnostics I The turning point of the spine at ∼2′′ clearly indicates the
location of the edge of the parent belt of planetesimals. The geometry of the
disk bow traced by the accurately measured spine allows to put constraints not
only on the characteristic radius of the belt but also on the disk inclination. We
derive these parameters by fitting an ellipse to the spine between |x| ≥ 1.2′′ and
|x| ≤ 2.0′′. The center of the ellipse is set to the star position. The best-fit ellipse
(Fig. 5.4) has a semi-major axis equal to 2.06′′ ± 0.06′′ and a semi-minor axis of
0.15′′ ± 0.01′′ yielding a disk inclination of 85.8◦ ± 0.5◦. This inclination estimate
is in a good agreement with i = 86.2◦ found by Mazoyer et al. (2014) with the
same methodology.

5.5 Disk modeling

5.5.1 One belt model

To put constraints on the basic geometric parameters of the disk, we generate a
set of models from a parameter grid and compare the synthetic images of the
scattered light with the KLIP disk images in J and H bands (Figs. 5.1b and 5.1e)
by evaluating the reduced χ2

ν for the model fit (Eq. 5.3).
The synthetic image of scattered light is created for each model assuming a

rotationally symmetric distribution of the dust. In accordance with the theory of
the ”birth” ring, small dust grains are generated in a collisional cascade triggered
by large planetesimals residing in a narrow ring at a distance R0 from the star.
Therefore, the radial distribution of the grain number density has a peak at the
location of the parent belt and can be described by the power laws rαin (αin > 0)
for r < R0 and rαout (αout < 0) for r > R0 to account for the decrease of the grain
number density inside and outside of the ring, respectively (e.g. Augereau et al.
2001). Adopting a Gaussian function for a vertical distribution, the grain number
density distribution n(r, h) in the disk can be written in cylindrical coordinates
(r, h) as:

n(r, h) ∼
((

r
R0

)−2αin

+

(
r

R0

)−2αout
)−1/2

· exp

[
−
(
|h|

H(r)

)2
]

, (5.1)

126



5.5. Disk modeling

where H(r) is the disk scale height which scales with radius like H(r) =

H0

(
r

R0

)γ
, H0 is the scale height of the disk vertical profile at R0 and H0/R0 de-

fines the aspect ratio of the disk. For simplicity, we set the disk flare index to
γ = 1.

Further, we assume that the disk is optically thin, i.e. the single scatter-
ing dominates over multiple scattering of photons, and adopt the Henyey-
Greenstein (HG) phase function for the angular dependence of the scattered ra-
diation (Henyey & Greenstein 1941):

f (θ) =
1− g2

4π(1 + g2 − 2gcos(θ))3/2 , (5.2)

where g is the average of the cosine of the scattering angle which characterises
the shape of the phase function. There is g = 0 for the isotropic scattering, for-
ward scattering grains have 0 < g ≤ 1, while for −1 ≤ g < 0 the scattering
is peaked backwards. In this work, we do not consider g < 0 assuming only
forward scattering for the dust grains.

The parameter space investigated in this work is based on the results of previ-
ous modeling of HD 15115 disk and includes the following parameter sets (a grid
of 2160 models in total):

• power-law index αin: 2, 3, 4, 5, 6, 7, 8, 9, 10

• power-law index αout: -2, -3, -4, -5, -6, -7, -8

• asymmetry parameter g: 0.2, 0.3, 0.4, 0.5, 0.6

• disk aspect ratio H0/R0: 0.005, 0.0075, 0.01, 0.02, 0.03, 0.05.

The radius and inclination of the disk in all models are set to 2′′ (96 au) and
86◦, respectively.

The models are first convolved with the instrumental PSF measured from the
data and then processed through the KLIP algorithm. Thereby, we use the for-
ward modeling approach to account for the effects of the disk self-subtraction
which always arise when the ADI technique is used (Soummer et al. 2012). In
forward modeling, the synthetic images of models are projected on the same vec-
tor basis as determined during the processing of the original data cube. Figure
5.5 shows an example of the synthetic model image convolved with the PSF (Fig.
5.5b) and then processed through the KLIP algorithm (Fig. 5.5c) using identical
vector basis which was applied to obtain KLIP images presented in Figs. 5.1b and
5.1e. The self-subtraction of the disk flux caused by the KLIP post-processing is
clearly visible in the form of dark stripes on both sides of the disk in the data and
the models.

To estimate the goodness of the model fit to the KLIP images, we define the
reduced χ2

ν metric as follows:

χ2
ν =

1
ν

Ndata

∑
i=1

[Fi, data − A · Fi, model(p)]2

σ2
i, data

(5.3)
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where Ndata is a number of binned pixels used to perform the χ2
ν minimization,

Fi, data is the flux measured in pixel i with an uncertainty σi, data, Fi, model(p) is the
modeled flux of the i pixel and A is a scaling factor. The degree of freedom of the
fit is denoted by ν = Ndata − Npar, where Npar represents the number of variable
parameters p = (p1, p2, ..., pNrmpar) which is equal 5 in this case.

A χ2
ν metric is evaluated for each KLIP-processed model of the grid with re-

spect to the data that are presented in Figs. 5.1b and 5.1e. We applied a 4× 4-
pixel binning of the data and the models. Because of the pronounced brightness
asymmetry between the two disk sides, the west and east extensions were fitted
separately in the first step. We performed the minimization in rectangular areas
that are different for the west side (1′′ < x < 4′′ and −0.2′′ < y < 0.2′′) and for
the east side (−3′′ < x < −1′′ and −0.2′′ < y < 0.2′′) for SNR reasons. We also
considered both disk sides simultaneously using the same areas.

The intensity error is taken as the standard deviation of the flux distribution
in binned pixels in concentric annuli excluding pixels which contain the disk flux.

We consider the model providing the minimum χ2
ν, min as a best-fit model. Ad-

ditionally, we determine the parameter sets of all well-fitting models bounded by
a threshold of χ2

ν 6 χ2
ν, min + ∆ χ2

ν (Thalmann et al. 2014) to take the systemat-
ics into account. The threshold is derived with ∆ χ2

ν =
√

2/ν corresponding to
a 1σ deviation of the χ2 distribution with ν degrees of freedom. Tables 5.2 and
5.3 provide the best-fit model parameters (Cols. 2, 4, 6) as well as the range of
parameters of well-fitting models satisfying the χ2

ν threshold noted in the col-
umn headers (Cols. 3, 5, 7). The values can differ significantly for the east and
west sides. The flux distribution on the west side can be well described with the
HG asymmetry parameter g = 0.3 and relative shallow radial power-law indices
αin = 3 and αout = −4 (H band data) or αout = −3 (J band data), whereas the east
side is best represented with g = 0.5 and much steeper index αin = 8 (H band
data) and αout = −6. In the J band data, there is no large difference for the inner
radial index αin between east and west sides. The aspect ratio of 0.03 between
disk radius and width seems to give a good fit to both disk sides, in particular
when modeling J band data.

As a final remark on the modeling results, we note that the χ2-minimization
method is based on the assumptions that the flux measurement errors have a
normal Gaussian distribution and the pixel values are independent. These as-
sumptions might not be warranted in the considered data set and some other
well-fitting parameter sets might exist outside the quoted ranges.
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Chapter 5. HD 15115 debris disk

5.5.2 Two belts model

The analysis of the total intensity and polarimetric data suggests that the ob-
served morphology of the HD 15115 disk could be explained with the presence of
an inner belt of planetesimals with a radius R < 2′′. To further investigate how
the appearance of a multiple belt system is affected by ADI, we have computed
a model consisting of two belts (Fig. 5.7). We do not intend to explore a large set
of parameters but instead we use the former results of the single belt modeling.
We set the outer belt parameters to those corresponding to Fig. 5.5 as it gives a
reasonable fit to the H band data (χ2

ν = 1.81 for the west side and χ2
ν = 1.40 for

the east side). The radius of the inner belt is set to Rinn belt = 1.3′′ in accordance
with the location of the surface brightness (SB) peaks inside the radial separation
r = 2′′ (see Fig. 5.14). Compared to the outer belt (PA θout belt = 279◦), the inner
one has a slightly different PA of θinn belt = 276◦ as measured from the polarimet-
ric data (see Sect. 5.4.1). The inner belt has also a different inclination of i = 80◦ as
the outer belt (i = 86◦). This inclination was estimated by Schneider et al. (2014)
for the inner “half-ring” component of the HD 15115 disk (see note to their Ta-
ble 5). We tested also a second two belts model with an inner belt coplanar with
the outer belt (the same PA and inclination) shown in Fig. 5.6. For the remain-
ing parameters of the inner belt in both two belts models we adopted the mean
values of the investigated parameter space: the asymmetry parameter g = 0.4,
radial power-law indices αin = 5 and αout = −5 and aspect ratio of 0.01. The in-
tensity ratio between two belts is another free parameter in the two belts model.
For simplicity, we set this parameter to 1 assuming that the grain number density
in the outer belt is higher by a factor of R2

out belt/R2
inn belt to take into account the

light dilution with the distance from the star.
As an example, Fig. 5.7 shows: the inner belt model at 80◦ inclination (a), then

superimposed on the outer belt before (b) and after convolution with the instru-
mental PSF (c) and the final result obtained with KLIP (d). Figure 5.6 demon-
strates the coplanar two belts model after convolution with the PSF (a) and after
KLIP processing (b).

The effect of misalignment of two belts in the non-coplanar model is visible
in Figs. 5.7b and 5.7c. Because the relative PA and inclination of both belts are
non-zero, we expect that the maximum SB of the disk is shifted to the west side.
This effect is, however, hardly seen in the KLIP-processed image (Fig. 5.7d). A
comparison of the KLIP-images of the 1 belt model (Fig. 5.5c), non-coplanar 2
belts model (Fig. 5.7d) and coplanar 2 belts model (Fig. 5.6b) demonstrates the
challenge of detection of the multiple components in an edge-on disk. To see the
belts split in the KLIP image, we need to resolve the system down to very small
angular separations from the star.

In order to test how well does the non-coplanar two belts model fit the H band
data, we calculated the reduced χ2

ν for the model presented in Fig. 5.7 which has
an intensity ratio between the inner and outer belt equal 0.5, 1, 2, 3 and 4. The
simultaneous fit of both disk sides yields the χ2

ν in the range between 3.38 and
3.67. The minimum χ2

ν = 3.38 (ν = 1060, Npar = 10) is obtained for the model
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5.5. Disk modeling

Figure 5.5: Example of synthetic im-
ages of the one belt model. (a): Model
before convolution with the instrumen-
tal PSF. (b): Model convolved with the
instrumental PSF. (c): Model after pro-
cessing with the KLIP algorithm. The
model was generated adopting R0 = 2′′,
i = 86◦, g = 0.3, αin = 5, αout =

−4, H0/R0 = 0.01 and position angle
θout belt = 279◦. The flux is shown in ar-
bitrary units.

Figure 5.6: Synthetic images of the two
belts model with an inner belt copla-
nar with the outer belt. The model pa-
rameters are the same as in the model
shown in Fig. 5.7 except for the inclina-
tion and position angle of the inner belt
which are the same as for the outer belt.
(a): Model before convolution with the
PSF. (b): Model after processing with
the KLIP algorithm. The flux is shown
in arbitrary units.

Figure 5.7: Synthetic images of the two
belts model with an inner belt (shown
separately in image (a)) which is non-
coplanar with the outer belt but has
a different inclination and position an-
gle. The outer belt has the same geom-
etry and asymmetry parameter g as the
1 belt model demonstrated in Fig. 5.5.
The inner belt has the following param-
eters: R0 = 1.3′′, i = 80◦, g = 0.4, αin =

5, αout = −5, H0/R0 = 0.01 and posi-
tion angle θinn belt = 276◦. Images (b)
and (c) demonstrate the two belts model
before and after convolution with the
instrumental PSF respectively. Image
(d) shows the KLIP-processed model.
The flux is shown in arbitrary units.
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Figure 5.8: Comparison of the HD 15115 disk with the models inserted in the data (H
band, KLIP reduction) at PA = θdisk + 90◦. Left panel shows the model with 1 belt. The
2 belts model with an inner ring, which has a different PA and inclination with respect
to the outer ring, is presented in the middle. Right panel demonstrates the 2 belts model
with an inner ring which is coplanar with the outer ring i.e. has the same PA and inclina-
tion. Color bar shows flux in arbirtrary units.

with an intensity ratio of 3. This is the smallest value out of all tested models
(with one and two belts) indicating a very high conformity of the non-coplanar
two belts model with the data. Since the number of free parameters in the two
belts model is larger than in the one belt model, there is a possibility of data over-
fitting. Therefore we compare the best-fitting one belt model with the best-fitting
two belts model using the Bayesian information criterion (BIC) to check whether
the additional parameters are warranted. This criterion introduces a penalty term
for the additional parameters which increase the likelihood function L of the
model M . We define the BIC as follows (Schwarz 1978):

BIC(M ) = −2 ln(L (p̂)) + Npar ln(Ndata), (5.4)

where p̂ is a set of the best-fitting parameters for the model M providing the
maximized value of the likelihood function L . Under the assumption that the
model errors are normally distributed, this function can be estimated as:

ln(L ) = −1
2

χ2 + const (5.5)

The model with the lowest BIC is preferred. We estimate the BIC = 3901 +
const for the model with one belt and BIC = 3653 + const for the non-coplanar
two belts model. The latter BIC is smaller, so we conclude that double belt
model provides a better fit to the data and additional parameters are justified.
The change in BIC of 248 is greater than 10 and indicates a strong evidence for
favoring the model with two belts over the model with only one belt (Raftery
1995).
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5.5. Disk modeling

For all other variants of the fitting procedure (each side separately or using
the J band data), the considered double belt models are among the 20 best of all
the models we tested.

The best-fitting non-coplanar model also has a lower χ2
ν value compared to

the model with the inner belt coplanar to the outer ring (Fig. 5.6). The higher
conformity of the non-coplanar model with the data compared to the coplanar
model is also visible in Fig. 5.8. In this figure, three abovementioned models are
inserted perpendicular to the disk axis in the KLIP-processed H band data. Single
belt model shown in the left panel is the best-fit model according to the χ2

ν metric
(see Col. 6 in Table 5.2 for the model parameters). The middle panel demonstrates
the 2 belts model with an inclined inner belt (Fig. 5.7) and the right panel shows
a comparison of the disk with the coplanar 2 belts model (Fig. 5.6). All modeled
planetesimal belts are rotationally symmetric. For an easier comparison with the
asymmetric disk, the intensity of models is adjusted to match the intensity of the
west disk side. Figure 5.8 shows that the 1 belt and non-coplanar 2 belts models
are comparable with the data (and the non-coplanar 2 belts model shows a bit
better the backside), while the 2 belts coplanar model does not match the data.

We conclude that the two belts model with the inner ring parameters
Rinn belt = 1.3′′, i = 80◦ and PA θinn belt = 276◦ provides better fit to the H band
data as a single belt model according to the χ2

ν-method and the BIC. The visual
comparison of these models (Fig. 5.8) shows that they describe the observed mor-
phology of the HD 15115 debris disk similar well. Higher spatial resolution and
higher SNR of the data are necessary to differentiate between them.

5.5.3 Polarized light model

Since we have polarimetric data in the J band, we would like to test whether the
two belts model is conform with this data set.

The polarimetric data are particularly useful to study the structure of an edge-
on debris disk. Due to the different angular dependence of the scattered phase
function and the polarized phase function on scattering angle, the distribution
of the disk surface brightness and thus the appearance of the disk is different in
the images of scattered and scattered polarized light. For a nearly edge-on disk,
the polarized disk flux has a maximum at scattering angles close to θ = 90◦ (e.g.,
Engler et al. 2017) while the scattered flux peaks at θ = 0◦ due to the diffraction of
light. The polarimetric measurement traces the extent of the planetesimal belt be-
cause we measure a peak polarized surface brightness of the disk at the location
of the belt ansae. Therefore, in case of the edge-on disk with multiple planetes-
imal belts, we should measure several surface brightness peaks along the disk
axis. These peaks indicate the presence of the inner belts and their extent.

In order to demonstrate this behavior, we simulated the images of polarized
light from an edge-on disk consisting of one and two belts (Figs. 5.9a and 5.9b).
For these synthetic images we used the model described in Engler et al. (2017).
In this model, we assume that the degree of linear polarization of the scattered
light psca has an angular dependence with the scattering angle θ such as that for

133



Chapter 5. HD 15115 debris disk

1 belt model 2 belts model 

N 

E 

Disk 

PA3 

Disk Disk 

PA2 

PA1 

PA3 
PA2 

PA1 

c d e 2 ’’  

a b 

Figure 5.9: Model images of the debris disk in polarized light (top panel) and comparison
of the 4× 4 binned Qϕ image (c) with the one belt model (d) and two belts model (e) in the
bottom panel. Top panel: comparison of the images of one belt model (a) and two belts
model (b) and their radial surface brightness profiles shown in the insets. Bottom panel:
The models are inserted in the Qϕ image (c) at different PAs and denoted with “PAi”.
All models are convolved with the instrumental PSF. Color bar shows flux in counts per
binned pixel.
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5.5. Disk modeling

Rayleigh scattering:

psca(θ) = pm
1− cos2 θ

1 + cos2 θ
,

where pm is the maximum fractional polarization achieved at a scattering angle
of θ = 90◦.

The parameters of the one belt model correspond to the best-fit model of the
J band (see Col. 6 in Table 5.3). The two belts model is the non-coplanar model
shown in Fig. 5.7 (see Sect. 5.5.2 for parameters). Both models were convolved
with the PSF.

Comparison of Fig. 5.9a to Fig. 5.9b clearly demonstrates that polarimetric
measurement helps to identify multiple belt system. The polarized intensity im-
age of such a system reveals several SB peaks symmetrically located with respect
to the star on both disk sides. In this case, the radial surface brightness profile
measured along the disk major axis reflects the location and the number of the
planetesimal belts (see insets in Figs. 5.9a and 5.9b).

Compared to the disk images in scattered light (cf. Figs. 5.7c or 5.6a), the
polarimetric data offer the better opportunity to discover the inner components
of the edge-on debris disk. In the total intensity images, the inner components
are invisible. They can show up after the data post-processing, e.g. with the KLIP
algorithm, but at very small radial separations from the star and therefore they
remain still unaccessible (Figs. 5.7d and 5.6b).

The polarimetric data of HD 15115 in the J band (Fig. 5.9c) could be interpreted
as a double belt system. However, for a meaningful conclusion about the disk
structure based on the modeling results a higher SNR of the polarimetric data
is needed. Therefore we do not perform a fitting of the disk models to the Qϕ

image (Fig. 5.9c) to explore the whole parameter space but compare qualitatively
(visually) and quantitatively (χ2

ν-value) only the one belt model and two belts
model discussed in Sect. 5.5.2 with the polarimetric data (Fig. 5.9c).

For that, we inserted both models into the Qϕ image (Fig. 5.9c) at three dif-
ferent PAs (PA1 = 305◦, PA2 = 360◦, PA3 = 60◦) to check the impact of the
azimuthal noise variation. The visual investigation of the resulting images with
the inserted one belt model (Fig. 5.9d) and two belts model (Fig. 5.9e) shows that
the latter model is brighter in the inner part of the disk but there is no significant
difference between both models.

Using the same areas as for the total intensity data and the same binning as
well, we found a marginal preference for the two belts model with χ2

ν = 3.51
contrary to the one belt model with χ2

ν = 3.78.

5.5.4 Spine diagnostics II

As discussed in Sect. 5.4.3, the spine measurement can be used as a diagnostic
tool for the estimation of the disk radius R0 and inclination i. Once these parame-
ters are constrained, the degeneracy between geometrical parameters describing
the radial distribution of the dust such as R0, αin, αout and the HG asymmetry
parameter g (Engler et al. 2017) can be, although only to some extent, resolved.
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Chapter 5. HD 15115 debris disk

Figure 5.10: Investigation of the parameter degeneracies between H0/R0, αin, αout and
g. Red dots mark the location of the spine measured in all 4x4 binned imaging data as
a vertical offset of the Moffat profile peak (see Sect. 5.4.3 for detailed description). (a):
Impact of varying αin on the spine location of model with fixed parameters g = 0.4,
αout = −4, H0/R0 = 0.03. (b): Impact of varying αout on the spine location of model with
fixed parameters g = 0.4, αin = 6, H0/R0 = 0.03. (c): Impact of varying g on the spine
location of model with fixed parameters αin = 6, αout = −4, H0/R0 = 0.03 (d): Impact of
varying H0/R0 on the spine location of model with fixed parameters αin = 6, αout = −4,
g = 0.

Therefore, in the following we investigate how the shape of the spine curve is
affected if one of the parameters g, αin, αout or H0/R0 varies. For this analysis, we
use the KLIP processed grid models with the fixed radius of the belt and inclina-
tion as described in Sect. 5.5.

Fig. 5.10 illustrates the degeneracy between H0/R0, αin, αout and g. In each
panel, one parameter takes three different values while the others remain con-
stant. The steeper the dust number density law inside the ring of planetesimals
(increasing αin), the higher the elevation above the midplane inside the parent belt
(Fig. 5.10a), whereas the steeper fall-off of the grain number density (decreasing
αout) moves the spine closer to the midplane (Fig. 5.10b). On the contrary the
spine shifts upwards when the asymmetry parameter g increases (Fig. 5.10c).
The impact of the disk aspect ratio H0/R0 is similar to that of the asymmetry
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5.5. Disk modeling

Figure 5.11: Comparison of the two best models and model with two belts with the data.
The parameters of the model best tracking the spine are g = 0.6, αin = 4, αout = −7,
H0/R0 = 0.03, second best model has g = 0.5, αin = 3, αout = −7, H0/R0 = 0.01. Red
dots mark the location of the spine measured in all 4x4 binned imaging data (see Sect.
5.4.3 for detailed description).

parameter - the larger the disk scale height, the larger the spine elevation (Fig.
5.10d).

Interestingly, we note that the curvature of the spine in the outer region (be-
yond r = 2′′) changes with αout: the spine is bowed for αout 6 −6 while it is more
like a straight line for larger values. There might be a trend for a bow in the data
for r > 3′′ but the SNR of the disk is getting small at such separations. This bow
could be partially reproduced by some particular model (Fig. 5.10d).

Figure 5.10 clearly demonstrates that the spine is fully determined by a com-
bination of all four parameters once the disk inclination is fixed. Therefore, as an
alternative of calculating a 2D χ2 on scattered light images, which implies a large
number of degrees of freedom, we used the spine itself and derived χ2

spine for an-
gular separations in the range 1− 3′′ in the west side as already done in Boccaletti
et al. (2012) for the HD 32297 debris disk. We define the χ2

spine according to:

χ2
spine =

1
Ndata

Ndata

∑
i=1

[yi data − yi model]
2

σ2
i data

,

where Ndata is the number of data points between 1′′ and 3′′, yi data are the vertical
offsets of the spine measured from the data with uncertainties σi data (see Sect.
5.4.3) and yi model are the vertical offsets of the model spine.

The minimal value χ2
spine = 2.47 is obtained for αin = 4, αout = −7,

H0/R0 = 0.03 and g = 0.6. However, there are other combinations of param-
eters, in particular the model with αin = 3, αout = −7, g = 0.5 with χ2

spine = 2.53,
which provide a similar good fit to the data. As can be seen in Fig. 5.11, the spines
of these two models show a high degree of similarity with the data. For compar-
ison purposes, the spine of the two belts model (χ2

spine = 3.10) where the inner
belt is inclined at 80◦ (see Sect.5.5.2) is also presented (blue asterisks in Fig. 5.11).
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Investigating a larger parameter space with the two belts model should allow to
find a better match to the disk spine.

5.6 Photometry

We used the instrumental PSFs for the flux normalization purpose, in both to-
tal intensity and polarimetry. In classical imaging, the two IRDIS channels are
summed up for photometric measurements. The stellar flux is measured in a cir-
cular aperture centered on the PSF with a radius of r = 0.6′′ (r = 50 pixels) after
subtraction of the background (see Sect. 5.3.1). Taking the transmission of the
neutral density filter ND2.0 and DITs (see Sect. 5.2) into account, we obtain a stel-
lar count rate of (7.27± 0.80) · 107 ADU/s in J band and (6.52± 0.78) · 107 ADU/s
in H band. To measure the disk flux from the total intensity data, we first calcu-
lated the correction factor to account for the ADI-induced self-subtraction using
the best-fit models obtained for both bands (see Col. 6 in Tables 5.2 and 5.3).
The ratio of the unprocessed and the ADI processed model images provides the
flux reduction factor for each pixel (in the binned images for each binned pixel)
inherent to the ADI technique. Hereafter, the disk flux is corrected for the ADI-
induced flux reduction. The total disk flux is integrated in two rectangular areas
containing pixels with (x, y) coordinates lying within the bounds 1′′ < |x| < 4′′

and −0.14′′ < y < 0.26′′. We obtain 2900 ± 300 ADU/s and 4100 ± 500 ADU/s
in J and H, respectively. This yields a brightness ratio between the disk and the
star of (4.0 ± 0.6) · 10−5 in the J band and (6.3 ± 1.0) · 10−5 in the H band for the
scattered light.

The polarized flux measured in the same areas in J band is 240 ± 70 ADU/s.
This flux has to be corrected for the reduced instrument throughput in DPI (Lan-
glois et al. 2010). Since the flux measurement in DPI is performed with all instru-
ment components placed in the optical path, we estimate the correction factor by
comparing the total stellar flux received in both DPI channels with the stellar flux
measured in both CI channels (see Sect. 5.2). We obtain a flux reduction factor
in DPI of 3.8 for the left channel and 3.5 respectively the right channel. Taking
into account the correction factor of 3.5, the actual total polarized flux of the disk
amounts to 840 ± 240 ADU/s. With this value, the polarized light contrast of
the disk in J band is (1.2± 0.6) · 10−5. The ratio between the total intensity of the
scattered light and intensity of the polarized light is 0.29 ± 0.09. Compared to
the IR fractional luminosity of the disk of 5.1± 0.2 · 10−4 (Moór et al. 2011), the
polarized flux makes up at least 2.4%.

In the total intensity we measured that the east side flux is ∼40% of the west
side flux in both J and H band data (more precise ∼38% and ∼44%, respectively)
while in the polarimetry Feast = 0.8Fwest.
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5.6. Photometry

Figure 5.12: Radial SB profiles of the west and east disk sides in the J and H bands. All
data points show the disk magnitude measured in square 0.25′′ × 0.25′′ (20× 20 pixels)
apertures centered on the midplane relative to the stellar magnitude in the corresponding
filter. Circles indicate the relative magnitude of the total intensity of the scattered light
(Stokes I) and diamonds mark the magnitude of the polarized flux (Stokes Qϕ). Errors
are calculated as standard deviation of the flux distribution in the concentric annuli.
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Chapter 5. HD 15115 debris disk

Figure 5.13: Polarization fraction of the scattered light measured in square 0.25′′ × 0.25′′

apertures along the disk axis using intensity (Stokes I) and polarized flux (Stokes Qϕ)
profiles in the broad J band plotted in Fig. 5.12.

5.6.1 Disk colour

Total intensity and polarimetric surface brightness profiles are displayed in
Fig. 5.12 for comparison. Here, the disk flux is measured in square 0.25′′ × 0.25′′

(20 × 20 pixels) apertures centered on the disk axis. This aperture size was cho-
sen for a better comparison with the radial SB profiles of the HD 15115 disk in
V and H bands presented by Kalas et al. (2007) (their Fig. 3) and in 1.1 µm band
published by Debes et al. (2008) (their Fig. 3).

For stellocentric distances ranging between 1.5′′ and 3.0′′ we find that the west
side is ∼ 0.2 - 0.5 mag·arcsec−2 brighter than the east side in the J band while this
difference is as large as ∼ 0.7 - 1 mag·arcsec−2 in the H band.

The steeper fall-off of the SB in the H band (∝ r−3.3 in the range 1.2− 4′′ on the
west side and ∝ r−5.9 in the range 1.2− 3′′ on the east side) compared to the J band
(∝ r−2.6 in the range 1.2− 4′′ on the west side and ∝ r−3.5 in the range 1.2− 3′′ on
the east side) produces a change of color at a particular separation to the star. We
observe a red or grey color (J-H ≥ 0) at short separations, while the color turns to
blue (J-H<0) at large separations. This color change occurs between 2.5 and 3.5′′

in the west side and between 2 and 3′′ in the east side. For large separations J-H
can be as large as −0.7 mag·arcsec−2.

It is interesting to note, that the polarized light SB profiles of the west and east
side show a high degree of similarity: a slow growth between 1.2 and 2′′ and a
fall-off ∝ r−3.4 for r > 2′′. The SB profiles are truncated because of the low SNR
of the polarimetric data at large separations.
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5.6. Photometry

Figure 5.14: Radial surface brightness profiles measured along the disk major axis in
0.049′′ × 0.049′′ square apertures in the cADI image of the broad band J data (a), cADI
image of the broad band H data (b) and in the Qϕ image (c, J band). All data sets show
two radially symmetrical with respect to the star SB peaks at r = 2′′ and r ≈ 1.3′′ except
the west disk side in the Qϕ image. This side has a single SB peak at r = 2′′. Images of
the disk in Fig. 5.15 are presented with the same x-axis scale for 1 arcsec for the easier
identification of the SB peak locations.
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Figure 5.15: Images of HD 15115 disk illustrating the position of SB peaks plotted in
Fig. 5.14. The original data were 4 × 4 binned to reduce the noise and smoothed via
a Gaussian kernel with σ = 2 px. Position of the star in each image is marked by a
yellow circle and corresponds to the position of star in Fig. 5.14 (yellow line). Images are
presented in linear scale: J band in [-75, 120], H band in [-150, 200], J band polarimetry in
[-14, 24].

5.6.2 Polarization fraction

The polarization fraction (PF) of the scattered light in the J band is measured in
square 0.25′′× 0.25′′ apertures along the disk axis (Fig. 5.13). It is calculated from
the ratio between the SB of the polarized and the total intensity data (corrected
for the ADI bias). The radial PF profiles of both disk sides show a similar behav-
ior increasing from PF ≈ 0.03 at r = 1.25′′ to a maximum value between r = 2′′

and r = 3′′, so close to the edge of the planetesimal belt. According to the best-fit
model, the PF peaks at ∼15-20%. This value is consistent with the degree of po-
larization in K band measured by Tamura et al. (2006) along the midplane of the
β Pictoris debris disk. At radial separations r & 2.5′′ the SNR of our polarimetric
data is too low to make a conclusion about the polarization degree of scattered
light.

5.6.3 Surface brightness profiles

The aperture size 0.25′′ × 0.25′′ (equiv. 20×20 pixels) used in previous sections
is too large to see SB variations on smaller scales while the angular resolution
provided by IRDIS allows for more detailed examination of the flux distribu-
tion inside r = 2′′. In Fig. 5.14, we used a finer sampling of 4× 4 pixels (equiv.
0.049′′ × 0.049′′) together with a σ = 1, respectively σ = 2, pixels Gaussian
smoothing for classical imaging, respectively, polarimetric data. The errors were
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5.6. Photometry

computed as the standard deviation of the flux distribution in concentric annuli
centered on the star and do not include systematics.

The SB profiles measured in all data sets show a peak at radial separation
r ≈ 2′′ from the star on both disk sides (denoted as ’F1’ in Fig. 5.14c). This peak
is clearly attributed to the outer planetesimal ring. All three observations show
remarkably consistent results for the radius of this belt: for the east side we mea-
sure Reast = 2.00′′ ± 0.05′′ and for the west side Rwest = 1.91′′ ± 0.05′′. The small
difference in the belt radius between the two sides indicates an offset of ∼ 0.045′′

of the belt toward east with respect to the star.
Further inside the ring, the SB profiles profiles exhibit another peak at r ≈

1.2− 1.3′′ also on both disk sides in classical imaging data of J and H bands (de-
noted as ’F2’ in Fig. 5.14c). In polarized intensity data, a SB peak is detected only
on the east side at the same radial separation. The location of this peak corre-
sponds to the increased SB at the position indicated by the arrow ’B’ in Fig. 5.2.
We observe some kind of correlation between these peaks and think that they
could mark the ansae of the inner belt. There is a third SB peak on the east side
of the disk (’F3’, Fig. 5.14c) but at lower significance level. The increased sur-
face brightness at locations ’F1’, ’F2’ and ’F3’ is also visible in the disk images in
Fig. 5.15.

5.6.4 Phase function

In the total intensity data, in particular in the H band dataset, the back side, al-
though faint, is detected. The observed part of the planetesimal ring shown in the
inset in Fig. 5.16 spans the range of the scattering angles between 35◦ and 140◦.
Measuring the azimuthal variation of the surface brightness along the rim of the
ring, we can constrain the scattering phase function. For the calculation of the
scattering angles, we need to make some general assumptions on the grain prop-
erties and geometry of the disk. We assume that grains scatter stellar radiation
preferentially in the forward direction i.e. the northern part of the disk is the near
side. We also consider that the circumstellar material is confined to a narrow ring
with a radius of R0 = 1.95′′ (94 au). Using the cADI total intensity image in the H
band obtained with selected frames (only frames with a seeing condition below
0.9′′ were used), we performed the aperture photometry of the west disk side in
circular apertures with a radius of 6 pixels. The disk area within each aperture
was attributed a unique scattering angle which was calculated for the near side
of the disk according to:

θ = arcsin

√
x2

c + y2
c

R0
(5.6)

and for the back side of the disk

θback = 180◦ − arcsin

√
x2

c + y2
c

R0
, (5.7)

where (xc, yc) are coordinates of the aperture center in the coordinate system
shown in Fig. 5.3a. The apertures were centered on the spine of the front and
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Figure 5.16: Relative scattering intensity measured along the disk rim on the west disk
side which is shown in the inset image (red diamonds). The blue and purple curves show
HG fits to the data points. The black curves show scattering phase functions obtained
by Min et al. (2010) for three different sizes of grains covered with regolith particles.
The shaded curve indicates uncertainties estimated from the radial SB distribution (see
Sect. 5.6.4).

back side of the disk defined as the brightest points of the vertical cross-sections
perpendicular to the disk major axis.

To correct for the flux loss caused by the ADI data reduction, the measured
flux values were multiplied with a scaling factor derived from the modeling of
ADI bias (see Sect. 5.6). The errors of this measurement are estimated as one
standard deviation of the flux distribution measured in the apertures of the same
size which were placed at the same radial distance from the star but at different
PAs. It might be that the noise is slightly underestimated with this methodology
as the small apertures might not capture the low spatial frequency noise.

The obtained intensity profile is shown in Fig. 5.16. The flux values are arbi-
trarily normalized so that the intensity at 83◦ equals 0.15.

We used the χ2-minimization algorithm to find a HG function (Eq. 5.2) which
match the intensity profile and fitted the data also with a linear combination of
two HG functions following the same approach as in Milli et al. (2017). According
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to the χ2
ν-criterion, the better fit f (θ) is given by a linear combination of two HG

functions (Engler et al. 2017):

f (θ) = w fHG 1(θ, g1) + (1− w) fHG 2(θ, g2), (5.8)

with g1 = 0.94± 0.06, g2 = 0.21± 0.01 and the scaling factor w = 0.89± 0.10
(blue curve in Fig. 5.16). For this combination, the reduced χ2

ν-metric is 1.22.
It is smaller than χ2

ν of 1.43 which was obtained for the best-fit of HG function
with the single parameter g = 0.57 ± 0.0 (purple curve). However, the visual
comparison of both fits in Fig. 5.16 demonstrates that they are nearly identical
and thus two additional free parameters of the combined HG functions do not
significantly improve the fit. The lower BIC (Sect. 5.5.2) for the HG function with
the single g parameter also indicates that this model should be considered as the
best fitting one.

As Fig. 5.16 shows, the scattering intensity steeply increases with a decreasing
scattering angle for θ < 50◦ and gives rise to a relatively broad diffraction peak.
The measured curve is rather flat between 60◦ and 90◦, whereas at scattering
angles corresponding to the fainter backside of the disk (θ > 90◦) the scattering
intensity is much lower, even after the correction for the ADI bias. However, the
steep drop of the phase function here can be explained by the low SNR.

In Fig. 5.16, we also compare the measured intensity profile with three scatter-
ing phase functions derived by Min et al. (2010) for dust grains with radii equal
to 5, 15 and 50 µm (black lines)3 which are covered by small regolith particles.
The grains are treated as micro-asteroids reflecting light in the geometric optics
regime. Their phase functions are obtained for a narrow grain size distribution
and include the diffraction by spherical particles and the reflectance function ac-
cording to the analytical model for the bidirectional reflectance (Hapke 1981). For
a comparison, all three functions in Fig. 5.16 are normalized to the data point at
θ = 83◦. The scattering function for grains with a size of 5 µm (solid black curve)
fits best the measured intensity profile for scattering angles θ < 80◦. Assuming
that this grain size is the average size 〈a〉 of the grain size distribution, we derive
the minimum grain size amin = 3 µm from the relation amin = 3/5 〈a〉 which is
valid for the dust grains in a collisional cascade equilibrium expected at the loca-
tion of the parent body ring. This minimum grain size is in agreement with the
estimated blowout size for HD 15115 of ∼1–3 µm assuming a stellar luminosity
of 3.5L�, a mass of 1.3M�, and a grain average density in the range from 1 to 3 g
cm−3 (Rodigas et al. 2012; Hahn 2010).

It is interesting to note that the comparison of micro-asteroids scattering func-
tions with the observed phase functions of the debris disks around HR 4796 A
and Fomalhaut shows the compliance with the curves for grains with radii of
a = 15 µm (Milli et al. 2017) and a = 50 µm (Min et al. 2010), respectively. This
suggests that the grains in the HR 4796 A and Fomalhaut disks are larger on av-
erage than the dust grains we observe on the west side of the HD 15115 debris

3 In the original paper by Min et al. (2010), grain diameters are given in the notation instead of
grain radii.
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disk in case we do not consider the fact that the phase function, measured by us,
does not follow those of Min et al. (2010) for θ > 90◦.

5.7 Discussion

5.7.1 Unpolarized versus Polarized light

As mentioned in Sect. 5.6, the polarized intensity (Stokes Qφ) measured for the
east side of the disk is a factor of 1.25 lower compared to the west side. In the
total intensity data (Stokes I) of the J band, we obtain for the east side an intensity
which is a factor of 2.67 lower than on the west side. This significant difference
between scattered I and polarized scattered Qφ flux is most likely the result of an
asymmetric loss of small particles eastward because of the motion of the system
through the interstellar medium as suggested by Debes et al. (2009). Differences
in the total and polarized intensities between the east and the west side indicate
for the two sides a different grain number density, grain properties or both. It
results a smaller average grain size and a higher column density of small grains
along the line of sight on the west side. With polarimetry, we trace predominantly
90◦ scattering and therefore the ansae of the planetesimal belt. The total intensity
favours strongly forward scattering and therefore grains in front of the star and
the main belt of the debris disk. This could cause the strong Stokes I signal in the
west because these particles produce a lot of “extra” scattered intensity I but only
little “extra” Stokes Qφ signal. Additionally, this difference could be caused by
the average scattering properties of the grains which are determined by a smaller
average size of particles towards west because of their motion in this direction
due to the interaction with the local ISM. For a smaller average grain size we
expect to measure a lower asymmetry parameter g. This can explain different
asymmetry parameters we obtain for the best-fit models for the east (g = 0.4)
and west side (g = 0.3), see Table 5.3.

5.7.2 Color

The photometric analysis (Figs. 5.12 and 5.14) suggests that inside the planetesi-
mal belt (r . 2′′) the disk color is red and becomes bluer with increasing distance
to the star (r > 2′′). A similar color behavior was already observed for the HD
15115 disk by Kalas et al. (2007), who measured an overall blue V-H color for both
disk sides at radial distances r > 2′′. In contrast to this result, Debes et al. (2008)
found that for smaller radial distances (r < 2′′) the disk color is red. They argued
that the change in the dust scattering efficiency beyond r ≈ 2′′ could be due to the
absorption features of dust material at 1.6 µm and inside r ≈ 2′′ due to absorp-
tion, for instance, of olivine at∼1 µm. Another possibility to explain the complex
color of the disk would be the existence of dust populations with different aver-
age grain sizes varying with the distance from the star. At the radial position of
the “birth” ring we would expect to find dust grains larger than the blowout size
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ablow. Beyond the “birth” ring small dust particles might dominate the scattering
cross section due to the radiation blow-out of the smallest dust grains (Krivov
2010, and references therein). Assuming that the collisional cascade power law
for the grain size distribution dn(a) ∝ a−3.5 da is valid at the location of the par-
ent body ring, we would expect that this distribution is becoming steeper with
the distance from the star and the disk color, therefore, bluer.

5.7.3 Evidence for multiple belts?

Our images show an axisymmetrical disk in agreement with the observations of
Kalas et al. (2007) and Rodigas et al. (2012) who have seen the symmetric structure
in H and L′ bands, respectively. Mazoyer et al. (2014) have shown that in H and
KS filters, the inner disk has a symmetric ring-shape with a radius of r ≈ 2′′

and an inclination of ∼86◦ well matching the geometrical parameters which we
derive for the outer ring (see Fig. 5.14).

The disk morphology seen in our polarimetric data (Sect. 5.4.1, Fig. 5.3) sug-
gests the presence of a second inner planetesimal ring which could have a slightly
different PA and inclination compared to the outer belt. The structural clumps
that we see in the Qϕ image (Fig. 5.2b) and ripples of the SB profile along the
disk axis, in particular on the east side of the disk (Fig. 5.14) are similar to the
ripples in the SB profile of the polarized light detected by Tamura et al. (2006) in
the β Pic debris disk. The 2 µm polarimetry of the β Pic disk has shown many
details in the inner part of the disk including the previously observed warp. In
analysing the disk structure in the region between 50 and 121 au, Tamura et al.
(2006) concluded that the ripples of the polarimetric SB profile may indicate a
multiple ring system. We think that we see the same effect in the SB profile of
the polarized light in Fig. 5.14c. It is obvious, that the outer SB peaks (denoted
as ’F1’ in Fig. 5.14c) mark the location of the outer ring (R ≈ 2′′) of the HD 15115
disk. Therefore, the other SB peaks, which we measure further inside the disk,
may also indicate a multiple ring system.

The modeling of the total intensity and polarized intensity data in both J and
H bands does not rule out the two belts model. According to the χ2

ν criterion for
the goodness-of-fit, which we have calculated for more than 2000 models, the two
belts model provides a good fit to the total intensity data being always among the
20 best models. For the H band dataset, it is even the best model when fitting both
disk sides simultaneously (see Table 5.2).

In appendix 5.8, we show that the two belts model is also consistent with
the spectroscopic and photometric data of HD 15115 if the modified blackbody
function (Backman & Paresce 1993) is used to fit the disk SED.

There are some indications from the previous studies supporting the idea of
HD 15115 as a multiple belt system:

• Moór et al. (2011) and Chen et al. (2014) have found that the disk SED can
be better fitted with a two temperatures model which implies the presence
of two planetesimal belts. Moór et al. (2011) used for their fit the disk fluxes
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Figure 5.17: Comparison of the H band image ((b), cADI) with the previous observation
of the HD 15115 debris disk in the KS band published by Rodigas et al. (2012) (a).

at λ = 24 µm, λ = 70 µm and λ = 100 µm to obtain Rwarm dust = 4 au
and Rcold dust = 42 au. Chen et al. (2014) derived Rwarm dust = 5 au and
Rcold dust = 175 au based on the fits to the Spitzer IRS 5-35 µm spectra and
the IR excess at λ = 70 µm. The inner belt at 4 or 5 au inferred from the
SED modeling is definitely not compatible with our data and cannot be the
same inner belt suggested by us.

• Debes et al. (2008) and Rodigas et al. (2012) measured an increasing PA of
the eastern disk side with decreasing distance to the star for r < 1.6′′ (see
their Figs. 2(a) and 4(a), respectively) which is in contradiction with a bow-
like disk shape reported by Rodigas et al. (2012) and Schneider et al. (2014).
Both authors suggested a nearly edge-on disk model with a high Henyey-
Greenstein scattering asymmetry parameter to explain the ”bowing” of the
brighter upper (northern) disk side. In accordance with this model, the PA
of the east disk side should decrease following the course of the disk spine
when approaching the star. This means that the vertical offset of the spine
from the disk axis towards north should increase for smaller separations as
it is expected for a single belt with a high inclination and high asymmetry
parameter for forward scattering (see Fig. 12 in Schneider et al. (2014) for
an illustration). The measured vertical offset of the spine is decreasing in
observations at 1.1 µm (Debes et al. 2008, their Fig. 2a) and in KS band for
r < 1.6′′ (Rodigas et al. 2012, their Fig. 4a). Our data confirm the decreasing
offset of the spine from 1.5′′ to ∼1.25′′ on the east side in the total intensity
data in both J and H bands (see Fig. 5.4).
Furthermore, Rodigas et al. (2012) measured a clear break in the radial SB
power law at r ≈ 1.4′′ on the east side of the disk: from power law index
of -1.1 for r > 1.4′′ to power law index of -5.27 for 1.2′′ < r < 1.4′′. (see
Fig. 5(a) in Rodigas et al. 2012). The power law break of the radial SB pro-
file is often connected with the location of the planetesimal belt. The rapid
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increase of the SB could be due to stellar residuals or due to an additional
source of emission inside r ≈ 1.5′′ which could be a planetesimal ring. In
Fig. 5.17 we reproduce Fig. 1(a) from Rodigas et al. (2012) presenting KS
band image of the debris disk. It shows the increasing surface brightness
below the disk axis close to the coronagraph only on the east side (indi-
cated with white arrow in Fig. 5.17 (left)). We see a similar feature in our H
band data at the same position (cf. Fig. 5.17 (right)). While it is possible that
the indicated feature is attributed to the stellar residuals in the observation
with LBT/PISCES (Fig.5.17), it is clear not the case in the SPHERE observa-
tion because of the higher spatial resolution of the IRDIS instrument. We
think that this feature is responsible for the small dip in the spine curve (see
Fig. 5.4) mentioned above.

• The inner belt with a slightly different PA as the outer belt can easily explain
the bifurcation of the east disk side observed by Schneider et al. (2014) and
Debes et al. (2008) (see their Fig. 1, feature A is explained as contamination
from PSF subtraction but it roughly coincides with the bifurcated structure).

It is possible that the SB peak, which we observe to the east at r ∼1.3′′ from
the star and attribute to the east edge of the inner belt, is actually associated
with some clumpy feature of the outer planetesimal belt. Assuming that this
dust clump moves on the Keplerian orbit, we could observe its orbital movement
when its deprojected radial position would change by∼0.2′′ (clump width). Such
position shift on a circular orbit of radius r = 2′′ for a 1.3M� star would be ob-
servable in about 18.25 years.

5.8 Summary

In this paper, we present classical imaging and polarimetric observations of HD
15115 debris disk known as a ”blue needle” with SPHERE-IRDIS in the broad
bands J and H. The total intensity images (Stokes I, Fig. 5.1) in both bands were
extracted with ADI using cADI, KLIP and LOCI processing algorithms. Images
of the polarized scattered light (Stokes Qϕ, Fig. 5.2) in the broad band J were
obtained using double difference method.

Our results from the analysis of disk geometry and photometry can be sum-
marized as following:

• The PA of the disk major axis measured in the total intensity and polarized
intensity data is θdisk = 278.9◦ ± 0.1◦.

• The overall disk structure seen in both bands is an axisymmetric, nearly
edge-on, debris ring consistent with the detection by Mazoyer et al. (2014).
The radius of the disk towards east is Reast = 2.00′′ ± 0.05′′ (∼96 au) and
towards west Rwest = 1.91′′ ± 0.05′′ (∼92 au). By fitting an ellipse to the
spine curve we derive a disk inclination of 85.8◦ ± 0.5◦.
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• Disk photometry and radial SB profiles along the disk major axis show the
east-west asymmetry. In two rectangular areas bounded by the coordinates
1′′ < |x| < 4′′ and −0.14′′ < y < 0.26′′ in the total intensity data of J
and H bands, we measure ∼2.5 times less flux on the east side compared
to the west side. In the same areas of the polarimetric data taken in the
J band, this difference is smaller and the polarized flux on the east side
amounts to ∼80% of the flux measured on the west side (Sect. 5.6). This
might indicate different dust grain properties to the east and west from the
star. In particular, the scattering asymmetry parameter could be higher on
the east side resulting from, for instance, the larger average grain size.

• Based on the forward modeling results, we measure a change in the disk
color between 2′′ and 3.5′′ from red (for r < 2′′) to predominantly blue (for
r > 3.5′′). This color difference may indicate different grain size distribu-
tions at the location of the parent body belt and in the outskirts where the
smallest grains are swept out of the disk.

• The image of the polarized light from the disk exhibits some SB peaks which
can also be recognized in the radial SB profile along the disk axis (Fig. 5.14c).
Similar SB peaks can be recovered in the total intensity data (Figs. 5.14a
and 5.14b). They may be indicative for the presence of a second (inner)
planetesimal ring. Based on the J band polarimetry, we estimate that such a
ring could have a radius between 1.3′′ and 1.5′′ and a slightly different PA
as the outer ring.

• We have performed extensive model calculations to investigate compliance
of the two belts model with the total intensity and polarized intensity data.
According to the χ2

ν criteria, both the one belt and the two belts models
provide similar goodness of the fits. Therefore, the existence of the inner
ring cannot be rule out. Taking into account the relatively low SNR of our
data, no stronger statement can be made.

To proof the presence of the second belt in the inner regions, it would be
worth to re-observe the HD 15115 disk with ZIMPOL/SPHERE polarimetry.
Observation at shorter wavelengths would provide required high resolution of
∼25-30 mas when observing in Very Broad Band (VBB, λc = 735 nm) or I band
(λc = 790 nm). The Strehl ratio is higher in the I band but the count rate is ∼40%
lower compared to VBB. Under good observing conditions (seeing 6 0.7, coher-
ence time > 3.5 ms and wind speed ∼ 2− 3 m/s) a high contrast of 10−6 can be
achieved. Polarimetry as a differential technique has also a decisive advantage
over ADI because it does not suffer from the disk self-subtraction which could be
a crucial point if we want to study close-in disk structure.

Acknowledgements. This work is supported by the Swiss National Science Foundation
through grant number 200020 - 162630.

150



5.8. Summary

N 

E 

1 ’’ 

H band J band cADI 

KLIP KLIP 

LOCI LOCI 

a 

b 

c 

d 

e 

f 

cADI 

Figure 5.18: SNR maps for different data reduction techniques in the H band (left column)
and in the J band (right column). The number of modes in KLIP reductions is 10. The star
position is marked with a white cross.

Appendix A: SNR

Fugure 5.18 demonstrates the SNR of the total intensity images in J and H bands.

Appendix B: Position angle of the disk

See Fig. 5.19

Appendix C: Check of consistency of two belts
configuration with the disk SED

To check the consistency of two belts model with the available spectroscopic and
photometric data of the HD 15115 disk, we fitted the disk SED with a single tem-
perature blackbody (BB) emission Bν(λ, Tdust) or with the modified Planck func-
tion (MBB, Backman & Paresce 1993):

Bν, mod(λ, Tdust) = Bν(λ, Tdust)× (H(λ0 − λ) + H(λ− λ0)(λ0/λ)β),

where Bν(λ, Tdust) is the Planck function defined by the wavelength λ and the
dust temperature Tdust, H is the Heaviside step function, λ0 is the characteristic
wavelength above which the absorption efficiency of the dust grains scales like
(λ0/λ)β with β being the opacity index. The free parameters λ0 and β allow to ac-
count for the steeper falloff of the debris disk spectra at longer wavelengths than
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Figure 5.19: Qϕ image illustrating the method to determine the position angle and size
of the outer disk. The image was 4× 4 binned and smoothed via a Gaussian kernel with
σ = 1 px. The brightest pixels of the regions inside the yellow circles indicate the location
of the planetesimal belt which is schematically drawn as yellow ellipse. For the clarity,
the ellipse was shifted upwards (white dotted lines show the parallel shift of the brightest
pixels). The position of star is marked by an yellow asterisk. The white line represents
the disk major axis. The color bar shows the counts per binned pixel.

the Planck function and to have a higher dust temperature than the blackbody
temperature. The free parameter of the MBB model are the dust temperature
Tdust, the opacity index β, the characteristic wavelength λ0 and the scaling factor.
In the BB model, the belt radius and, therefore, the dust temperature are fixed.
The only free parameter of this model is the scaling factor for the Planck func-
tion. We adopted the belt radius of 2′′ (96 au) with Tdust = 39 K for 1 belt model,
and, additionally, the radius of the second belt of 1.3′′ (61 au) with Tdust inn = 48
K for 2 belts model. To fit the thermal emission from two planetesimal belts, we
used a linear combination of two BB or two MBB functions assuming the same
optical properties and average grain size in both belts.

The disk SED is constructed using the sampled 5–35 µm Spitzer/IRS spectrum
(Moór et al. 2011) and fluxes compiled from the literature and listed in Table 5.4.
The stellar photosphere emission is calculated for a star with L∗ = 3.5L� and
Teff = 6780K (Moór et al. 2011).

The derived best fits for each model are plotted in Fig. 5.20. The single and
double temperature BB models (blue lines) can not reproduce the data well. The
contribution of the lower temperature component in the 2 belts BB model to the
derived best fit (blue solid line) is negligible. Contrary to that, the both MBB
models, with 1 and 2 belts (red lines), fit the data very well except for a data
point at 13 µm (Chen et al. 2014) which also disagrees with the retrieved from the
archive Spitzer/IRS spectrum (AOR 10885632).
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Figure 5.20: Disk SED and the best fits for the BB and MBB models with 1 and 2 belts.
Red stars show the sampled 5–35 µm Spitzer/IRS spectrum. Violet stars represent the
photometric data specified in Table 5.4.

Table 5.4: Photometric measurements of HD 15115.
Wavelength Flux density Error Instrument Ref.

(µm) (mJy) (mJy)
13 170.2 2.9 Spitzer/IRS 1

24 58.3 2.3 Spitzer/MIPS 2

31 85.6 2.3 Spitzer/IRS 1

70 451.9 32.6 Spitzer/MIPS 2

160 217.3 27.8 Spitzer/MIPS 2

850 4.9 1.6 JCMT/SCUBA 3

References. (1) Chen et al. (2014); (2) Moór et al. (2011); (3) Williams & Andrews
(2006).
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Chapter 6

Outlook

Future prospects for the debris disks imaging

In the past few years, the field of the debris disk exploration has tremendously
expanded and brought a wealth of discoveries and new data. Just a decade ago,
there were only 14 known resolved debris disks (Meyer et al. 2007). Today, the
catalogues of resolved debris disks include more than a hundred objects. This
rapid development is tightly connected to the use of the high-resolution and
high-contrast imaging as provided by new instruments with extreme AO sys-
tems such as SPHERE at VLT and GPI at Gemini South. These instruments have
a high contrast sensitivity (up to 10−7), a high spatial resolution (∼25 mas pro-
vided by ZIMPOL) and a capability to resolve the inner regions as close to the star
as ∼0.1-0.2′′. Such extraordinary technical performance enables a detailed char-
acterization of the disk geometries and their structural features (e.g., Boccaletti
et al. 2015; Perrin et al. 2015; Olofsson et al. 2016; Draper et al. 2016; Perrot et al.
2016; Milli et al. 2017; Feldt et al. 2017; Bonnefoy et al. 2017). In the long-term per-
spective, sharp diffraction-limited images are expected from the ELT (Extremely
Large Telescope), the largest optical/near-infrared telescope in the world, which
is scheduled to go into operation in 2024. It will have a 39-metre mirror allowing
to achieve a higher spatial resolution and to image the innermost regions of the
circumstellar environment down to ∼0.03′′ with high contrast.

In the next years, more polarimetric data of debris disks will be collected. PDI
is a very successful imaging technique, which makes it possible to reveal the de-
bris disk without flux over-subtraction compared to the ADI and to perform more
accurate photometric analysis of the disk’s polarized light (see Chapter 3). Ad-
ditionally, polarimetric imaging is applicable to the disks with small inclinations
and azimuthally symmetric structures. Another possibility to study debris disks
showing stronger angular symmetry is the Reference-star Differential Imaging
(RDI), where the stellar light is removed from the disk image by the subtraction
of the reference star flux. Currently, extensive PSF libraries for SPHERE and GPI
are being prepared for the application of this technique. Therefore, the diversity
of disk morphologies, which are observable by the ground-based telescopes, will
increase significantly in the future.

The improved measurement of the total intensity of the scattered light using
RDI combined with the polarized flux of the disk, obtained with PDI, will pro-
vide a better measurement of the key characteristics of the dust grains such as
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polarization fraction, scattered and polarized phase functions. Multiwavelength
studies, already available for several debris disks (Hughes et al. 2018) today, are
needed to investigate the dependence of dust grain characteristics on the wave-
length of observation and to achieve a better statistic on particle properties.

Multiwavelength surveys will facilitate also the study of grain size distribu-
tion in debris disks. The postulated size distribution n(a) ∝ a−3.5 resulting from
a collisional cascade (Dohnanyi 1969) is actually valid only at the location of the
“birth” ring of planetesimals. Beyond the ring, the average particle size varies
with the distance from the star because small grains are subject to the radiation
pressure and Poynting-Robertson drag (see Sect. 1.1.2). Radiation forces, pressure
trap effects and the interaction with planets and the ISM lead to the grain size seg-
regation in the disk. Images in different bands may show distinct morphologies
of small and large grains and clarify the underlying physical mechanisms, which
affect the disk structure. Because the extinction cross-section of the dust grains
per unit mass is most effective for the particles with sizes a ∼ λ, multiwavelength
observations trace different particle sizes. High-resolution images of disks in scat-
tered light, as provided by SPHERE, may reveal a more extended disk, because
they probe (sub-)micron-sized particles which can be launched by interaction in
more eccentric orbits. Measurements at longer (sub-)mm wavelengths probe the
cooler mm-sized grains which trace the planetesimal belt. At far-IR wavelengths,
smaller (warmer) dust grains are detected. They have a wider radial distribution,
therefore the same disk may appear much larger and probably featureless.

ALMA

For the observations in the far-IR and microwave spectral ranges, the Atacama
Large Millimeter/submillimeter Array (ALMA) offers a powerful interferometry
in the wavelength range from 0.35 to 3.1 mm with 50 12-m antennas in an array
with a maximum baseline of 16 km. Currently (in the Cycle 6), it provides a
spatial resolution of about 21 mas (at 230 GHz or 1.3 mm) which is comparable
to the resolution of the ZIMPOL in the VBB. In the most extended configuration,
ALMA will be able to reach the highest resolution of 5 mas. With the future
(sub- )mm interferometry, it should be possible to perform a detailed analysis
of the disk structures for large grains a � 1µm. This will allow to model the
distribution of the large grains in the disk and compare it with the distribution of
(sub)micron-sized dust grains inferred from the scattered light images.

In addition to the morphology studies, a simultaneous measurement of the
distribution of molecular gas (e.g. CO) in debris disks can be performed with
ALMA. It is expected that debris disks are gas poor because the lifetime of molec-
ular gas is short in these systems. Recent detections of gas in several debris disks
(Dent et al. 2014; Lieman-Sifry et al. 2016) suggest that the gaseous material is
constantly replenished by evaporating comets or through destruction of icy bod-
ies e.g. in transient events. More observational data will be collected in the future
allowing to solve the question of the gas origin in debris systems.
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JWST

Deep, multiwavelength observations of selected known debris disks are planned
with the James Webb Space Telescope (JWST). The launch of the 6.5 m telescope
is scheduled for 2020. The JWST equipment offers a high sensitivity across more
than a factor of 10 in wavelength. In particular, two JWST instruments are ca-
pable of detailed imaging characterization of debris disks. The Near InfraRed
Camera (NIRCam) is a near-infrared imager covering the 0.6 to 5 µm range. The
Mid-Infrared Instrument (MIRI) offers imaging and spectroscopic modes and op-
erates in the wavelength range between 5 and 28 µm. The spatial resolution and
the inner working angle of both instruments are comparable with the HST. One of
the primary goals of the JWST will be the imaging of the cold extrasolar Kuiper
belts in the scattered light and in the near- or mid-infrared. Almost all of the
known debris disks around A stars can be imaged with MIRI. The Herschel disk
detections in the far-infrared are suitable targets to identify the absorption fea-
tures of ices at 3 µm (Lebreton et al. 2014). Disk fluxes obtained with several
NIRCam filters (28 broad, medium and narrow filters) and MIRI spectroscopy
can reveal dips in the disk spectrum due to H2O ices and the location of the wa-
ter snow-line. It may be even possible to identify the locations of CO, CO2 or
NH3 gases or ices. The NIRCam medium-band filters allow to estimate the disk
color and to measure the color gradients within the disk. Color information can
provide some constraints on the sizes and formation history of planetesimals in
the outer belts of exoplanetary systems. In addition, the MIRI spectroscopy cov-
ers the SED range where the transition between regimes, dominated by scattered
and thermal radiation, occurs and a number of silicate absorption bands can be
observed. Thus, the mineralogical composition of small grains can be identified
and their optical properties can be determined.

Open questions

Future observations with available and upcoming instruments as well as ongoing
modeling work should bring the answers to various open questions addressed by
the debris disks surveys, in particular:

• Debris disks occurrence: Do all the stars possess a debris disk or multiple
belts? It seems to be likely that debris surround all stars. But, most of the
debris are faint, e.g. the infrared fractional luminosity of the EKB is ∼ 10−7,
and remains undetected because of the low sensitivity of currently existing
instruments

• Debris system configuration: Are multiple belts common? Do they resem-
ble the architecture of the Solar system with a cold component (EKB), a
warm component (asteroid belt) and the hot zodiacal dust? What are the
key mechanisms supporting the dust production and migration within the
disk? Are cold outer belts the reservoirs which supply the inner regions
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with dust and gas? Multiwavelength surveys will help to understand the
main physical processes defining the disk morphology.

• Disk/Star correlation: Is there a connection between the star and disk prop-
erties (stellar age, spectral type, metallicity)? What are the conditions facili-
tating the disk formation?

• Disk/Planet correlation: Is there a positive correlation between planets and
debris brightness? Do the asymmetries and clumps in the spatial distribu-
tion of the dust point always to the presence of a planet?

• Dust mineralogy and properties: What is the dust composition and to
which extent does it reflect the chemical composition of the parent plan-
etesimals? What is the albedo of the dust grains and their actual size distri-
bution?

• Gas origin and composition: Is the detected debris disk gas of primary
or secondary origin, remnant of protoplanetary disk or a product of comet
outgassing? Which role does it play in the disk? How does it evolve? Which
gas other than CO is present (atomic and molecular abundances)?

In the near future, SPHERE, GPI, ALMA, JWST and the ELT will help to find
answers to these and many other questions related to the debris disks and will
contribute to our better understanding of this important component of planetary
systems.
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