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CHAPTER 1

Introduction

When we think of the Solar System, the picture that usually comes to mind is the Sun and
its eight planets. But there are many more objects orbiting the Sun besides the planets, such
as asteroids, comets, and interplanetary dust grains. Many of these bodies can be thought
of as leftover material that was never incorporated into planets during the process of planet
formation. Others were once part of a planet, but somehow became detached and sent on
their own journey through space. By studying these leftovers and fragments, we can learn
many things about the origins and evolution of the Solar System.

Circumstellar material has also been found around other mature stars. The discovery of
dust around the star Vega in 1984 provided the first concrete evidence that (at least the initial
stage of) planet formation also operates around other stars. Since then, many more stars were
found to be accompanied by belts of dust, which are now known as debris disks. In addition,
from the 1990s to today an abundance of planets around other stars has gradually been un-
covered. Unexpectedly, the configurations in which these extrasolar planets (exoplanets) are
found are often very different from the architecture of the Solar System.

These findings have made it clear that planet formation is a very common process with
wildly diverse outcomes. They have also raised the questions of how common or unique
the Earth is and whether other planets exist in the Milky Way galaxy on which intelligent
life may have arisen. Advancing towards an answer to these questions requires furthering
the knowledge of the formation and evolution of planetary systems in general, as well as the
characterisation of particular exoplanets.

The study of faraway systems is hindered by their staggering distance and has a very
different character from the study of our Solar System. While planets and other large bodies
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1 Introduction

in the Solar System can be resolved as worlds of their own and have been visited by space
probes, planets in other systems at most appear as unresolved point sources even through our
largest telescopes, if they can be distinguished at all. Most exoplanets that we know today
are detected and characterised indirectly, through the effects they have on their host star.
Intermediate-sized bodies such as asteroids can at present not be detected around other stars,
because they are too small and too few to have significant effects even collectively. Small
dust grains, however, often occur in large quantities, making their collective cross-section
enormous. This allows us to detect circumstellar dust populations directly through their own
thermal emission or through scattered starlight. In many cases, their spatial structure can also
be resolved using advanced telescopes.

In debris disks and planetary systems, small dust grains are destroyed or removed from
the system on relatively short timescales, implying that they must be replenished by larger
bodies that constitute more stable mass reservoirs. The composition of the dust therefore
reflects that of the bodies from which it originated and its spatial distribution follows to some
extent its release location. For this reason, circumstellar dust can act as a valuable probe of
the larger objects from which it originates. To retrieve information about these larger bodies,
however, it is vital to have a detailed understanding of the creation and subsequent evolution
of the dust grains. Building such understanding and using it to infer the properties of larger
bodies in distant systems is the main goal of this thesis.

While the innermost part of the Solar System is relatively empty, many other planetary
systems that have recently been discovered are very different. Mercury, the innermost planet
in the Solar System, orbits at a distance of about 0.4 AU, taking about 88 days to revolve
around the Sun. In contrast, several exoplanets have been discovered with orbital periods of
less than a single day. At the orbital distances corresponding to such short orbital periods,
these planets experience scalding stellar radiation, resulting in extremely high temperatures.
Additionally, some debris disk systems show evidence of circumstellar dust in the close vicin-
ity of the central star, where it can reach equilibrium temperatures exceeding 1000 K. These
temperatures are enough to vaporise the rocky or metal-rich material of which small exoplan-
ets and dust grains are made of. Hence, the process of sublimation (the phase transition from
solid to gaseous form) can be an important factor in these situations. The special focus of this
thesis is investigating how sublimation affects the evolution of circumstellar dust grains.

1.1 Debris disks

In 1984, it became clear that mature stars other than the Sun are also accompanied by orbiting
dust grains, when shortly after launch the Infrared Astronomical Satellite (IRAS) observed
the star Vega (Aumann et al. 1984). Being one of the brightest stars on the night sky, Vega
has been used for more than a century as a photometric standard. When IRAS began oper-
ations, opening up new spectral windows in the infrared, it was therefore a logical step to
point the new telescope at Vega for calibration measurements. In the far infrared (FIR) wave-
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lengths that IRAS was sensitive to, Vega was expected to show a spectrum consistent with the
Rayleigh–Jeans tail of the stellar photosphere. Surprisingly, the observations showed clear
excess emission, consistent with thermal emission from dust with a temperature of about
85 K, pointing to an orbital distance of about 85 AU. Similar FIR excesses were detected
using IRAS for many other main-sequence stars, most notably the bright, nearby stars Fom-
alhaut, β Pictoris, and ε Eridani.

While infrared excesses had previously been detected for very young stars (i.e., with ages
up to about 10 Myr), these are still accompanied by primordial protoplanetary disks of gas
and dust. Vega is a 455-Myr-old main-sequence star and the presence of small dust around
a mature star cannot be explained as a left-over from the protoplanetary disk phase. Small
dust will be removed by radiation pressure forces on time scales that are much shorter than
the age of the star. Specifically, direct radiation pressure will remove dust up to sizes of
several µm by blowing it out of the system on unbound trajectories. This happens on time
scales comparable to the orbital period, which is of the order of a few thousand years at the
proposed orbital distance of the dust. Larger dust grains can remain bound to the star, but
Poynting–Robertson (P–R) drag will remove them by letting the dust grains spiral towards
the star. Given the age of the system and the time scale on which dust grains of different
sizes are removed by P–R drag, the dust was estimated to have a typical size of at least 1 mm
(Aumann et al. 1984). Since this is much larger than the typical size of interstellar grains,
this discovery pointed to substantial growth of dust grains by coagulation, the initial step of
planet formation.

Soon after the discovery of this dust, additional FIR photometry revealed that the grains
orbiting Vega could not be as large as initially suggested (Harper et al. 1984). Smaller grain
sizes imply shorter survival time scales against radiation forces, and the fact that the dust
grains have lifetimes that are shorter than the age of the star means that they must be re-
plenished continuously. This led to the idea that the small dust is the result of catastrophic
collisions between larger bodies (Harper et al. 1984). These larger bodies are not removed
by radiation forces and their gradual destruction by collisions produces debris that can be
observed as small dust.

Further evidence of the link between the FIR excess and planet formation came from coro-
nagraphic visible-light imaging ofβ Pictoris (Smith & Terrile 1984). Due to its proximity and
the shear quantity of dust around this star, the observations allowed the dust around β Pictoris
to be clearly resolved, and showed that it was concentrated along one position angle, rather
than symmetrically around the star. This is consistent with dust located in an edge-on disk
(as opposed to a shell), tallying with the architecture of the Solar System, in which all planets
and most other material is concentrated around the ecliptic plane. Present-day technology
produces images with far greater angular resolution and contrast (see Fig. 1.1). These images
show that the name debris disk may sometimes be a misnomer, because in some systems the
dust is located in a narrow belt rather than an extended disk.
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Figure 1.1: The debris disk of Fomalhaut, imaged in three different wavelengths by three different telescopes. The
ALMA data cover only the northwestern part of the debris belt (the right-hand side in this image). It is superimposed
on the Hubble image, to show the complete ring. Note that the central component seen in the Herschel and ALMA
image is not (only) the stellar flux, but includes an inner, unresolved debris belt. In Chapter 3, we zoom in on the
inner region that houses this component. Image credits, from left to right: Kalas et al. (2008), Acke et al. (2012),
Boley et al. (2012).

1.2 Hot exozodiacal dust
Most debris belts are found at distances of several tens to hundreds of AUs from their host
stars, but there is also evidence of dust closer to the star. The dust found in the inner regions
of extrasolar systems is called exozodiacal dust, after the Solar System’s zodiacal light. The
latter is a band of light in the night sky that follows the ecliptic (i.e., the zodiac). It is caused by
light of the Sun that is scattered off dust particles located preferentially in the ecliptic plane,
where they are produced. It can only be observed on very dark nights and is best visible
where scattering angles are small (i.e., close to the horizon in the direction of the Sun, just
after dusk or before dawn). The population of dust that is responsible for the zodiacal light is
very tenuous. Any exozodiacal dust populations that are detectable with current technology
are necessarily much denser than their Solar System equivalent.

Exozodiacal dust is often subdivided into different types, depending on the wavelength
at which the dust is detected and the temperature the dust is inferred to have. Mid-infrared
(MIR) excess emanating from the inner regions of a debris disk is called “warm” exozodiacal
dust. It has temperatures of several hundred K, and is located at orbital distances of the order
of 1 AU. Excess near-infrared (NIR) emission is referred to as “hot” exozodiacal dust. It is
inferred to have temperatures of 1500 to 2000 K, which puts it at a few stellar radii from the
star, close to the sublimation radius. Both types contrast with the outer debris located at tens
or hundreds of AUs, which in this context is sometimes referred to as “cold” dust. While the
division between the two types of exozodiacal dust is mostly motivated by the observational
methods (there may in fact be a continuum of dust temperatures), there are also indications
(e.g., differences in occurrence rate) that the two types of excess emission reflect different
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Figure 1.2: The principle of interferometrically detecting exozodiacal dust. Image adapted from Ertel et al. (2014).

physical phenomena.
Because exozodiacal dust is much warmer than the outer belts, its thermal emission spec-

trum peaks at shorter wavelengths, where the stellar photosphere is still much stronger. There-
fore, the fractional excess emission (i.e., relative to the stellar emission) of exozodiacal dust
is much weaker than that of a cold, far-out debris belt. For this reason, the detection of exo-
zodiacal dust (in particular the hot variant) relies mostly on spatially resolving the dust from
the star, which can currently only be done using interferometry.

The main idea behind the interferometric detection of exozodiacal dust is that the star can
be resolved at very long baselines, while the extended emission is already resolved at shorter
baselines, at which the star remains nearly unresolved (see Fig. 1.2). The contribution of the
star to the short-baseline visibilities can be modelled using the long-baseline observations,
thereby isolating the excess emission. Alternatively, photometric estimates of the stellar ra-
dius can be used to predict the stellar contribution to the short-baseline visibilities, because
uncertainties on the stellar radius only have a small effect on the visibilities at short baselines.

The detection of excess NIR emission does not necessarily point to hot dust. Other pos-
sible explanations include the presence of a close stellar or sub-stellar companion. By using
different position angles, as well as closure phases, the degree of asymmetry of the excess
emission can be established. This, in addition to follow-up observations (high-resolution
imaging and radial velocity measurements), can be used to rule out that the excess emission
emanates from a stellar or sub-stellar companion.

As with the discovery of cold debris, the first firm detection of hot exozodiacal dust was
for Vega (Absil et al. 2006). Soon after this discovery, hot dust was also found around several
other bright stars: τ Ceti (di Folco et al. 2007), ζ Aquilae (Absil et al. 2008), β Leonis (Ake-
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son et al. 2009), Fomalhaut (Absil et al. 2009), and β Pictoris (Defrère et al. 2012). For all
these stars, the observed NIR excess is of the order of 1% of the star’s photospheric emission.
This is at the limit of what can be detected using today’s technology, and it is conceivable
that many stars have fainter populations of hot dust just beyond the present detection limit.

More recently, surveys using the NIR interferometric instruments CHARA/FLUOR and
VLTI/PIONIER have found many more stars exhibiting NIR excess (Absil et al. 2013; Ertel
et al. 2014). These surveys have established that the hot excess emission can be detected
around an astounding 10% to 30% of main-sequence stars. The phenomenon seems to be
more prevalent amongst A-type stars. There are no significant trends with stellar age or ro-
tation rate, and neither with the presence of detectable outer belts or close-in planets. In
contrast, warm exozodiacal dust is seen around less than 1% of main-sequence stars (at de-
tectable levels), and it is more common around younger stars (Kennedy & Wyatt 2013).

Once the NIR excess emission is established to come from circumstellar dust, there are
several obvious next steps in research: (1) characterising the dust (i.e., its spatial distribution,
the typical grain sizes, and possibly its composition) and (2) understanding its origin and
what the dust tells us about the system in which it is found. The former can be done by
gathering all the available observations that constrain the hot dust population of a particular
star and trying to explain those observations using a morphological model of the dust. This is
the subject of the first half of Chapter 3. The origin of hot dust around other stars is currently
still a mystery. Chapter 2 presents an in-depth investigation of one possible explanation, and
the second half of Chapter 3 reviews a range of possible processes using simple analytical
arguments.

1.3 Evaporating rocky exoplanets

Hot exozodiacal dust is not the only material found in the innermost regions of exoplanetary
systems. One of the early findings of exoplanet research is that some exoplanets orbit sur-
prisingly close to their host star. For example, the first exoplanet to be discovered around
a main-sequence star, 51 Pegasi b, was found to have an orbital period of only 4.23 days
(Mayor & Queloz 1995). While there are obvious observational biases towards finding close-
in planets, statistical studies have revealed that there is a significant population of planets
with orbital periods of only a few days. Specifically, small planets in periods of a few days
were found to be relatively common (Borucki et al. 2011); hot Jupiters are quite rare (found
around only 0.5% to 1.0% of Sun-like stars; Wright et al. 2012).

One of the questions raised by these findings is, “How close to their host star can planets
exist?” In extremely tight orbits, planets will experience effects that usually do not have to
be taken into account. Gas giants cannot survive very close in, because strong tidal forces
from the star can cause their orbits to decay (Rasio & Ford 1996). Additional limitations are
presented by Roche-lobe overflow (Gu et al. 2003) and atmospheric evaporation (Murray-
Clay et al. 2009). Small rocky planets can survive closer to their host star, but ultimately they
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Figure 1.3: Left: a 15-day segment of the normalised Kepler light curve of KIC 12557548. Right: the light curve
folded by the orbital period of the transit signal. Image credit: Rappaport et al. (2012).

also have an inner boundary. The stellar tidal forces can rip such planets apart (Rappaport
et al. 2013) and the extreme radiation field at a few stellar radii can lead to temperatures of
several thousand K, enough to vaporise most planetary materials.

Observationally, the population of ultra-short-period (i.e., less than one day) exoplanets
was investigated in detail by Sanchis-Ojeda et al. (2014) through a specialised survey of the
Kepler data.1 As part of this exercise, an unusual transit signal was found in the light curve
of the star KIC 12557548 (see Fig. 1.3; Rappaport et al. 2012). The signal has a highly stable
period of about 0.65 days, but the transit depths vary erratically from orbit to orbit between
depths of around 1.4% to non-detections (not visible in the segment shown in Fig. 1.3). After
phase-folding over the orbital period, the transit profile is found to have a highly asymmetric
profile, with a sharp ingress and a gradual egress, as well as a small but significant brightening
just before the ingress. Both properties are in stark contrast to the usual symmetric transit
signals produced by spherical planets and call for an explanation.

Several scenarios were investigated to explain the light curve of KIC 12557548. The
stability of the period of the signal suggests that it is caused by an orbital companion, and the
main challenge is explaining the variations in transit depth. The maximum transit depth of
1.4% requires an on object with an effective extinction cross-section comparable to Jupiter’s
(Rappaport et al. 2012), while the non-detections in other parts of the light curve put an upper
limit on cross-section corresponding to an Earth-sized body (Brogi et al. 2012).

One explanation for the varying transit depth that was considered by Rappaport et al.
(2012) is the presence of two planets that gravitationally perturb each other. In this scenario,
one of the bodies would transit the star, but with a varying impact parameter (i.e., alternating

1 The standard Kepler pipeline is not intended to work for orbital periods less than about 12 hours.

7



1 Introduction

Figure 1.4: Artist’s impression of the evaporating planet KIC 12557548b. Image credit: C. U. Keller. (2012).

between fully in front of the stellar disk, grazing, and fully out of the line of sight), yielding
different transit depths. However, in this case there would be periodicity in the variations,
while none is observed. Also, it would lead to transit timing variations, inconsistent with the
highly stable period of the signal. Finally, it does not explain the unusual shape of the light
curve. Another scenario that was investigated is the presence of an eclipsing binary in which
one component is a compact object with an accretion disk. In this case, variations in the
luminosity of the accretion disk would account for the varying transit depths, but this does
not explain why the variations would be confined to the transit part of the orbit.

The explanation that was eventually settled upon is that the occulting object is a cloud
of dust grains, emanating from a small planet that is evaporating due to the extreme stellar
radiation. The dust trails the planet in a comet-like tail (see Fig. 1.4), and the resulting
asymmetry is responsible for the peculiar transit profile. Variability in the dust emission rate
of the planet can explain the variable transit depth. The first part of Chapter 5 serves as a
further introduction into this subject.

Since the discovery of the first evaporating rocky exoplanet, two more candidates of such
objects have been discovered (Rappaport et al. 2014; Sanchis-Ojeda et al. 2015). These
objects present the first few examples of a new class of exoplanets that may be very useful in
the quest for characterising exoplanetary materials. In particular, because the dust originates
in the evaporating planet, it can be used to probe the composition of the parent body. The
details of how this can be accomplished are the subject of Chapters 4 and 5.
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1.4 This thesis

The work presented in this thesis revolves around dust sublimation as a probe for exoplanetary
materials. We make in-depth theoretical investigations of this subject using analytical and
numerical techniques. This either leads to predictions that are compared to observational
data, or provides tools to facilitate the physical interpretation of observations. The thesis can
roughly be split up into two parts: Chapters 2 and 3 concern debris disks and the problem of
hot exozodiacal dust; Chapters 4 and 5 are about the dusty tails of evaporating exoplanets.
We now briefly summarise the main goals and findings of each of the chapters individually.

In Chapter 2, we test whether the hot-exozodiacal-dust phenomenon can be explained
by a particular combination of processes, namely the inward transport of material by P–R
drag, together with dust pile-up caused by the interplay of dust sublimation and radiation
pressure. We first investigate this using simple analytical expressions, and subsequently with
a numerical debris-disk model that self-consistently handles destructive collisions, P–R drag,
and sublimation. Both methods give (mutually consistent) predictions for the distribution of
dust in the inner regions of a debris disk and from these we compute the thermal emission
spectra of the dust. Comparing the predicted dust fluxes with observations shows conclusively
that the proposed mechanism cannot explain the observed quantities of hot exozodiacal dust.
The main reasons are that P–R drag does not provide enough material and the pile-up of
dust is insignificant. As part of the numerical analysis, we also infer the size distribution of
material that migrates inward from a parent belt due to P–R drag and find that it is strongly
dominated by barely bound (β ≈ 0.5) grains.

Chapter 3 presents a detailed investigation of the inner part of the debris disk of the star
Fomalhaut. We characterise the precise location and properties of dust close to the star by
fitting a set of interferometric and photometric observations with a morphological debris-
disk model, which parametrises the spatial and size distributions of dust around the star, as
well as its composition. In this model, special attention is given to sublimation as a time-
dependent dust removal mechanism to set a the size-dependent inner radius at which the
spatial distribution of dust is truncated. Using simple analytical arguments, we then survey
a range of processes that have been proposed to explain the presence of dust so close to
the star. Several of the proposed scenarios can be excluded firmly, and none adequately
explains the observed amount dust, leaving the hot-exozodiacal-dust phenomenon a mystery.
The main difficulty in explaining hot exozodiacal dust is the very short lifetime of the dust
grains against sublimation and removal by radiation pressure. Compensating this requires
an extremely high rate of mass supply, which none of the tested mechanisms can reach.
Alternatively, our understanding of the dust grains and their emission may be incomplete, or
some as-of-yet-unknown trapping mechanism lengthens the lifetime of the dust, or both.

In Chapter 4, we switch our attention to the phenomenon of evaporating rocky exoplan-
ets, which are accompanied by comet-like tails of dust that trail the planet. We demonstrate
analytically that the presence and length of such a tail can be used as a probe for the chemical
composition of the dust in the tail. In short, the length of the tail is determined by the rate at
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which dust grains drift away from the planet due to radiation pressure and the time it takes
for them to disappear completely as a result of sublimation. In particular the sublimation
rate of the dust grains is highly sensitive to the dust composition: refractory species result
in long tails, while volatile materials yield short tails. Observationally, the tail length can
be inferred from the duration of the egress part of the transit light curve, created when the
evaporating planet occults its host star. We take previously derived tail lengths of two evap-
orating exoplanets and apply our analytical expression to test a number of dust composition
for both objects. Our analysis leads to the conclusion that the dust in the tails could consist
of corundum (i.e., crystalline aluminium oxide) or iron-rich silicates, while a range of other
dust species can be excluded. The analysis also yields estimates of the rates at which the
evaporating planets lose mass in dust. Determining the mass loss rate is important because
it can be used to find the mass of the planet, and sets the evaporation lifetime of the planet,
which in turn is needed to compute the occurrence rate of these objects.

Chapter 5 builds upon the insights into evaporating rocky exoplanets gained in Chapter 4,
refining the method of determining the composition of dust in the tails of these objects. We
work out how to utilise the detailed shape of the entire transit light curve to constrain the
dust composition, rather than just a one-dimensional tail length. Specifically, we develop a
numerical model that predicts the shape of the tail and the resulting light curve for a given set
of dust properties. By exploring a large parameter space using a Markov chain Monte Carlo
technique, we are able to put constraints on the material properties of the dust in the tail of
the prototypical evaporating exoplanet KIC 1255b. These are compared to the parameters of
a set of real dust species, confirming that corundum is a possible composition and ruling out a
number of other candidate dust materials. Simultaneously, our model puts rough constraints
on the typical size of the dust grains and the mass loss rate of the planet.
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