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We have a hunger of the mind which asks for knowledge of
all around us, and the more we gain, the more is our desire;
the more we see, the more we are capable of seeing.

Maria Mitchell
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1
Introduction

1.1 Historical context

Where do the Earth and the life on it come from? This question is as old as humankind.
And for a long time it was mainly religion that provided an answer. But even during ancient
history, close observations of the stars and planets have been made all over the world. This
has lead accurate calendar systems, predictions of solar and lunar eclipses and even to the
idea of a round Earth rotating around its own axis and a heliocentric planetary system.

But it was only during the Renaissance that the heliocentric theory was publicly advocated
in Europe. Copernicus and Kepler published mathematical models in which the Earth orbits
the Sun, and not the other way around. This was supported by many of Galilei’s observations,
like the rotation of the Sun around its axis and the discovery of Jupiter’s four largest moons.

While the heliocentric theory faced strong religious and political opposition, it also ig-
nited the idea of extraterrestrial live and created the basis for our current model of star and
planet formation. In the 18th century, Swedenborg, Kant and Laplace all proposed that the
Sun formed in the collapse of a cold gaseous cloud, the so called nebula hypothesis. They
expected planets to form in a disk of material left over from stellar formation. A similar idea
was put forward by William Herschel, based on the observations of hundredths of nebulae
that were discovered by him and Caroline Herschel.

However, most of the nebulas in the Herschel catalog turned out to be galaxies or star
clusters. The nebula hypothesis could also not explain how the planets, which contained only
one per mille of the system mass, had retained 99 percent of its angular momentum. The
theory was in general very contested, and a wide range of other explanations for the origin
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1 Introduction

of the solar system were considered well into the 20th century. The idea of a protoplanetary
disk only gained popularity again with the work of Safronov (1972), who not only described
the gas and dust in such a disk, but also suggested a mechanism for planet formation from
small dust particles.

If planets form in disks left over from stellar formation, then these disk should be visible
around young stars. A first systematic spectroscopic study of young low mass stars, called
T-Tauri stars (Joy 1945), attributed them a ’dark or bright nebulosity’, but did not mention
a disk-like component. Mendoza (1966) found red and near infrared excess around T-Tauri
stars, but attribute it to a large circumstellar envelope. A spectroscopic study of young, in-
termediate mass stars by Herbig (1960) found these stars ’associated with nebulosity’, but
can say nothing about the structure of that nebula. Interferometric observations at mm-
wavelength (Sargent & Beckwith 1987, 1991) finally provided clear observational evidence
for the presence of protoplanetary disks. This was shortly followed by IRAS photometric
observations (Strom et al. 1989a), which could be interpreted in the context of the spectral
energy distribution expected for protoplanetary disks. After the first detailed analysis of disk
images from the HST (O’dell & Wen 1994; McCaughrean & O’dell 1996), there could be no
more doubt about the presence of gaseous, dusty disks around young stars.

This nearly coincided with the discovery of 51 Pegasi b, the first exoplanet observed
around a main sequence star (Mayor & Queloz 1995). It was also the first example of a hot
Jupiter, a giant gas planet orbiting its star in only a few days. Since then, nearly 4000 new
exoplanets (exoplanets.eu) have been discovered, many of them in the context of the Kepler
mission (Borucki et al. 2010; Howell et al. 2014). The most common type of exoplanet
are super-Earths or mini-Neptunes (Fressin et al. 2013). They are larger than the Earth but
smaller than Neptune, and their bulk density allows for a large variety in composition, internal
structure and atmosphere (Seager et al. 2007; Vazan et al. 2018). The number and variety
of exoplanets has also put the search for bio-signatures to the forefront of the search for
extraterrestrial live outside the solar system (Seager 2014).

The discovery of the close by TRAPPIST-1 system with seven rocky planets, possible
all located in the habitable zone (Gillon et al. 2016, 2017) indicates that a large number of
potentially habitable planets is out there. Analysis of the Kepler data shows that nearly every
star has at least one planet inside of 1 au (Mulders et al. 2018).

In this thesis, I investigate these inner regions of protoplanetary disks and examine the
dust that is the base material for terrestrial planet formation.

1.2 Star and planet formation

1.2.1 Young stellar objects

Star formation begins with the gravitational collapse of cold, molecular clouds. The evolution
from a dense cloud core to a main sequence star can be seen in the changes of the spectral
energy distribution (SED) of the young stellar object (YSO). Based on SED observations

2



1.2 Star and planet formation

Figure 1.1: Phases of star formation based on Lada classification (Lada 1987). Left: Spectral energy distribution of
the YSO. Right: Components and geometry of the YSO. Image based on Wilking (1989)
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1 Introduction

Lada (1987) developed a classification of YSOs (see also Lada & Wilking 1984; Adams et al.
1987; Andre et al. 1993). An overview over the Lada classes I-III is given in Fig. 1.1.

In class 0, the protostar is still hidden in an envelope of in-falling material, and only
re-processed emission in the far-infrared (FIR) and at mm wavelengths can be observed.

In class I, the SED of the YSO is still dominated by re-processed emission from the
envelope. But at this stage in-falling material has already formed an accretion disk around
the young star. Accretion heating in the inner region of this disk leads to a significant amount
of near-infrared (NIR) flux that can be observed through the slowly thinning envelope.

After about 0.5 Myr, the material infall comes to a close as most of the envelope has been
accreted onto the star or been blown away. The stellar black body and the infrared excess
from the disk can be clearly seen in the SED. This class II or protoplanetary disk stage will
last several Myr, during which the disk keeps losing material through accretion onto the star.
This is also when planet formation happens.

At some point in this phase the SED starts to show a dip in the mid-infrared (MIR)
(Espaillat et al. 2010). This pre-transitional SED is likely caused by gap opening (Maaskant
et al. 2013), which splits the protoplanetary disk into a outer and an inner part. Removal of
the inner disk material by accretion, disk winds or photo-evaporation (Owen et al. 2010; Gorti
& Hollenbach 2009; Clarke et al. 2001) leads to a large inner cavity. Now this transitional
disk (Andrews et al. 2011; Muzerolle et al. 2004; Strom et al. 1989b) only emits in the FIR
and at mm wavelengths.

In the class III stage the protoplanetary disk is dispersed, and the SED shows a star above
the main sequence. Any planets that may have formed during the class II phase do not emit
or reflect enough light to be visible in the SED. But smaller bodies left over from planet
formation can generate a very low mass dusty debris disk.

Fig. 1.1 shows transitional and pre-transitional disks as objects moving from class II to
class III of the Lada scheme. However, it seems that these types of disks are a very hetero-
geneous group. Some transitional disks have high accretion rates (Manara et al. 2014) or a
large mass reservoir in mm grains (Owen & Clarke 2012), so their transitional SEDs might
be caused by processes that will not lead to fast disk dispersal (Ercolano & Pascucci 2017).

While this class model has been developed for T-Tauri stars in the spectral range from
F to M with masses up to 2 M�, it also applies to intermediate mass Herbig Ae/Be (Herbig
1960) stars with masses of 2 − 8 M� (Waters & Waelkens 1998).

1.2.2 Protoplanetary disks

The envelope of a protostar has non-zero angular momentum (e.g. Goodman et al. 1993).
When this envelope starts to collapse, the conservation of angular momentum naturally leads
to the formation of an accretion disk (Shu 1977; Ulrich 1976). A general idea about the
properties of such an accretion disk can be gained from looking at the Solar System today.

The disk around the Sun must have had at least enough metals (elements other than hy-
drogen and helium) to form the planets of the Solar System. Assuming a solar gas to metal
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1.2 Star and planet formation

ratio of about a hundred, the disk around the Sun must have had a mass of at least 0.01 M�.
This model is called the Minimum Mass Solar Nebula (MMSN Desch 2007; Hayashi 1981;
Weidenschilling 1977b).

The vertical structure of a protoplanetary disk can be calculated by assuming an equilib-
rium between the gravitational force of the star and the vertical pressure of the gas in the disk.
Assuming a thin, isothermal disk, this leads to

ρ(z) = ρ0 exp
−z2

2H2 , (1.1)

where ρ0 is the midplane density and H the disk scale height. The scale height is defined via
the sound speed cs and the Keplerian frequency Ω as H = csΩ. Integrating Eq. 1.1 over the
entire height of the disk at radius r gives the disk surface density Σ (r).

Looking at the solar system it is also clear that nearly all mass is concentrated in the
Sun, while nearly all angular momentum can be found in the orbital motion of the planets.
This means that during the formation material was accreted onto the star, and at the same
time angular momentum was transported outwards. Because the material in the disk follows
Keplerian rotation, material closer to the star orbits faster than material further out. This
difference in velocity leads to viscous friction and leads to a net inward drift of mass and an
outward drift of angular momentum.

While the magneto-rotational instability (MRI) (Balbus & Hawley 1991) is a popular
suggestion for the mechanism that drives angular momentum transport in disks, the exact
nature of the viscous friction is still unclear (Turner et al. 2014). But it can be described
looking at turbulent motion in the disk. Assuming that the maximum scale length in a disk
is given by the scale height H and the maximum turbulent speed by the sound speed cs, a
turbulent viscosity can be defined as

ν = αcsH , (1.2)

where α is a dimensionless parameter that describes how well angular momentum is trans-
ported due to turbulent viscosity (Shakura & Sunyaev 1973).

Lynden-Bell & Pringle (1974) use the continuity equation and the conservation of angular
momentum to derive the gas velocity

vr = − 3
Σ
√

r
∂

∂r

(
νΣ
√

r
)

(1.3)

and time evolution of the surface density

∂Σ

∂t
=

3
r
∂

∂r

[√
r
∂

∂r

(
νΣ
√

r
)]

(1.4)

of a viscous accretion disk. Solving Eq. (1.4) for the steady state case yields

Σ (r) =
Ṁ

2πν (r)
, (1.5)
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1 Introduction

as long as r � R∗, the stellar radius. This describes a steady state protoplanetary disk with a
constant accretion rate Ṁ. Assuming a power-law description of ν ∝ rγ, the time dependent
solution of Eq. (1.4) is a spreading, self-similar disk. Defining the scaling radius r1 and the
viscous scaling time ts, this solution is

Σ (R,T ) ∝ 1
ν (r1)

R−γT−(5/2−γ)/(2−γ) exp
(

R2−γ

T

)
, (1.6)

where R = r/r1 and T = t/ts − 1.
The viscous accretion heats the midplane of the disk. Assuming that the energy generated

by viscous torques is radiated away from both sides of the disk, and using Eq. (1.5) the
temperature T at the disk surface due to viscous accretion can be written as

Ts, acc =

(
3

8πσ
ṀΩ2

)1/4

, (1.7)

where σ is the Stefan-Boltzmann constant. This term is important during high accretion rates
and in disks around T-Tauri stars with a low luminosity and temperature. Since Ts,acc ∝ r−3/4,
this is especially the case in the inner disk region.

The disk surface layer is also heated by irradiation from the central star. The shape of the
disk surface is important for the amount of stellar light that can be intercepted by the disk
(Kenyon & Hartmann 1987). For a disk with a flaring angle Φ (the angle between stellar
radiation and the tangent to the disk surface), the surface temperature due to irradiation is

Ts, irr ∝ r−1/2Φ1/4T∗ , (1.8)

The dependency on the stellar temperature shows that heating via irradiation is expected to
be dominant in the case of Herbig stars.

1.2.3 Dust in protoplanetary disks

While 99% of the mass of a protoplanetary disk is in gas, the small amount of dust provides
most of the disk’s opacity. The opacity κ of a dust grain depends on the the grain size, porosity
and material as well as the wavelength of the radiation field. To estimate the opacity of the
disk material in the stellar radiation field one assumes a certain grain size distribution and
composition (e.g. Pollack et al. 1994). From the opacities κν of this grain size distribution the
Rossleand mean opacity κR is then calculated by averaging κν weighted with the temperature
derivative of the Planck function (e.g. Semenov et al. 2003).

Due to the wavelength dependency of the grain opacity, a small grain will in general ab-
sorb stellar radiation (peaking in the optical) with a higher efficiency then it emits radiation
in the infrared (IR). Grains will heat up in the stellar radiation field until they reach a tem-
perature where heating and cooling are in equilibrium. Chiang & Goldreich (1997) use this
approach to estimate the dust temperature and find

Ts, irr ∝ r−2/5T∗ (1.9)
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1.2 Star and planet formation

and a surface density of Σ ∝ r−3/4 Using the Rosseland mean opacity, the optical depth τ at
the midplane of a disk can be estimated by

τ =
1
2
κRΣd , (1.10)

where Σd is the dust surface density. Using this relation and assuming that the vertical energy
flux through the disk is given by the equation of radiative diffusion (Rybicki & Lightman
1979), the midplane temperature Tm of the disk is given by

T 4
m =

3
4
τT 4

s, acc + T 4
s, irr . (1.11)

The temperature and density of a protoplanetary disk declines with the disk radius. This
leads to an optically thin outer disk region, emitting mainly at mm wavelengths where the
Rayleigh-Jeans approximation is valid. This means that the observed flux can be written as

Fλ ∝ MdTmκλλ
−2 . (1.12)

Observing disks in this wavelengths regime can provide information about the disk dust mass
Md, the midplane temperature Tm and the grain size (via the wavelength dependency of opac-
ity κ)(e.g. Waters 2015).

Dust dynamics

In the previous section, the disk evolution was described using only the gas surface density.
It is sometimes assumed that the dust evolution follows the gas evolution, but the fact that
today we have planets in a gas-free Solar System shows that it is important to consider the
dust dynamics, both independently and in the context of the gas. Other than for gas particles,
pressure forces do not act on dust grains. Instead dust grains experience a drag force when
interacting with the gas, and collisions when interacting with each other.

The length a gas particle can move unperturbed before hitting another particle is called the
mean free path λmfp = (nσ), where n is the gas number density and σ the cross section of the
particle. In the midplane of a protoplanetary disk, the gas consists mainly of H2. Depending
on the grain radius a relative to the free path length λmfp, the drag force is

FFFD = −4π
3
ρa2vthvvvrel for a <

9
4
λmfp , (1.13)

where ρ is the gas density, vth the thermal gas velocity and vvvrel the relative velocity of the grain
relative to the gas. This is called the Epstein regime where gas particles interact with the dust
grain independently of each other. In the Stokes regime, the gas behaves like a fluid around
the grain and the drag force is

FFFD = −CD

2
ρπa2vrelvvvrel for a >

9
4
λmfp , (1.14)
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1 Introduction

where the drag coefficient CD depends on the turbulence of the gas parametrized by the
Reynolds number Re (Weidenschilling 1977a).

The time it takes for a grain to become well-coupled to the gas, the friction or stopping
time ts, can then be defined as

ts =
mvrel

FD
, (1.15)

where m = 4/3πa3ρ• is the grain mass expressed in terms of the specific grain density ρ•.

Radial drift

The Stokes number St describes how well a grain is coupled to the gas. It is defined as the
ratio of the stopping time and the eddy turn-over time te. Assuming that the eddy size is
limited by the scale height H and the eddy velocity by the sound speed cs yields te = 1/Ω
(Schräpler & Henning 2004; Dubrulle et al. 1995). The Stokes can then be written as St= tsΩ.
In the Epstein regime that means that the Stokes number for grains near the midplane (Cuzzi
et al. 2001) is

St =
aρ•
Σ

π

2
. (1.16)

The gas is in the disk is pressure supported. Its orbital velocity is therefore slightly sub-
Keplerian, vg = vK

√
1 − η, where η ∝ ∂P

∂r is a small term proportional to the pressure gradient.
Grains do not feel any pressure. When a grain moves with Keplerian velocity, it experiences
a headwind from the slightly slower gas, resulting in the drag force described in Eq. (1.13)
and (1.14). This means that the dust radial velocity vr,d will be different from the gas radial
velocity vr,g from Eq. (1.3), depending on the Stokes number of the grain:

vr,d =
vr,g

St2 + 1
− ηvK

St + St−1 . (1.17)

The first term of this expression describes the radial dust velocity due to gas drag, while the
second term describes the radial drift relative to the gas (Takeuchi & Lin 2002). Grains with
St � 1 are well-coupled to the gas and vr,d = vr,g. Grains with St � 1 do not drift and do
not follow the gas, but stay on a Keplerian orbit, vr,d = vK. For grains with St = 1, the drift
velocity relative to the gas reaches a maximum

vr,max ≈ 1
2
ηvK . (1.18)

The radial dust velocity as a function of the Stokes number is also illustrated in Fig. 1.2
(Brauer et al. 2008). The fast drift of grains with St = 1, the so called drift barrier, poses a
serious problem for planet formation. Once particles have reached a certain size, they can be
lost onto the star within a hundred orbital times.
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1.2 Star and planet formation

Figure 1.2: Total radial dust velocity against Stokes number. From Dominik (2015a) based on Brauer et al. (2008).

Vertical settling and stirring

Gravitation will accelerate a grain at height z in the disk down towards the midplane. As the
grain velocity increases, so does the drag force of the gas on the grain. When both forces
are in balance, the grain has reached its equilibrium settling velocity vset. Inserting vset into
Eq. (1.15), using Eq. (1.1) for the gas density distribution and calculating the drag force in
the Epstein regime Eq. (1.13), the settling time of the grain can be calculated:

tset =
2
π

Σ

ρ•aΩ
exp− z2

2H2 . (1.19)

The settling time scale depends exponentially on the height of the grain. That means that
depletion is very fast once z becomes larger than a few times the scale height (Takeuchi &
Lin 2002; Dullemond & Dominik 2004).

Calculating the vertical dust structure self consistently requires the solution of the vertical
advection-diffusion equation, accounting for the height dependent Stokes number and a cor-
rect description of the dust diffusivity Dd. Solutions can be found in for example in Dubrulle
et al. (1995), Dullemond & Dominik (2004), Schräpler & Henning (2004) and Youdin &
Lithwick (2007), who also include orbital oscillations. Using a statistical approach, Ormel &
Liu (2018) and Ciesla (2010) provide solutions for a height dependent turbulence parameter
α and Krijt & Ciesla (2016) implement grain collisions leading to grain fragmentation and
growth.

A basic estimate for the vertical viscous time scale can be made by assuming a diffusion
length of H and using ν from Eq. (1.2) as the diffusion constant Dd, assuming vertical and
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1 Introduction

radial turbulence can be described by the same α parameter. This gives

tvis =
1

Ωα
. (1.20)

For particles with a large Stokes number that have settled well below the gas scale height H,
the dust scale height Hd can be estimated as:

Hd =

√
α

St
H . (1.21)

More detailed explanations and derivatives of the equations here and in Sect. 1.2.2 can be
found in Armitage (2010) and Dominik (2015a,b).

Grain collisions

Grains do not only interact with the gas, they also collide with each other. If n is the dust
grain number density, the collision time scale can be calculated from the mean free path of a
dust grain and the relative velocity u of the dust grains with respect to each other:

tcol =
1

nπa2u
. (1.22)

Brownian motion, radial drift, vertical settling and turbulent motion will lead to relative grain
velocities, especially for grains with different Stokes numbers.

Colliding grains can stick together and grow, bounce of each other without size change,
fragment completely or partially or transfer part of their mass to the collision partner. An
overview over the outcome of grain collisions depending on grain size and relative grain
velocity is shown in Fig. 1.3. The results from laboratory experiments in the left panel agree
well with the model predictions in the right panel.

Both panels of Fig. 1.3 show that two grains with a small St will collide slowly and stick
together (Dominik & Tielens 1997; Poppe et al. 2000; Gundlach et al. 2011). As St grows,
both drift (Brauer et al. 2008) and turbulent motion (Ormel & Cuzzi 2007) grow and reach a
maximum at St= 1. Collisions between large grains of similar size are fast and are expected
to lead to bouncing (Zsom et al. 2010) and fragmentation (Blum & Wurm 2008; Birnstiel
et al. 2011). In collisions of grains with different Stokes numbers, cratering (Wurm et al.
2005) or mass transfer (Kothe et al. 2010) are both possible and expected from numerical
calculations (Garaud et al. 2013). A detailed overview over the outcome of grain collisions,
also discussing porous grains and the effect of ices on the fragmentation velocity, is given in
Testi et al. (2014) and references therein. The general result of experiments and modelling is
that even if radial drift is inhibited, the size to which a grain can grow could still be limited
by bouncing or fragmentation.

Carbon

Carbon and especially the carbon-to-oxygen ratio are a key factor for the chemistry in pro-
toplanetary disks, planet formation and planetary atmospheres (Larimer 1975; Fortney 2012;
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1.2 Star and planet formation

Figure 1.3: The outcome of silicate grain collisions in potoplanetary disks. Green: grain growth by sticking. Yellow:
no size change, bouncing. Red: grain fragmentation or cratering. Left panel: Theoretical relative velocities are given
for the MMSN at 1 au (Weidenschilling & Cuzzi 1993). Colored boxes: Collected experimental results. Right panel:
Model predictions by Windmark et al. (2012). Note the shift of the scales between left and right panel. (Figure from
Testi et al. 2014, .))

Öberg et al. 2011; Madhusudhan et al. 2016). This thesis focuses on two carbon reservoirs,
quantum heated very small carbonaceous grains and the refractory carbon in dust grains in
the inner disk.

Quantum heated particles
Particles in this work are called quantum heated particles (QHPs) when they get heated

directly adsorbing one (or more) ultraviolet (UV) photon(s). Their temperature is out of
equilibrium with their environment until they emit an IR photon and return to equilibrium
temperature. This process happens only in small enough grains or molecules. These small
objects are also well-coupled to the gas and therefore easily exposed to the stellar or inter-
stellar UV field.

A well known example for quantum heated particles are polycyclic aromatic hydrocar-
bons (PAHs). They consist of 20 to a few hundred C-atoms and have been observed in a large
number of disks (e.g. Meeus et al. 2001; Acke & van den Ancker 2004; Keller et al. 2008;
Lagage et al. 2006; Habart et al. 2006; Doucet et al. 2007; Acke et al. 2010; Maaskant et al.
2014). After heating by UV photons, they cool by emitting (mainly) in the PAH bands in
the MIR, associated with the stretching and bending modes of CH and CC bounds (Hudgins
& Allamandola 1999; Allamandola et al. 1999; Bauschlicher et al. 2009; Ricca et al. 2012).
While PAHs also emit in the NIR continuum, their opacity there is very small, they barley
contribute to the SED in this wavelength range (Li & Draine 2001; Draine & Li 2007). Close
to the star, small PAH molecules can be photo-dissociated (Visser et al. 2007; Siebenmorgen
& Heymann 2012) and only larger molecules tend to survive.
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Once particles have a size of 105 carbons, they are considered to be very small carbona-
ceous grains. They still can be quantum heated like PAHs but show weaker MIR feature
strength, and mainly emit in the NIR (Li & Draine 2001; Draine & Li 2007). They have been
identified in disks spectroscopically (Berné et al. 2009), but mainly with NIR interferometry
via their extended NIR flux (Klarmann et al. 2017; Kraus et al. 2017; Kluska et al. 2018).

Refractory carbon
The carbon fraction in the Sun (Grevesse et al. 2007, 2010) and the interstellar medium

(ISM, Jenkins 2009; Lodders 2003) is very similar. This seems to imply that the solar nebula
should have had a similar carbon fraction as well.

However, the carbon fraction of the solar nebula remnants varies. While the carbon to sil-
icon ratio in (non sun-grazing) comets is similar to the ISM value (Encrenaz & Knacke 1991;
Wooden 2008; Pontoppidan et al. 2014), carbonaceous chondrites are depleted in carbon by
a factor 100 (Wasson & Kallemeyn 1988). The carbon to silicon ratio of the Earth is 10−4.
This indicates an inside out carbon depletion of the solar nebula (Geiss 1987; Lee et al. 2010;
Pontoppidan et al. 2014; Bergin et al. 2015).

About half of the carbon in the ISM is in refractory form (Savage & Sembach 1996;
Bergin et al. 2015). Combustion of refractory carbon requires much higher temperatures than
what is found in a protoplanetary disk outside 1 au. Therefore, another process must explain
the carbon depletion of the Earth and the depletion gradient in the Solar System.

OH molecules can remove carbon from grains via oxidation in the disk midplane, but not
at a high enough rate to explain the carbon depletion of the Earth (Finocchi et al. 1997; Gail
2001, 2002; Gail & Trieloff 2017). Flash heating events like FU Ori outburst (Hartmann &
Kenyon 1996) could lead to carbon depletion of the inner disk (Schoonenberg et al. 2017;
Gail & Trieloff 2017), but not over time scales long enough for parent body formation.

Lee et al. (2010) and Anderson et al. (2017) claim that oxidation and photolysis in the
exposed upper disk layers can destroy carbon efficiently enough to deplete the inner disk
regions to Earth level. However, they use static models with no radial dust transport. In
Chapter 5, I investigate if photolysis and oxidation in the exposed layers can still lead to
deep levels of carbon depletion if vertical dust cycling and radial dust transport are taken into
account.

1.3 The inner region of protoplanetary disks

Due to the small spatial extend of the inner disk region, in the order of milliarcseconds even
for disks at short distance, these regions can not be spatially resolved with current telescopes.
This thesis therefore explores other methods to gain information about the dust in the region
of terrestrial planet formation.

One way to obtain information about the inner rim is to model the evolution of dust grains
in the gaseous disk. As dust grains move vertically and radially through the protoplanetary
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1.3 The inner region of protoplanetary disks

disk they encounter a wide range of environments with different densities and temperatures.
This shapes the grain size and chemical composition. Following these changes throughout
the disk will provide information about the grain size distribution and dust composition in the
inner disk where it can not be easily observed.

Because the inner rim of the disk is very close to the star it is the hottest region of the
disk and the only disk area emitting in the NIR. Interpreting the NIR flux in the context of the
SED provides information about the relation of the inner rim to the outer parts of the disk.

The size and composition of a grain determine its opacity and sublimation temperature.
The opacity defines to what temperature a grain can be heated in a certain radiation field, and
the sublimation temperature sets the distance from the star where the grain will sublimate.
The inner rim of a disk is therefore also called the dust sublimation front of the disk. From
the position of the sublimation front on the other hand one can draw conclusions about the
dust sublimation temperature and opacities. This is why constraining the position of the
sublimation front with interferometric observation also constrains the dust properties.

In this thesis I use these three methods to investigate the physics and structure of the
sublimation front and the inner disk regions.

1.3.1 Dust modelling

Full disk evolution code

In Chapter 2, we use the disk evolution code diskev by Birnstiel et al. (2010) based on work
by Brauer et al. (2008). This code numerically solves the advection-diffusion equation to
describe the radial movement of dust grains in an evolving gaseous disk, using a grid of more
than 100 dust grain sizes and taking into account accretion heating and irradiation. The grain
size distribution due to grain coagulation and fragmentation is calculated at each time step
solving the Smoluchowski equation (Smoluchowski 1916).

The grain cross section σ, relative grain velocity u and coagulation/fragmentation proba-
bility are needed to calculate the coagulation/fragmentation Kernel. For the relative velocity,
Brownian motion, relative azimuthal velocities, vertical settling, radial drift and turbulent
motion are taken into account. The coagulation/fragmentation probability is calculated from
the fragmentation velocity v f . The change from coagulation to fragmentation is not sharp, but
smoothed out over a velocity range. The size distribution of fragments follows a power-law
distribution and cratering is introduced for large differences in particle mass.

In a run with standard parameters grain growth is usually inhibited by fragmentation,
but models with low turbulence or icy grains can also be limited by the fast radial drift of
grains with St = 1. The grain size distribution of a disk model is saved at fixed intervals.
It can be exported into a radiative transfer code to investigate the observational changes that
correspond to the grain evolution.

13
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Disk evolution code twopoppy and coppy extension

In Chapter 5, I use the disk evolution code twopoppy by Birnstiel et al. (2012a) and Birnstiel
et al. (2015), a simplified and fast version of the diskev code. It also solves the advection-
diffusion equation to describe the radial movement of dust grains in an evolving gaseous disk,
but uses only two grain sizes. Small grains with St � 1 and large grains with St . 1 whose
size is close to the maximum of the grain size distribution.

The maximum possible grain size is calculated at each time step. Depending on the
distance from the star and the disk parameters, the maximum grain size will either be limited
by radial drift (see Sec. 1.2.3) or fragmentation (see Sec. 1.2.3) and is calculated considering
radial drift, turbulent motion and radial motion due to gas drag.

The coppy extension developed for this chapter calculates the evolution of the grain car-
bon fraction. It includes a sink term due to carbon removal by oxidation and photolysis in the
exposed upper disk layers.

The extension calculates the height and extend of the exposed layer using the radial opti-
cal τr = 1 surface and estimates the penetration depth of the ultraviolet radiation field. The
diffusion time scale (Eq. 1.20) is used to determine the time grains spend in the exposed layer
(residence time scale) as well as the mixing time scale between the exposed layer and the disk
midplane. To calculate the sink term, the oxidation (Draine 1979; Lee et al. 2010; Anderson
et al. 2017) and photolysis (Alata et al. 2014, 2015; Anderson et al. 2017) rates are applied to
the carbon grains in the exposed layer, limited by the residence and the mixing time scales.

Radiative transfer

The temperature of a disk depends on its density structure. The disk density structure on the
other hand depends on the disk temperature. Calculating the density and temperature struc-
ture of a protoplanetary disks by analytically calculating a solution to the radiative transfer
equation is not possible. Numerical radiative transfer modelling is necessary to calculate the
disk flux that corresponds to disk parameters like grains size distribution and scale height and
to connect them to observations.

In this thesis the Monte Carlo radiative transfer code MCMax (Min et al. 2009) is used. It
applies the immediate temperature correction introduced by Bjorkman & Wood (2001) and
includes the option of using the partial diffusion equation (Wehrse et al. 2000) to calculate
smooth miplane temperatures, allowing runs with a smaller number of photons that would
usually lead to poor mid-plane photon statistics. While the radiative transfer is done in 3D
(including anisotropic scattering), it is always performed on an azimuthally symmetric disk
setup, leading to a 2D density and temperature structure for the disk. A full 3D version,
MCMax3D, is also available.

However, the 2D version of MCMax has a large range of additional features. It can
calculate the disk scale height self-consistently, include grain settling using an α description.
Sublimation and re-condensation of grains can be included and will provide an inner rim
position and structure dependent on the chosen grain size distribution and grain composition.

14



1.3 The inner region of protoplanetary disks

It is also possible to add accretion heating in the midplane, quantum heated particles like
PAHs or very small grains and the photo-destruction (and sublimation) of water ice.

Once the structure and temperature of the disk have been calculated, it can be observed by
solving the line of sight radiative transfer equation (i.e. raytracing). This makes it possible
to calculate spatially-resolved images and visibilities as well as the disk SED for a chosen
inclination angle and distance, in order to model existing data or make predictions for future
observations.

1.3.2 Near infrared emission

To first order, the SED of a protoplanetary disk can be understood as a combination of black
bodies (see Fig. 1.4). The temperature of the inner rim is determined by the sublimation
temperature of the dust grains, 1500-1800 K, depending on the grain material. Emission in
this temperature range leads to a blackbody peaking in the NIR. The exposed upper layers
of a flaring disk are heated by stellar radiation and contribute emission in the MIR and FIR
range. In the outer regions and for longer wavelengths the disk starts to becomes optically
thin, so emission in the (sub-)mm range probes the colder disk midplane.

Part of the NIR excess in Herbig stars can be attributed to emission from the inner disk
rim (Dullemond & Monnier 2010). But the NIR contribution from the rim is not large enough
to explain the entire NIR excess in all Herbig stars.

Vertically extended disk geometries (Natta et al. 2001; Dullemond et al. 2001; Tuthill
et al. 2001; Ke et al. 2012; Turner et al. 2014; Flock et al. 2017) and disk winds (Vinković
& Jurkić 2007; Bans & Königl 2012; Fernandes et al. 2018) have been suggested to explain
this discrepancy. However, good SED fits are also obtained by assuming a spherical dust halo
close to the star (Miroshnichenko et al. 1999; Bouwman et al. 2000; Vinković et al. 2006;
Maaskant et al. 2013; Khalafinejad et al. 2016). The disk SED alone is too degenerate to
determine the shape of the inner rim (Thamm et al. 1994; Woitke et al. 2016).

After 10 Myr, only 5% of disks are still emitting in the NIR, while 20% still show MIR
emission (Ercolano & Pascucci 2017; Mamajek 2009). Looking at the overall disk popu-
lation, the number of transition disks (no NIR emission) is small. This indicates that disk
clearing is a fast process, and that it happens inside out.

However, pre-transitional disks with strong NIR emission and barely any flux in the MIR
exist (Espaillat et al. 2014). This indicates that there are circumstances that can preserve the
inner disk region for an extended period.

1.3.3 Interferometry

For most Herbig stars the radial distance between star and inner disk rim is less than 0.5 au.
Spatially resolving the rim of a disk at 100 pc therefore requires a resolution of 5 mas. For
disks at larger distances or around T-Tauri stars even sub-mas resolution will be required. The
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Figure 1.4: SED of a protoplanetary disk. Arrows indicate where in the disk most of the flux at a certain wavelength
originates. NIR and MIR emission is produced by the exposed surface layers that are heated by the star (light grey).
Emission at longer wavelengths originates from the cold midplane in the outer regions. Image from Dullemond et al.
(2007).

(diffraction limited) resolution of a telescope is given by:

α ≈ 250
λ

D
(1.23)

where α is the resolution in milliarcseconds, λ the wavelength in µm and D the telescope
diameter in m. A telescope of at least 100 m in diameter would therefore be necessary to
resolve the NIR emission from the inner rim of protoplanetary disks.

Since a telescope of this size is not available right now or in the foreseeable future, as-
tronomers have been using a different technique to observe on small spatial scales. The
light of two telescopes separated by a distance B, called the baseline, is combined so that it
produces an interference pattern. This observation technique is called interferometry. The
observed interference pattern now provides spatial information on a scale of α ≈ 250 λ

B but no
information on any other spatial scale. This means that many observations at different base-
lines B are necessary to collect information on enough spatial scales to reconstruct an image
from the interference patterns. In most cases this is not possible due to limited observation
time and telescope configurations. Instead, the relative flux strength at each observed baseline
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1.3 The inner region of protoplanetary disks

(called visibility) is interpreted using a model of the geometry of the observed object.

Interference

Young’s double split experiment illustrates the physical principle of interferometry between
two telescopes. The left panel of Fig. 1.5 shows the setup of a simplified version of this
experiment. Light of a single wavelength is emitted by a source at infinite distance (ensuring
temporal and spatial coherence) positioned exactly at midpoint between two slits which are
separated by a distance B. When the (flat) wave front reaches the (infinitely thin) slits, a
new spherical wave is created at each slit, following the Huygens–Fresnel principle. The
two spherical waves propagate into the half space until they hit the screen. At the midpoint
between the slits both waves have travelled the same distance, the two new waves are exactly
in phase, creating an intensity maximum. At a distance of θ = λ/B, the optical path difference
between the two waves is exactly λ, the waves are in phase again and the next intensity
maximum occurs. Halfway between these points the waves are shifted by λ/2, and destructive
interference leads to I = 0. This creates a striped interference pattern also called a fringe
pattern. The visibility is defined as the ratio between the fringe amplitude and the mean
intensity:

V =
Imax − Imin

Imax + Imin
. (1.24)

For a point source, V = 1. When a second light source is added to the first one at a
distance θ/2 the fringe pattern vanishes because constructive interferences of the first source
always coincides with destructive interference of the second source. The intensity is constant
everywhere, so V = 1 (see also Ilee & Greaves 2015).

For two telescopes all these idealised assumptions do not hold any more, and just finding
a fringe pattern can become challenging. A very non-comprehensive list of parameters that
will affect the shape and position of the fringe pattern includes: the shape of the telescope,
which leads to an envelope function around the fringe pattern, the finite width of the bandpass
filter, which leads to a spread of fringe maxima θ = nλ/B that becomes worse for maxima
(and minima) of higher order n. The changing position of an astronomical object on the sky
needs to be corrected for using a delay line to change the length of the optical path. The
changes in optical path length due to turbulence in the air usually limit the coherence time
to ≈ 100 milliseconds (see e.g. Gravity Collaboration et al. 2017). A schematic view of the
light path at the Very Large Telescope Interferometer (VLTI) is shown in Fig. 1.6.

The van Cittert-Zernike theorem

The van Cittert-Zernike theorem (van Cittert 1934; Zernike 1934) says that the (complex) vis-
ibility function V measured between two telescopes is the Fourier transform of the brightness
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Figure 1.5: Simplified setup of Young’s double split experiment, illustrating the relation between the minimum and
maximum fringe intensities and the visibility. Figure from Ilee & Greaves (2015) based on Monnier (2003).

distribution I on the sky:

V (u, v) =

"
I (x, y) exp (−2πi (ux + vy)) dx dy , (1.25)

where (u, v) are the coordinates of the baseline and (x, y) the coordinates on the sky. The
normalised absolute value of the result of the Fourier transform |V (u, v) /V (0, 0)| gives the
same value as the visibility definition in Eq. (1.24).

In practice, the observed quantity is often the squared visibility V2. It is therefore common
to plot V2

n against the baseline length B =
√

u2 + v2 in units of the wavelength to visualise
visibility data (Berger & Segransan 2007). An example of this can be seen in Fig. 1.7. To take
into account the apparent shortening of an object with inclination angle i and position angle
θ, an effective baseline Beff =

√
cos2 (θ) + cos2 (i) sin2 (θ) can be used (Berger & Segransan

2007; Tannirkulam et al. 2008b).
If V were known at each (vector) baseline, the brightness distribution could be easily

recovered using the Fourier transform. However, limited observation time, telescope size and
baseline length make this impossible. A larger number of observed baselines makes it easier
to recover more information about the flux distribution. In this thesis the fact that enough
different baselines have been observed to make it possible to extract the desired information
is called ’good uv coverage’. Due to atmospheric turbulence, the true phase shift Φ can
not be observed in the NIR. But if the baselines between three telescopes form a closed
triangle, adding the pairwise measured phase shifts Φturb defines the closure phase Φc that
is not influenced by turbulence and provides information about the point symmetry on the
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1.3 The inner region of protoplanetary disks

Figure 1.6: Combining the light beams from two Unit Telescopes at the VLTI (Image: ESO).

spatial scales corresponding to the three baselines (Monnier 2003).

Geometric flux models

The van Cittert-Zernike theorem provides a very useful approach to visibility modelling if
the brightness distribution of the observed object can be approximated using a function with
an analytical Fourier transform. A basic approach is to fit the observed visibility data using a
Gaussian function. The Fourier transform of a Gaussian is (again) a Gaussian function, and
the full width at half maximum of this function will provide a first estimate about the spatial
scale of the observed object.

The Fourier transform is linear. Because of that, the visibility V of a multi-component
object can be described by summing over the visibilities of each single object Vi, weighted
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Figure 1.7: Normalised visibility squared V2 against effective baseline, plotted together with a three component
geometric model for HD 100453 (Klarmann et al. 2017). The blue line shows shows the stellar V2, the orange line
the rim V2 modelled by a Gaussian and the green line shows the V2 drop due to extended flux.

by the object flux fi and taking into acount the positions (xi, yi) of the components:

V (u, v) =
Σi=1...n fiVi (u, v) exp (2πi (uxi + vyi))

Σi=1...n fi
. (1.26)

A multi-component setup as described by Eq. 1.26 is used to describe interferometric obser-
vations of the inner rim, separating the flux from the rim, the star and an unspecified extended
extended component. We also assume that the star is in the center of the coordinate system
and that the rim is centered on the star. Since the visibility of a centered point source is V∗ = 0
and the visibility of extended flux is Vh = 0, Eq. 1.26 now reads:

V (u, v) =
f∗ + fgeoVgeo (u, v)

f∗ + fgeo + fh
, (1.27)

where f∗ is the stellar flux, fh the extended flux and fgeo the rim flux. The rim visibility Vgeo

will depend on the chosen rim geometry. Figure 1.7 shows the model setup as described by
Eq. (1.27).

The structure of the rim can be modelled using a basic shape like an infinitely thin ring or
a flat ring of finite width, in which case the visibilities are a combinations of Bessel functions
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(e.g. Berger & Segransan 2007). A convolution between an infinitely thin ring and a Gaussian
can be used to model the rim geometry with a Gaussian ring structure. It is also possible to
build up complex geometries using a large number of infinitely thin rings. These modelling
approaches are included in the interpy code developed for Chapter 4 of this thesis.

To investigate azimuthal asymmetries in the ring structure requires more elaborate de-
scriptions that can for example be used to look for disturbances caused by planet formation.
Modelling the rim structure for several wavelengths at once can provide information about
the spectral index and the temperature of the rim. Recent examples that show the use of these
techniques can be found in Kluska et al. (2018), Kraus et al. (2017) and Lazareff et al. (2017).

The VLTI PIONIER instrument

The Precision Integrated-Optics Near-infrared Imaging ExpeRiment (Le Bouquin et al. 2011,
PIONIER) instrument is the first 4-beam combiner at the VLTI (Haguenauer et al. 2010). It
was approved as a visitor instrument by the ESO Science and Technical Committee in 2009,
and integration started in the same year at the Institut de Planètologie et d’Astrophysique de
Grenoble. It was commissioned at the Paranal Observatory in October 2010.

Since the same year PIONIER has produced data using the four auxiliary telescopes
(ATs), shortly followed by the first light for the four unit telescopes (UTs). PIONIER ob-
serves in the H-band (1.5-1.8 µm), with up to seven spectral channels. With the longest VLTI
baseline of 130 m, PIONIER provides a resolution of 2.5 mas and a field of view of 400 mas
(ATs) or 100 mas (UTs) and a limiting magnitude of Hmag = 7. With these specifications,
PIONIER is very well suited for the observation of the protoplanetary disks around Herbig
and T Tauri stars.

The integrated optics technology (Benisty et al. 2009; Berger et al. 2001; Malbet et al.
1999) makes it possible to combine the light of four telescopes simultaneously, thus creating
six visibilities and (four closure phases) for each observation. This means that the uv-plane
plane can be filled six times faster than for a two telscope beam combiner, which makes it
possible to obtain very good uv-coverage. This allows for a much more detailed data analysis
and even image reconstruction (e.g. Kluska et al. 2016). It also makes it possible to observe
a larger number of objects. Two large surveys of T Tauri (Anthonioz et al. 2015) and Herbig
(Lazareff et al. 2017) stars have been conducted with the PIONIER instrument, providing a
broad picture of the properties of inner rims around these stars.

PIONIER, together with the high spectral resolution K-band observations of GRAVITY
(Gravity Collaboration et al. 2017) and the NIR and MIR coverage of MATISSE (Matter et al.
2016), will provide a clear picture of the inner rim and the inner disk region in the very near
future.
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1.4 Thesis outline

In this thesis we study the inner region of protoplanetary disk. This is where the habitable
zone is located and where we expect terrestrial planets and super-Earths to form and/or mi-
grate to. We investigate the dust in the inner disk as the base material for planet formation.

Pre-transitional disks show a strong NIR excess from an optically thick inner disk close
to the sublimation radius and clear evidence of gas accretion onto the star. In Chapter 2
we explore how such an inner disk can be sustained over several million years even if a
gap prevents grains from the outer disk to drift inwards and replenish the accreted material.
Hydrodynamic simulations are combined with dust evolution models and radiative transfer
calculations to show that low fragmentation velocities inside the disk water snowline help to
sustain the dust in the inner disk region, and that for gaps opened by lower mass planets small
grains can pass through the gap and replenish accreted dust.

In Chapter 3 we use PIONIER NIR interferometry to investigate the inner region of tran-
sitional disks. With HD 100453 as a benchmark case we use radiative transfer modelling to
show that extended NIR emission in Herbig disks can not be explained by scattered light.
Instead, the correlation of polycyclic aromatic hydrocarbon features with a NIR visibility
drop on short baselines in a sample of Herbig stars indicates that quantum heated particles
cause this extended emission. We show that very small carbonaceous grains can indeed cre-
ate the observed NIR flux around HD 100453. Interferometric observations in the NIR can
constrain the amount, size and spatial distribution of small carbonaceous grains in the region
overlapping with the habitable zone.

Interferometric observations are often interpreted using simplified components to de-
scribe the NIR flux of the inner rim. In Chapter 4 we study how results derived in this way
relate to the true structure and physics of this region. We create physical models including
dust evaporation and formation and "observe" these models in the same way as observations
are treated. This synthetic data is analysed using MCMC modelling as it is also applied to
observations. The inner rim position can be very well constrained, even for only partially re-
solved objects, and the radial extent of the rim to within a factor of two, for resolved objects.
We find that the rim position of most Herbig stars can be modelled using olivine grains with
power-law size distribution, but also with small olivine grains and the presence of forsterite
or iron. For some objects the amount of NIR flux can not be recreated, indicating addi-
tional components like disk winds or magneto-hydrodynamic effects should be included in
the modelling process.

The carbon-to-silicon fraction in the Earth is four orders of magnitude lower than in the
dust in the interstellar medium. In Chapter 5 we examine if photolysis and oxidation in the
exposed upper disk layers can remove refractory carbon before parent body formation in the
inner disk. We find that already vertical dust cycling limits the removal efficiency compared
to models unconstrained by dust dynamics. Adding radial grain transport by solving 1D
advection-diffusion equations leads to carbon replenishment from the outer disk and prevents
carbon depletion. More efficient carbon removal mechanisms like e.g. flash heating events
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by FU Ori outbursts need to be studied and combined with strongly reduced or halted grain
mobility.
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Abstract

Transition disks are circumstellar disks that show evidence of a dust cavity, which may be
related to dynamical clearing by embedded planet(s). Most of these objects show signs of
significant accretion, indicating that the inner disks are not truly empty, but that gas is still
streaming through to the star. A subset of transition disks, sometimes called pre-transition
disks, also shows a strong near-infrared excess, interpreted as an optically thick dusty belt
located close to the dust sublimation radius within the first astronomical unit. We study the
conditions for the survival and maintenance of such an inner disk in the case where a massive
planet opens a gap in the disk. In this scenario, the planet filters out large dust grains that
are trapped at the outer edge of the gap, while the inner regions of the disk may or may
not be replenished with small grains. We combined hydrodynamical simulations of planet-
disk interactions with dust evolution models that include coagulation and fragmentation of



2 A tunnel and a traffic jam

dust grains over a large range of radii and derived observational properties using radiative
transfer calculations. We studied the role of the snow line in the survival of the inner disk of
transition disks. Inside the snow line, the lack of ice mantles in dust particles decreases the
sticking efficiency between grains. As a consequence, particles fragment at lower collision
velocities than in regions beyond the snow line. This effect allows small particles to be
maintained for up to a few Myrs within the first astronomical unit. These particles are closely
coupled to the gas and do not drift significantly with respect to the gas. For lower mass
planets (1 MJup), the pre-transition appearance can be maintained even longer because dust
still trickles through the gap created by the planet, moves invisibly and quickly in the form
of relatively large grains through the gap, and becomes visible again as it fragments and
gets slowed down inside of the snow line. The global study of dust evolution of a disk with
an embedded planet, including the changes of the dust aerodynamics near the snow line, can
explain the concentration of millimetre-sized particles in the outer disk and the survival of the
dust in the inner disk if a large dust trap is present in the outer disk. This behaviour solves the
conundrum of the combination of both near-infrared excess and ring-like millimetre emission
observed in several transition disks.
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2.1 Introduction

In recent decades, the observations of transition disks has lead to a major step forward in
our understanding of the physical processes of circumstellar disk evolution and clearing (e.g.
Najita et al. 2009a; Williams & Cieza 2011; Espaillat et al. 2014). Transition disks were
originally characterised by their spectral energy distributions (SEDs), which show weak near-
and mid-infrared excess emissions (Strom et al. 1989b; Skrutskie et al. 1990) but substantial
excess beyond & 20µm. This type of SED indicated the presence of a dust-depleted cavity in
the inner regions of the disk, which was recently confirmed by spatially resolved images in
the submillimetre continuum of the largest cavities (e.g. Andrews et al. 2011; van Dishoeck
et al. 2015). Observations with Spitzer showed a broad diversity in the morphology of the
SEDs of transition disks (e.g. Cieza et al. 2007). For instance, a subset of disks shows a
strong excess in the near-infrared (NIR) wavelength range (e.g. LkCa 15 or UX Tau A,
Espaillat et al. 2010) similar to the median SED of disks in the Taurus star-forming region
(D’Alessio et al. 1999). A compact, optically thick inner disk close to the sublimation radius
where dust is destroyed (at temperatures higher than ∼1500K) has been evoked to reproduce
this NIR excess (Espaillat et al. 2010). In addition, interferometric observations at the NIR
have spatially resolved a compact inner disk in some transition disks (e.g. Benisty et al.
2010a; Olofsson et al. 2013). These disks are also known as pre-transition disks, because
they are thought to be at an earlier evolutionary stage than transition disks, whose cavities are
completely empty of dust. Demographics of the well-known transition disks have revealed
that about half of the transition disk population have a NIR excess (see Table 1 in Espaillat
et al. 2014).

Gas inside the dust cavities of transition disks has been detected (e.g. Bergin et al. 2004;
Salyk et al. 2007; Pontoppidan et al. 2008), although it also appears depleted, albeit by a
lower factor and within a smaller cavity than the millimetre dust (Bruderer et al. 2014; Zhang
et al. 2014; van der Marel et al. 2015). The accretion rates in transition disks have values
similar to those measured in full disks (∼10−10 −10−7M�yr−1, e.g., Najita et al. 2009a, 2015;
Cieza et al. 2008; Sicilia-Aguilar et al. 2010), which means that significant quantities of gas
are still present in the inner regions.

The physical mechanism(s) responsible for the observed dust and gas properties of tran-
sition disks is debated and it is still uncertain whether multiple processes simultaneously
occur or whether a single process dominates the disk evolution. To date, models have mostly
focused on the properties of the outer disk and it is still unclear why some disks have an op-
tically thick inner disk, and under which conditions it is maintained. For instance, Birnstiel
et al. (2012a) demonstrated that grain growth alone can reproduce the near-/mid-IR dips of
the SEDs of transition disks, but fails to reproduce the observed cavities in the submillimetre
continuum. Photoevaporation from far-UV and X-ray radiation can dissolve the inner disk
on short time scales (∼0.5 Myr) once accretion stops (e.g. Alexander et al. 2006), and can
explain transition disks with small cavities and low accretion rates (e.g. Najita et al. 2009a;
Cieza et al. 2008; Owen et al. 2011; Owen & Clarke 2012). However, since accretion ef-
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fectively stops in photoevaporating disks, such models cannot explain transition disks with
signatures of on-going accretion or the large fractions of large cavity sizes. Also, any dust
signatures linked to the inner disk should then disappear on an accretion time scale. An al-
ternative explanation invokes dead zones. These are regions of low ionisation fraction that
hinder the magneto-rotational instability (MRI) needed to drive the turbulence necessary for
the transport of angular momentum (Balbus & Hawley 1991). Because the accretion rate
onto the star depends on disk turbulence, at the edge of a dead-zone a pile-up of gas material
forms, which can also lead to gaps as observed at millimetre wavelengths (Regály et al. 2012;
Flock et al. 2015).

Dynamical clearing by planet(s) or massive companions can also be a possibility for the
origin of the cavities (e.g. Goldreich & Tremaine 1980; Crida et al. 2006; Varnière et al.
2006). Dust dynamics in the presence of embedded planets can lead to dust filtration (e.g.
Paardekooper & Mellema 2006; Rice et al. 2006), creating a spatial segregation of small
and large grains. This segregation depends on the planet mass and disk turbulence, which
influence the gap shape and particle diffusion through the gap (e.g. Zhu et al. 2012; Pinilla
et al. 2012). The combination of grain growth/fragmentation and filtration can predict two
major observational features: a ring-like emission at mm wavelengths (tracing large grains),
and either a smaller cavity, or no cavity at all in NIR scattered light images (tracing small
grains) (Dong et al. 2012; de Juan Ovelar et al. 2013; Follette et al. 2013; Garufi et al. 2013).
If the embedded planets are not too massive, small grains are not trapped in the pressure bump
at the outer edge of the gap, and can move inwards through the gap. In the inner disk, these
particles can grow again and be lost towards the star as a result of their rapid inward drift.
In mm and sub-mm images, this component is not prominent, because it is only a fraction
of the dust material that makes it past the pressure bump, and because the fast drift leads to
lower surface densities according to Ṁ = 2πΣdrvdrift, where Σd is the dust surface density and
vdrift the radial drift velocity. In addition, if grain growth is very efficient, the grains might
even become too large for efficient mm wavelength radiation emission. To date, there is no
conclusive answer for the reappearance of the inner disk.

In this paper, we study the conditions for the reappearance of such an inner disk after a
massive planet has opened a gap in the disk. We investigate the role of the water snow line
for the survival of the inner disk in transition disks when a massive planet is embedded in
the outer disk regions (20 AU) and explore what conditions are needed to produce both a
significant NIR excess and a ring-like feature in the submillimetre. The snow line affects the
dynamics of the dust particles because grains with ice mantles (located outside of the snow
line) are expected to stick more efficiently than pure silicates (Chokshi et al. 1993; Schäfer
et al. 2007; Wada et al. 2009; Gundlach & Blum 2015), and therefore the velocity thresholds
(e.g Dominik & Tielens 1997) for destructive collisions change (fragmentation velocities
vfrag) at the snow line location. Birnstiel et al. (2010) showed the effect of changing vfrag from
1 m s−1 inside versus 10 m s−1 outside the snow line. Beyond the snow line, grains grow as
a result of coagulation (from ∼cm sizes near to the snow line to ∼mm-sized grains further
out), they start to decouple from the gas, and therefore they drift efficiently inwards owing
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Figure 2.1: Sketch of particle trapping triggered by a planet located in the outer disk (20AU, vertical dash-dotted
line), and the effect of the snow line on the dust distribution. The partial filtration of dust particles at the outer edge
of the planetary gap and the change of the fragmentation velocity of dust particles near the snow line (vfrag from
1 m s−1 inside versus 10 m s−1 outside) allows the constant replenishment of small particles in the inner disk. The
vertical dashed line represents the snow line position, which can vary within a certain range (horizontal arrow for a
typical T Tauri star).

to their friction with the gas (e.g Weidenschilling 1977a). However, inside the snow line,
because of the higher fragmentation velocities, the particles remain sufficiently small and so
are not influenced by the radial drift, and they remain closely coupled to the gas, producing
an accumulation of dust near the snow line1. In the case of planets embedded in the disk, the
amount of dust at the snow line location would depend on how much dust is filtered by the
planet in the outer regions.

In this work we combine the effect of a massive planet embedded in the disk together with
the change of dust dynamics near the snow line. Figure 2.1 represents the main idea addressed
in this paper: particle trapping triggered by a planet located in the outer disk, together with
the impact that the water snow line has on the dust distribution. In Sect. 2.2 we explain the
models used. In Sects 2.3 and 2.4 we present the main results and discussion. We finish with
the main conclusions in Sect. 2.5.

1For the purpose of this study, it is irrelevant whether aggregates remain intact while losing their ice component
after passing through the snow line or whether the ice sublimation disintegrates the aggregates into silicate monomers
that then grow again from scratch.
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2.2 Method

In this work we combined hydrodynamical simulations of planet-disk interaction, dust evo-
lution, and radiative transfer models as in Pinilla et al. (2015).

For the hydrodynamical models, we used the 2D version of the fast advection hydro-
dynamical code FARGO (Masset 2000), with the same set-up as in Pinilla et al. (2012), i.e.
a non-migrating planet interacting with a flared disk, with an initial gas density profile of
Σg ∝ r−1, and a disk scale height that varies with radius as h/r ∝ r1/4. In terms of the planet
position (rplanet), the radial grid logarithmically covers [0.1 − 7.0] × rplanet with 512 cells, and
1024 linearly spaced cells for the azimuthal grid (from 0 to 2π). We performed the simu-
lations until 1000 planetary orbits assuming three values for the planet-to-star mass ratio of
q = [1.0 × 10−3, 5.0 × 10−3, 1.5 × 10−2], which corresponds to 1, 5 and 15 MJup mass planets
around a solar-type star. The disk is assumed to have a mass of Mdisk = 55 MJup. We are
mainly interested in the radial distribution of grains and want to apply dust evolution includ-
ing growth, fragmentation, and erosion of particles as introduced by Birnstiel et al. (2010).
This can only be modelled in the radial direction. Therefore we azimuthally averaged the
gas surface density of the last 100 orbits and assumed this profile as background gas den-
sity for the dust evolution. For this work, we assumed a single value of the disk viscosity,
parametrised by αturb (Shakura & Sunyaev 1973) and taken to be αturb = 10−3.

For the dust evolution, we used the models explained in Birnstiel et al. (2010), assuming
a typical T Tauri star. The planet is located at 20 AU, and therefore the radial grid from the
hydrodynamical simulation only covers a region from 2 AU to 140 AU. Since we are also
interested in the inner disk, we extrapolated the results from FARGO to a grid from 0.1 AU
(close to the dust sublimation radius) to 200 AU, where the gas surface density profile follows
the initial condition. In these models, radial drift, turbulent mixing, and gas drag are taken
into account for the grain growth and dynamics. Initially all particles are 1 µm in size and
distributed with a dust-to-gas mass ratio of 1/100. The grid of particle sizes ranges from 1 µm
to 200 cm, divided into 180 logarithmic size bins.

To quantify the coupling of the dust particles to the gas, we refer to the Stokes number
(St), which is defined as a dimensionless stopping time St = ts × Ω (where Ω is the orbital
period, ts is the stopping time of a particle), and in the Epstein regime (i.e. λmfp ≥ 4/9a, a
being the particle size and λmfp the mean free path of the gas molecules), St = aρsπ/2Σg (ρs

being the volume density of a grain size and taken to be 1.2 g cm−3).
The fragmentation threshold velocities for ices is about ten times higher than for silicates

(e.g. Blum & Wurm 2008). By performing numerical simulations, Wada et al. (2013) showed
that vfrag can be 10 − 80 m s−1 for ice aggregates and 1 − 10 m s−1 for silicates. Experimental
work on collisions of spherical, micron-sized water-ice particles showed lower values: ∼1 −
2 m s−1 for silicates and ∼10− 30 m s−1 for ice monomers of & 1µm size (Gundlach & Blum
2015). In this work we assume values of vfrag from 1 m s−1 inside to 10 m s−1 outside the
snow line. We assume this change of vfrag to occur smoothly within a range of 2 AU. This
transition is chosen to avoid numerical problems in the simulations and to mimic a smooth
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vertical distribution of the temperature and distribution of ices in a turbulent disk (Furuya &
Aikawa 2014). Min et al. (2011) showed that the location of the snow line (rsnow) strongly
depends on the dust opacities and the disk accretion rate, and found that for a typical T
Tauri star and accretion rates of ∼10−10 − 10−7M�yr−1, rsnow in the mid-plane is ∼0.5− 2 AU.
Mulders et al. (2015) included large grains in the calculation of the snow line location, finding
that it can be two times closer to the star. In our models, the location of the snow line depends
on the dust midplane temperature profile, and it is assumed that rsnow is at Tsnow'200 K (e.g.
Lecar et al. 2006). We have assumed two different temperature profiles, such that rsnow is
at 0.4 AU (reference model) or at 1.2 AU. In summary, the reference models consider three
different planet masses (1, 5, and 15 MJup mass planets around a 1 M� star). For the 1 and 5
MJup cases, an additional model is shown where the snow line is further out.

In order to compare with observations, we input the vertically integrated dust density
distributions from the models after several million years ([1, 5] Myr) to Monte Carlo radiative
transfer code MCMax (Min et al. 2009). For our models, MCMax calculates the density
and temperature structure in a 2D setup (r, z), but does 3D radiative transfer following the
description in Bjorkman & Wood (2001). The αturb parameter is the same in all three parts of
the computation: hydrodynamics (viscosity), dust evolution, and radiative transfer (diffusion
and collision velocities, and vertical distribution). As scattered light contributes significantly
to the NIR flux, we also include anisotropic scattering (Min et al. 2012; Mulders et al. 2013).
For the dust composition, we adopted the values from Ricci et al. (2010), i.e. porous spheres
made of astronomical silicates (∼10% in volume), carbonaceous materials (∼20%), and water
ice (∼30%). Dust porosity can vary during the dust evolution process, for example by porous
coagulation (Ormel et al. 2007; Okuzumi et al. 2009; Zsom et al. 2010), pressure compaction
(Kataoka et al. 2013), or erosion of the small grains (Krijt et al. 2015). However, our interest
is focused on the inner parts of the disk, where particles already have passed the regions
around a planet where shocks and/or heating by the planet might cause further compaction
of the grains. Furthermore, in the inner few AUs, sintering might affect the structure of the
grains (Sirono 2011). In this study, we assume the particle porosity to be constant. Allowing
for a varying porosity would cause particles to reach larger Stokes numbers (e.g. Krijt et al.
2015), which would amplify the effects discussed in this paper. Hence, assuming a constant
porosity is a conservative approximation in this scenario.

2.3 Results

In this section, we present the results of particle trapping triggered by a planet (1, 5, and
15 MJup) located at 20 AU, together with the impact that the water snow line has on the
fragmentation velocity of particles, thus on the final dust density distributions. For the ex-
planation of the results, we first introduce the definitions of the maximum grain size due to
fragmentation or radial drift as explained in Birnstiel et al. (2012b).
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Figure 2.2: Vertically integrated dust density distribution after 1 (left) and 5 (right) Myrs of evolution, when a
massive planet (1, 5, and 15 MJup, from top to bottom) is embedded in the disk at 20 AU (vertical dash-dotted line).
At the location of the snow line (vertical dashed line at ∼0.4 AU), the fragmentation velocity changes from 1 m s−1

to 10 m s−1 within a range of ∼2 AU. The solid white line corresponds to St = 1, which is proportional to Σg. The
solid blue line corresponds to the maximum grain size due to fragmentation (Eq. 2.3), while the dotted green line
represents the drift barrier (Eq. 2.4).

2.3.1 Maximum grain size due to fragmentation and radial drift

In dust evolution models, when particles start to decouple from the gas the dominant sources
for their relative velocities are turbulence and radial drift, both depend on the Stokes number.
The maximum velocities by turbulence are given by Ormel & Cuzzi (2007),

v2
turb =

3
2
αturbSt c2

s (2.1)
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with cs being the sound speed; the drift velocities are given by (Weidenschilling 1977a)

vdrift =
1

St−1 + St
∂rP
ρgΩ

, (2.2)

with P the disk gas pressure, ρg the volume gas density, and Ω the Keplerian frequency.
When dust fragmentation mainly occurs because of turbulence, the maximum grain size in
the Epstein regime (fragmentation barrier, afrag) is given by

afrag =
2

3π
Σ

ρsαturb

v2
frag

c2
s
. (2.3)

However, if particles reach values of St close to unity prior to the fragmentation barrier
(Eq. 2.3), they can only reach certain sizes (adrift) before they drift (drift barrier), which in the
Epstein regime is given by

adrift =
2Σd

πρs

v2
K

c2
s

∣∣∣∣∣d ln P
d ln r

∣∣∣∣∣−1

. (2.4)

2.3.2 Impact of the water snow line on the dust distribution

Figure 2.2 illustrates the vertically integrated dust density distribution after 1 and 5 Myr of
evolution, when a massive planet (1, 5, and 15 MJup) is embedded in the disk at 20 AU. At
the location of the water snow line, the fragmentation velocity (vfrag) changes from 1 m s−1

to 10 m s−1 within a range of ∼2 AU. This transition is due to the lack of ice mantles in dust
grains inside the snow line, which decreases the sticking efficiency. Figure 2.2 also shows
the particle sizes that correspond to St = 1, the maximum grains size due to fragmentation
(afrag) or radial drift (adrift). For simplicity Eqs. 2.3 and 2.4 assumed the Epstein drag regime;
however in the simulations the first Stokes drag regime is also considered.

At the outer edge of the planetary gap, where the gas surface density increases outwards
and the pressure gradient is hence positive, the particles drift outwards and they are trapped at
those locations (Eq. 2.2). Irrespective of the planet mass, the drift barrier at the outer edge of
the gap is irrelevant because the drift velocities are reduced or completely suppressed. In the
pressure bump, the maximum grain size is determined by the fragmentation barrier (Eq. 2.3)
and particles can reach centimetre sizes, but small particles are continuously reproduced.
For a more massive planet, the location of the pressure maximum (and therefore the peak
of mm dust concentration) occurs further away at 30, 44, and 54 AU for 1, 5, and 15 MJup,
respectively, as previously shown by Pinilla et al. (2012). The radial range in which mm-
sized grains are concentrated becomes wider. For the 5 MJup case, the second peak is caused
by a transient density feature that in reality would be short-lived and would not function as a
pressure maximum that can effectively concentrate particles. This issue has no impact on our
results since we focus on the inner disk.
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In the regions inside the planetary gap (r . 10 AU) where the gas surface density steeply
decreases outwards (and therefore the pressure gradient is negative), the maximum grain size
is determined by radial drift (Fig. 2.2), and only close to the snow line (r∼0.7− 0.8 AU) does
the fragmentation barrier drop below the drift barrier due to the change in vfrag at rsnow. With
the decrease in vfrag at rsnow, the maximum grain size is a few centimetres and the Stokes
number of the particles at that location is much lower than unity (St∼1 × 10−3 − 5 × 10−3),
thus they are better coupled to the gas, their radial drift velocities are lower (Eq. 2.2), and
they move with at a similar speed to the gas (see also Brauer et al. 2008). If vfrag does not
change at rsnow, the maximum grain size is dominated by radial drift, reaching values of the
Stokes number of around 0.1, which would lead to very high drift velocities (∼1000 cm s−1)
depleting the inner disk on very short time scales (∼100-1000 yr). Therefore, when the
inner disk is constantly resupplied from the outer disk, the changes of vfrag at rsnow allows
replenishment of warm, small, and optically thick dust near rsnow, for which the drift velocities
are slow.

In the case of a 1 MJup mass planet, the micron-sized particles (1-10 µm), are not perfectly
trapped at the outer edge of the planet-gap, and they move continuously through the gap via
turbulent diffusion. This partial filtration of dust grains supports a constant replenishment of
dust from the outer to the inner disk, which together with variations of vfrag at rsnow extends
the lifetime of a detectable inner disk reaching the life of the disk (5 Myr).

In the cases of 5 MJup and 15 MJup mass planets, there is more efficient trapping of parti-
cles at the outer edge of the planetary gap, filtering all particle sizes (from 1µm, which is the
minimum grain size in our setup). The dust inside the planetary gap (r . 10 AU) is the dust
that was initially within the gap. These particles grow, drift and fragment when they reach
the snow line. Although there is a considerable amount of dust in the inner disk for all cases
(1, 5, and 15 MJup) after 1 Myr, after 5 Myr of evolution the inner disk is practically depleted
of dust for a disk hosting a 5 MJup and a 15 MJup mass planet. The dust density distribution
after 5 Myr of evolution for r . 10 AU is almost identical for 5 MJup and 15 MJup because
the effectiveness of trapping at the outer edge of the planet gap is similar (Pinilla et al. 2012).
However, the peak of the concentration of mm-sized grains in the outer disk differs by around
10 AU (44 AU for a 5 MJup versus 54 AU for a 5 MJup mass planet). Thus, the only effect of
growing the planet mass beyond 5 MJup is to increase the separation between the planetary
orbit and the emission ring seen at mm and sub-mm wavelengths.

2.3.3 Spectral energy distributions

Figure 2.3 shows the resulting SEDs obtained from the dust density distributions illustrated
in Fig 2.2. We assumed a disk inclination of 15◦ at a distance of 140 pc. The partial filtration
and the change in vfrag at rsnow have a clear effect on the shape of the SEDs. At 1Myr of
evolution, independent of the mass of the embedded planet, there is still a significant amount
of dust in the inner disk that contributes to the NIR emission, and therefore all cases exhibit
a NIR excess, typical of pre-transition disks. This is the traffic jam effect: It slows dust
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Figure 2.3: SEDs obtained from the dust density distribution after 1 Myr (upper panel) and 5 Myr (lower panel) for
the case of a 1, 5, or 15 MJup mass planet embedded at 20 AU. In the lower panel the dashed line corresponds to the
SEDs obtained by assuming a planet mass of 1 MJup, but neglecting the effect of the snow line in the inner disk.
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down enough to make a visible appearance in the innermost parts of the disk. After 5 Myr
of evolution, in the case of a 1 MJup mass planet, the NIR excess still remains owing to the
constant replenishment of dust from the outer to the inner disk, and the SED morphology
is similar to the status at 1 Myr. This is the tunnel effect: dust travels through the gap as
small grains, which grow quickly and soon after drift inwards, remaining undetected. The
small dust that makes it through the gap has a small surface density and is optically thin.
It reappears at the end of the tunnel, because the changed mechanical properties of dust
aggregates replenish small particles and slow down the radial drift motion, which is the traffic
jam at the end of the tunnel. In the 5 and 15 MJup planets this never happens because the flux
of dust into the gap and inner disk is completely shut off at the trap. To identify the role of the
snow line on the SED, Fig. 2.3 also shows SEDs obtained by assuming a 1 MJup planet after
5 Myr of evolution and following the same procedure as before, but neglecting the effect of
the snow line in the inner disk. In this case, there is no NIR excess.

2.3.4 Snow line located further out

To explore how the results are affected by moving the snow line further out, we increased the
dust temperature profile such that Tsnow'200K is at 1.2 AU, in agreement with the resulting
mid-plane temperature from the radiative transfer simulations. Figure 2.4 shows the vertically
integrated dust density distribution after 5 Myr of evolution and the corresponding SEDs
when rsnow∼1.2 AU (“hot disk”) for 1 and 5 MJup mass planets. Because the variation of vfrag

from 1 to 10 m s−1 occurs further out, the fragmentation barrier is below the drift barrier at
∼1.5 AU. As a result, the small grains produced in the inner disk are distributed in a broader
radial region. As in the case of the snow line at 0.4 AU, the inner part of the disk is practically
empty of dust for the case of a 5 MJup mass planet. This broader dust distribution in the inner
part does not have a significant effect on the NIR emission, but slightly affects the mid-IR
(5-20 µm), in particular for the case of a 5 MJup mass planet at 5 Myr (Fig. 2.4).

2.4 Discussion
In the context of planet-disk interaction combined with dust evolution and including the effect
of the water snow line on the dust dynamics and growth, we showed that the NIR excess that
characterises a subset of transition disks known as pre-transition disks is not necessarily an
evolutionary effect. When the embedded planet causes partial filtration of particles (e.g.
1 MJup), there is a constant replenishment of small particles from the outer to the inner disk.
The small particles in the outer disk are continuously reproduced at the pressure bump owing
to fragmentation by turbulent velocities. When these small particles pass through the gap,
they grow efficiently and are influenced by radial drift. However, as a result of the changes
in the velocities of destructive collision in the absence of ice (inside the snow line), small
particles are produced again. They are closely coupled to the gas and remain in the inner disk
on long evolutionary time scales. As a consequence, in the case of a 1 MJup mass planet the
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(left) and 5 MJup (right). For comparison, we plot the SEDs of the reference models (referred to as “cold”).

NIR excess remains for up to 5 Myr of evolution and the SED morphology remains almost
identical (Fig. 2.3). Nonetheless, in the case of total filtration (& 5 MJup), the inner part of
the disk evolves from a filled to a practically empty dust cavity, completely removing any
detectable NIR excess.

Our results are sensitive to the level of turbulence. On the one hand, with the same
pressure gradient but higher disk turbulence, it is more difficult to retain particles inside
pressure traps because of the stronger particle diffusion. On the other hand, increasing the
disk turbulence decreases the pressure gradient. Pinilla et al. (2012) showed for instance that
for a 1 MJup mass planet and a turbulence of αturb = 10−2, trapping does not occur at the outer
edge of the planetary gap, hence a ring-shaped emission is not expected at mm wavelengths
and the SEDs do not show a morphology typical of transition disks (see also Pinilla et al.
2015, Figure 6). Thus, for a more turbulent disk, a more massive planet is required to enable
particle trapping of the mm-sized grains.

The grain size distribution in equilibrium depends on the size distribution of fragments
after collision (Birnstiel et al. 2011), which is usually assumed to be a power law, such that
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n(m)dm ∝ m−ξdm. Numerical and laboratory experiments have shown that the typical values
for ξ are between 1 and 2. In this work we have assumed the value of 1.5. One may think
that the filtration effect can be affected by the value of ξ. As an experiment, we lowered the
value of ξ to one for the case of a 1 MJup mass planet. This implies fewer small particles
when fragmentation occurs. The results do not significantly differ because small particles
grow on very short time scales and overall dust distributions are similar after a million years
of evolution. We presume that the reason why we do not reproduce the 10 µm feature is that
at any radial location the dust density distribution of the small grains is much lower than the
larger grains.

As another experiment we investigated how sharper variations of vfrag affect the dust den-
sity distributions and the SEDs. We assumed that variations of vfrag from 1 to 10 m s−1 occur
in the range between 0.3-0.6 AU (versus a ∼2 AU transition in the presented models). In this
case the fragmentation barrier is below the drift barrier in a smaller location (only inward of
∼0.5 AU), narrowing the distribution of small particles in the inner disk. This change has a
marginal effect on the mid-IR emission, which decreases slightly.

One can think of other possible scenarios for the pre-transition disk geometry of a large
outer disk combined with a tiny inner disk. One scenario could be that the inner disk region
has completed its planetesimal formation process and contains hardly any dust. All the solids
are in the form of planetesimals and planets. However, as we know from debris disks, occa-
sional collisions can produce debris consisting of a collisional cascade of ever smaller bodies.
Once the bodies become as small as metres, they drift rapidly towards the star. When they
pass through the evaporation radius, they evaporate. Some of this vapour may be turbulently
mixed outward, back behind the evaporation radius where it may condense out into micron-
sized grains. This might cause a puff of smoke right at the evaporation radius, which would
be detected as NIR flux. Models are needed to test if enough material is produced in the puff

to reproduce the NIR excess.

2.5 Conclusions
We have studied the effect of changing the mechanical properties of dust aggregates at the
water ice snow line in transition disks in which a gap has been carved out by a planet. Our
findings are as follows:

• When icy dust aggregates pass through the snow line, their mechanical properties
change. This might be due to the loss of ice in existing aggregates or to a complete
disintegration of the aggregates followed by re-aggregation as ice-less aggregates. In
either case, the maximum size of particles that is still stable against fragmentation in
collisions strongly decreases, which causes all particles to be coupled to the gas more
efficiently. The strong coupling dramatically decreases the inward drift motion of the
particles, effectively leading to a traffic jam of dust between the snow line and the
silicate sublimation point.
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2.5 Conclusions

• In disks where a gap has been carved by a very massive planet or companion (5 MJup or
larger at 20 AU from the star), dust filtration at the planet-carved gap is very efficient
and the inner disk is depleted of dust and gas. In this case, the traffic jam effect can
maintain a detectable amount of dust inside the snow line for about one million years.

• In disks where the gap has been carved by a lower-mass planet (only 1 MJup), large
grains remain trapped in the pressure bump, but small grains make it past the planet.
These grains grow and drift quickly towards the star as relatively large grains and re-
main undetected on their way through the gap, as if they get to the snow line through
a tunnel. Of course, inside the snow line the change of sticking properties leads to the
traffic jam described above, making a warm component of dust visible. In the case of a
low-mass planet, the pre-transition appearance can be maintained as long as the outer
disk provides a source of dust and gas.

• Radiative transfer calculations show that the SEDs of these models indeed resemble
the overall appearance of pre-transition disks. Disks with massive planets lose the NIR
excess after a few Myrs and look like true transition disks. Disks with less massive
planets look like pre-transition disks for most of their remaining lifetimes.
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Appendix

2.5.1 Synthetic images and radial intensity profile

Figure 2.5 shows the simulated images and radial intensity profiles at 0.65 µm and 850 µm
for the case of a 1 MJup mass planet embedded in the disk at 20 AU after 5 Myr of evolution,
and considering the effect of the snow line on the dust evolution (Fig. 2.2). Large mm-
sized grains only remain in the pressure trap at the outer edge of the gap, showing a single
ring-like emission at mm wavelengths. The grains that go through the gap (tunnel) remain
invisible at mm wavelengths because they are small in size. The emission at R-band however
is significant inside and outside the gap, as was previously shown by de Juan Ovelar et al.
(2013). Assuming a constant gas surface density, Gonzalez et al. (2015) show that if efficient
growth happens at the location of the pressure trap (e.g. when fragmentation velocities are
& 30 m s−1), a second ring can be formed further out by considering the back-reaction of
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2 A tunnel and a traffic jam
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Figure 2.5: Simulated images (top) and radial intensity profile (bottom) at 0.65 µm and 850 µm, assuming a 1 MJup

planet at 20 AU after 5 Myr of evolution.

the dust on the gas. The recent ALMA image of the HL Tau disk (ALMA Partnership et al.
2015) show multiple gaps and rings (∼7), in which case multiple pressure bumps (which may
or may not originate via planet-disk interaction) are needed.
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Abstract

To understand the chemical composition of planets, it is important to know the chemical
composition of the region where they form in protoplanetary disks. Due to its fundamental
role in chemical and biological processes, carbon is a key element to trace. We aim to identify
the carriers and processes behind the extended NIR flux observed around several Herbig stars.
We compare the extended NIR flux from objects in the PIONIER Herbig Ae/Be survey with
their flux in the PAH features. HD 100453 is used as a benchmark case to investigate the
influence of quantum heated particles, like PAHs or very small carbonaceous grains, in more
detail. We use the Monte Carlo radiative transfer code MCMax to do a parameter study of
the QHP size and scale-height and examine the influence of quantum heating on the amount
of extended flux in the NIR visibilities. There is a correlation between the PAH feature flux
of a disk and the amount of its extended NIR flux. We find that very small carbonaceous
grains create the observed extended NIR flux around HD 100453 and still lead to a realistic
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SED. These results can not be achieved without using quantum heating effects, e.g. only with
scattered light and grains in thermal equilibrium. It is possible to explain the extended NIR
emission around Herbig stars with the presence of carbonaceous, quantum heated particles.
Interferometric observations can be used to constrain the spatial distribution and typical size
of carbonaceous material in the terrestrial planet forming region.
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3.1 Introduction

3.1 Introduction

Protoplanetary disks are the birth places of planets. One of the most important goals of cur-
rent research into exoplanets and their formation is to trace the properties of protoplanetary
disks and understand their impact on the resulting planetary system. This applies both to the
architecture of the planetary systems - the kind of planets that will be formed and where they
will be located once the disk has disappeared - and to the chemical properties of planets. What
will be the composition of planets and their atmospheres, and how does this composition re-
late to the chemistry in the disk or even to the composition of the primordial cloud from which
the the planetary system formed. Ultimately, we want to understand the bulk composition of
planets, the composition of planetary atmospheres, and the delivery of prebiotic molecules.

To move this research along, it is important to trace the reservoirs of key elements in
disks, and to trace these reservoirs not only in the outer disk, but also in the inner disk where
terrestrial planets (e.g. Morbidelli et al. 2012) or systems of super earth planets like the com-
pact Kepler systems (Lissauer et al. 2011, 2013) are born. A key element to be traced is
carbon, not only because it has a large biological relevance (Pace 2001), but also because of
the importance of the carbon-to-oxygen ratio. This ratio is a determining factor in the chemi-
cal evolution of disks (e.g. Öberg et al. 2011), the bulk composition of planets (e.g. Moriarty
et al. 2014) and planetary atmospheres (e.g. Madhusudhan 2012).

What fraction of carbon can be found are in solids that will readily take part in aggregation
processes and thus become building blocks of terrestrial planets and the cores of Neptune-like
planets or giants? What carbon-bearing compounds remain in the gas phase so that they are
less likely to end up in solid planets or cores?

This is particularly interesting in the context of heavy depletion of carbon in the Earth’s
crust (Allègre et al. 2001), where the silicon-to-carbon ratio is four orders of magnitude
lower than in the Sun, and still one order of magnitude lower than in meteorites (Lee et al.
2010; Pontoppidan et al. 2014). Apparently, much of the carbon either stays in the outer
disk in the form of ices (e.g. Qi et al. 2004; Jørgensen et al. 2005) or is pushed into the gas
phase where it will not be incorporated into solid planets or cores (Lee et al. 2010, and refer-
ences therein). Atomic carbon and carbon-bearing molecules like CO and CO2 can be traced
through molecular line emission (e.g. Bruderer et al. 2012; Kama et al. 2016), and with the
advent of ALMA there are finally tools available that can do so also with sufficient spatial
resolution to reach into the inner regions of protoplanetary disks (ALMA Partnership et al.
2015). Very small carbonaceous particles are hard to trace in disks because, unlike silicates
and some oxides (Koike et al. 2006; Suto et al. 2006), they barely have specific spectroscopic
signatures (Draine & Lee 1984). In the diffuse interstellar medium, observations of the 3.4 µm
absorption feature indicates the presence of hydrogenated amorphous carbon (Pendleton &
Allamandola 2002; Rawlings et al. 2003). These observations are in agreement with labo-
ratory experiments on interstellar carbon dust analogues (e.g. Dartois et al. 2004) and dust
models (e.g. Jones et al. 2013). Some of this hydrogenated amorphous carbon will survive in
the protoplanetary disk (Pendleton & Allamandola 2002), but the properties of carbonaceous
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3 Interferometric evidence for QHPs in the inner region of PPDs

particles in protoplanetary disks will in general differ from the properties in the interstellar
medium (Apai & Lauretta 2010).

Large molecules (up to several hundred carbon atoms) like polycyclic aromatic hydrocar-
bons (PAHs) can be identified in protoplanetary disks in two ways: (i) by their CH and CC
bond bending and stretching features (Leger & Puget 1984; Allamandola et al. 1985) and (ii)
by the fact that they can be quantum heated (Purcell 1976; Draine & Li 2001) and are not in
thermal equilibrium, a property that can be used to identify such grains by warm emission
that is spatially much more extended than grains in thermal equilibrium would allow.

Polycyclic aromatic hydrocarbons have been observed in many protoplanetary disks around
Herbig stars using method (i) (Meeus et al. 2001; Acke & van den Ancker 2004; Keller et al.
2008; Acke et al. 2010), but their spatial distribution is not well constrained: When both the
continuum and PAH emission can be resolved by long slit spectroscopy, van Boekel et al.
(2004) and Visser et al. (2007) find that the PAH flux is more extended then the continuum
flux, due to the effects of quantum heating. Habart et al. (2006) confirm this result also for
the 3.3 µm feature. Geers et al. (2007) find that some of their sources are not extended in the
PAH features, indicating that in these sources PAHs are confined to the innermost regions.
Lagage et al. (2006) and Doucet et al. (2007) show that for HD 97048 the emission in the
PAH features at 8.6 µm and 11.3 µm follows the large-scale disk geometry. Maaskant et al.
(2014) determine the ionisation degree of the PAH emission from disks that have a gap, and
conclude that ionised PAHs are located in the gap regions.

With increasing particle size, the strength of the emission features decreases relative to the
continuum emission, so it becomes hard to identify these particles using emission features.
Berné et al. (2009) attempt to disentangle the emission of PAHs and larger quantum heated
particles (called VSGs in Berné et al. (2009)) by the application of feature templates and show
that a component of such larger quantum heated particles (QHPs) is necessary to understand
the spectra of protoplanetary disks. However, the use of additive templates does not yield any
spatial information.

In this paper we intend to show that a number of protoplanetary disks do show a com-
ponent of extended emission that can only be explained by the presence of such quantum
heated particles, and that those particles are larger than PAHs. Interferometric observations
of the innermost regions of protoplanetary disks therefore offer a way to identify and trace a
solid component of carbon in such disks in the terrestrial planet-forming region. We make
not effort to fit feature shapes in detail, but use them only as a limit on the contribution of
our QHPs to such features. Instead, we focus on the spatial information from interferometric
observations to identify QHPs by the spatial extension for the continuum emission (method
(ii)).

In Sect. 3.2, we present the HD 100453 observations. In Sect. 3.3 we introduce quantum
heated particles (QHPs) and show that their presence correlates with the observed extended
flux around Herbig stars. We explain the radiative transfer models in Sect. 3.4. The results
of the parameter study are presented and discussed in Sect. 3.5. We present our conclusions
and further perspectives in Sect. 3.6. In Appendix A we show examples of the density and
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Figure 3.1: Squared, normalised visibilities V2 against baseline in Mλ. The yellow circles show the PIONIER
observations of HD 100453 at 1.67 µm. We demonstrate a basic modelling approach that explains the data using
three different regimes.

temperature structure of our models.

3.2 PIONIER data

3.2.1 Observations

The interferometric data were obtained with the PIONIER instrument (Le Bouquin et al.
2011, 2012) at the Very Large Telescope Interferometer (VLTI) (Mérand et al. 2014). The
observations that we consider in this paper were gathered as part of a PIONIER Large Pro-
gram (190.C-0963, PI: Berger) from December 2012 and June 2013 (Lazareff et al. 2017;
Kluska et al. 2016) using three different configurations of the four auxiliary telescopes. The
magnitude limit of the survey is at mH 6 8, but it does not meet any completeness criteria.
The Herbig Ae/Be stars within the survey are selected based on The et al. (1993), Malfait
et al. (1998), and Vieira et al. (2003). A list of all objects can be found in Lazareff et al.
(2017). Each disk observation was preceded and followed by observations of a calibrator
star1 in order to calibrate the instrumental transfer function. The data were reduced and cali-
brated with the pndrs package (Le Bouquin et al. 2011). The typical accuracy on the squared

1using SearchCal
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3 Interferometric evidence for QHPs in the inner region of PPDs

visibilities (V2) is 5%.
Figure 3.1 shows the V2 data of HD 100453 at 1.67 µm against the baseline in Mλ (yellow
circles).

3.2.2 Interpretation

We start with a basic description of the visibility curve of HD 100453. As can be seen in
Fig. 3.1, there are three different regimes. At very long baselines (B > 60 Mλ), the V2 are
constant and provide the 1.67 µm stellar flux contribution to the visibilities (blue line). At
intermediate baselines 8 < B < 50 Mλ) we detect the bulk of the disk emission at 1.67 µm
coming from regions at blackbody temperatures of 1500 K (orange line), while at short
baselines (B < 8 Mλ), we probe extended emission that causes the V2 to drop quickly from 1
to 0.75 at these baselines (green line). Image reconstruction of HD 100453 is still in progress
(Kluska et al. in prep.), but preliminary results (Kluska et al. 2014) give an overview of the
spatial flux distribution.
The visibilities are normalised by the flux within the PIONIER field of view. Under typical
atmospheric conditions (0.8′′ seeing in the visible) the FWHM of the Gaussian profile at the
focus of each telescope is of the order of 0.4′′. For HD 100453 at a distance of 114 pc the
flux emitted beyond 23 au does not contribute to the interferometric measurement. The size
of the maximum observable scale depends on the flux distribution and model parameters. A
rough estimate would be a Gaussian distribution with a half intensity radius of 1 au. With the
baseline range going up to 82 Mλ, the resolution of the observation is 0.2 au.
To show HD 100453 in the context of the survey, we make use of parameters calculated by
Lazareff et al. (2017), who present the PIONIER survey results and use geometric models to
obtain structural parameters for each object. They define fh as the fraction of H-band flux
coming from the extended emission, fs as the fraction of H-band flux coming from the star
and fc as the flux attributed to the emission from the circumstellar disk. Hence fh + fc + fs = 1.
The values for fh and fs can be found in Table 3.3.

3.3 Quantum heated particles
The large amount of extended flux from HD 100453 means that a significant part of the
1.67 µm emission does not come from the inner rim but is extended to at least a few au. That
far from the star, the dust in the disk is not hot enough to emit thermally at this wavelength.

In T Tauri stars, the extended emission has been attributed to scattered light (Pinte et al.
2008, hereafter P08; Anthonioz et al. 2015). Since T Tauri stars have a lower effective tem-
perature than Herbig stars, they emit more strongly in the near-infrared (NIR). This light is
then scattered on small grains in the surface layer of the protoplanetary disk. Owing to the
much higher temperature and thus much bluer colour of the central star, it is not possible to
get enough scattered light from full disks around Herbig stars. After significant modelling
efforts, we do not find an explanation based on scattering. This is in agreement with P08.

46



3.3 Quantum heated particles

Another source of extended NIR flux that can cause this V2 drop at short baselines are
quantum heated particles (QHPs). Unlike conventional dust grains, QHPs are not in thermal
equilibrium. Instead, a QHP absorbs a ultra-violet (UV) photon and is heated to very high
temperatures. It then cools down again very quickly by emitting photons in the NIR and stays
cold until it is hit by the next photon. This mechanism, including multi-photon heating events
and different ionisation states, is described in detail by Draine & Li (2001). A well-known
example for QHPs are PAHs, but the mechanism also works for very small grains.

To investigate whether this is a promising approach, we examine if the extended NIR
flux correlates with the amount of QHPs in a disk. We collect the extended and stellar flux
for each disk within the PIONIER survey from Lazareff et al. (2017). Policyclic aromatic
hydrocarbons and very small grains both contribute to the PAH emission features in the mid-
infrared (see Figure 3.5 for the size dependence of the contribution), so the flux within the
PAH features can be used as an indicator for the presence of quantum heated particles. We
pick the disks from the PIONIER survey that overlap with the ISO survey (Acke & van den
Ancker 2004). This survey contains the flux of the PAH features at 3.3, 6.2, 7.7 and 8.6 µm,
but not for the 11.2 µm feature, since it is blended with the 11.3 µm silicate feature. As Acke
& van den Ancker (2004) did in their Table 9, we use the sum of the fluxes in the four PAH
features to calculate the PAH luminosity LPAH for each source. PAHs are excited mainly by
UV photons. To remove the PAH flux variation introduced by the different stellar UV fluxes
we normalize the PAH luminosity with the stellar UV luminosity LUV. Since only four of our
disks have measurements for all four PAH features, we also include disks where only upper
limits were obtained for one, two or three of the PAH features.

In Figure 3.2, the relative extended flux fh/(1 − fs) (the over-resolved part of the cir-
cumstellar emission) is plotted against the normalised PAH luminosity LPAH/LUV. The nor-
malised luminosities for sources with four flux measurements are indicated only by a symbol.
For disks that have one, two or three upper limits, we first assume that PAH features with the
upper limit contain no flux. The LPAH/LUV values obtained in this way are also indicated by
symbols. For these disks, we calculate LPAH/LUV a second time, including the upper limits
as flux values. The result is plotted as the horizontal error bar.

Figure 3.2 shows that disks with more extended flux have a higher normalised PAH lumi-
nosity (indicating the presence of more PAHs). This is expected if particles emitting the PAH
features also contribute significantly to the extended flux.

The upper left area (labelled A) is empty and the lower right area (labelled B) is nearly
empty. That means that no disk has a large amount of extended emission but no PAHs (area
A), and nearly no disk has a large amount of PAHs but only a small amount of extended
emission (area B). The one exception is HD 97048 (red square). While this disk has the
highest measured PAH flux, it shows only a moderate drop. I has PAH emission from the
inner region (Habart et al. 2006), but Maaskant et al. (2014) and van Boekel et al. (2004)
showed that most of the PAHs in this disk are at a distance of more than 70 au from the star,
which is outside the field of view of the PIONIER instrument (see Sect. 3.2.2).

This is one reason for the large scatter of the disks. Depending on their distance from the

47



3 Interferometric evidence for QHPs in the inner region of PPDs

Table 3.1: Model parameters used in each model. The parameters for the DIANA dust and QHP particles are
separated by a horizontal line. The negative power law index indicates a rise in the surface density for larger radii.
Further details and references can be found in the text.

Parameter Value
stellar mass 1.66 M�
stellar temperature 7400 K
stellar luminosity 8.04 L�
spectral type A9Ve
distance 114+11

−9 pc
inner radius 0.27 au
outer radius 200 au
gap area 1 au - 17 au
dust mass 3.2×10−4 M�
min. dust radius 0.05 µm
max. dust radius 3 mm
size dist. power index 3.5
porosity 0.25
mean opacity 0.48
QHP mass 1×10−9 M�
inner radius QHP 0.5 au
outer radius QHP 17 au
power law index change 1 au
inner surface density power law index -1
outer surface density power law index 0

star, the spectral type of the star and the distance of their PAHs from their central star, the
fraction of PAHs that contributes flux to the ISO survey, but not the PIONIER observations,
will naturally vary. HD 95881 (magenta star) for example has only a very small dust disk,
but a gas disk and PAH emission extending out to 200 au (Verhoeff et al. 2010). We therefore
expect that its extended NIR flux is mainly caused by PAHs. Olofsson et al. (2013) speculate
on a possible influence of PAHs on the short baselines of PIONIER V2 in their study of the
Chamaleon-I region, but do not investigate it owing to the large uncertainties in PAH size and
distribution.

Another reason for the scatter is the inhomogenity of the survey that contains disks during
various evolutionary stages, including transitional disks.

3.4 Radiative transfer modelling
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Figure 3.2: Extended flux as calculated from the PIONIER survey (Lazareff et al. 2017) plotted against the nor-
malised PAH luminosity from the ISO observations (Acke & van den Ancker 2004). For most disks, only an upper
limit is given for one or more of the PAH features. In that case, the symbol indicates the actually observed lumi-
nosity, while the horizontal error bar indicates the luminosity including upper limits. The legend shows the name of
each source.
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3.4 Radiative transfer modelling

Since HD 100453 shows a significant amount of extended flux and is observed at a large
number of baselines (good uv-plane coverage), we use it as a benchmark to investigate the
extended flux in more detail using radiative transfer modelling. We calculate eight models
for a small parameter study to constrain the size and scale height of the QHPs. Then we use
the size and scale height values of the best of the six models to show the influence of a gap in
the disk and of the quantum heating. The name, parameters and resulting drop depth of each
model can be found in Table 3.2. We use HD 100453 as an example to show the influence of
the QHPs. Therefore, our best model is a reasonable description, but not a ’best fit model’ in
the usual sense.

We use the radiative transfer code MCMax (Min et al. 2009). It solves 3D radiative
transfer (see also Bjorkman & Wood 2001) to calculate the 2D dust density and tempera-
ture structure of our disk set-up. After the disk structure and temperature calculation has
converged, MCMax calculates an image and the V2 for different wavelengths and baselines.

Each model has the same basic set-up. First we fix the stellar parameters, following
Khalafinejad et al. (2016, and references therein; hereafter K16). HD 100453 is a 10 Myr old
Herbig star with spectral type A9Ve at a distance of 114+11

−9 pc. It has an effective temperature
of 7400 K, a mass of 1.66 M� and a luminosity of 8.04 L�. Like K16, we implement the star
using a Kurucz model.

For the conventional dust we take the DIANA standard dust properties as described in
Woitke et al. (2016). Based on the K16 spectrum and Q-band fits we take a dust mass of
3.2×10−4 M�, distribute it according to a power law with index 1, and use a gas to dust ratio
of 100 and an outer disk radius of 200 au. We also introduce a gap and set the inner radius of
the outer disk to 17 au. Recently, this gap has also been found in SPHERE observations by
Wagner et al. (2015). The inner disk starts at Rin = 0.27 au, determined by the evaporation
temperature of the dust grains (∼ 1450 K), and goes out to 1 au.

Additionally, we fill the disk gap with with 10−9 M� QHPs (with a flat surface density
distribution) and investigate their influence on the depth of the drop by studying four different
QHP sizes 0.0008, 0.006, 0.01, and 0.015 µm, which corresponds to 102, 105, 5 × 105, and
1.6 × 106 carbon atoms. In Table 3.2, the models can be found as S18C250, S18C100K,
S18C500K, and S18C1.6M.

We use opacities from Li & Draine (2001) with updates from Draine & Li (2007) for the
QHPs and treat them during the temperature calculation as explained in Sect. 3.3. For all
but the S18C250, the QHPs are too large to fit the PAH category. For particles of this size,
Li & Draine (2001) use a mixture of graphite and PAHs for their opacities. In the NIR, the
differences between these mixed opacties and graphite and amorphous carbon opacities are
small. Our models could not be used to distinguish between them. We keep the name QHPs
to indicate this ambiguity. In the mid-infrared the mixed opacities still show some carbon
features for the 105 carbon atoms model, but they are extremly weak in the opacities of the
two larger QHPs.

To avoid sharp edges in our disk set-up, we create a continuous transition between the
inner disk and the QHPs: we add a small amount of QHPs to the area from 0.5 au to 1 au.
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3 Interferometric evidence for QHPs in the inner region of PPDs

Their surface density follows a power law with an index of -1 (see also Appendix A). All
model parameters can also be found in Table 3.1.

Two examples (with and without QHPs) of the density and temperature distributions after
the radiative transfer can be found in Figure 3.6 in Appendix A. The DIANA dust is in thermal
equilibrium. Its temperature does not change over time. Only the region close to the star is
hot enough for the disk to emit thermally in the NIR. But when a QHP gets excited by a
UV photon, it will emit a NIR photon during the excitation independently of the surrounding
temperature. The area dominated by QHP emission can also be seen in Figure 3.6.

In MCMax, the dust scale height is calculated via the midplane dust temperature. Since
the QHPs are not in thermal equilibrium, this approach is not possible. We therefore fix the
QHP scale height at 0.18 au from 1 to 17 au for the first four models. Then we pick the best
size model and change the scale height of the QHPs to 0.10 and 0.35 au. In Table 3.2, these
models are called S10C100K and S35C100K.

To show that this approach also works in continuous disks, we remove the gap from model
S18C100K and re-calculate it using a continuous disk, S18C100Kng. Finally, we turn off the
quantum heating and treat the QHPs like small, conventional dust grains to see if they could
possibly provide enough extended NIR flux via scattering (model S18C100Knqh).

Since it is sufficient to demonstrate the influence of QHPs, we only show the results for
one wavelength (1.67 µm) and one position angle (along the inclination axis, corresponding
to a pole-on view.). The results are the same for the other spectral channels. We show the
complete 1.67 µm V2 PIONIER dataset, but are only interested in fitting the short baseline
data.

3.5 Results and discussion

3.5.1 Radial flux distribution

Figure 3.3 shows the radial distribution of the flux of model S18C100K at 1.67 µm within the
PIONIER field of view. The total flux is shown in red. The other lines show how different
types of emission contribute to this total flux.

The stellar emission (black) contributes the majority of the total flux. The disk emission
starts at the inner rim (0.27 au). It consists of three components: purely thermal emission
(green), thermal emission from the disk that comes from photons that have been scattered at
least once within the disk (blue) and directly scattered starlight (pink). In total, the purely
thermal emission is about a factor of three greater than the thermal scattered emission, which
is again about a factor of three greater than the emission from the directly scattered light.
Thermal emission occurs at the inner rim and along the inner disk. The QHPs (yellow) start
to contribute directly at 0.5 au. After 2 au, most of the UV photons have been absorbed and
the QHPs at larger radii barely contribute additional flux. The outer disk is too cold to emit
at 1.67 µm (see Figure 3.6). Along the inner disk, the thermal scattered emission follows a
similar profile to that of the thermal emission, but due to one (or more) scattering events, the
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3.5 Results and discussion

outer disk also contributes. For the directly scattered light, the inner rim of the outer disk
provides most of the flux because it provides the largest scattering area.

We compare this to the radial flux distribution shown by P08 for one of their models (their
Figure 1, upper panel). It shows the 2.2 µm emission of a Herbig star and its disk, but their
star has a temperature of 10000 K and luminosity of 24 L·. They use particles up to 1 µm in
size and with an albedo of 0.9, assume an evaporation temperature of 2000 at 0.5 au, and do
not include a gap or QHPs.

The shape of their disk emission curve is similar to the one shown in Figure 3.3: a steep
rise in the flux at the inner rim of the inner disk and additional emission along the inner
disk. But there are three major differences between the radial flux distributions that can be
explained by the different model set-up in P08:

• The high disk temperature leads to a stronger contribution of the disk. The higher
temperature and larger luminosity of the star do increase the stellar emission, but due
to the shift of peak of the stellar emission, the amount of re-processed stellar emission
growth more quickly than the amount of direct stellar emission in the NIR. In addition,
the emission area of the disk is larger since the disk starts at a larger radius. These
effects lead to a stronger contribution of the disk compared to the stellar contribution.

• The overall hotter disk, in combination with the lower observation wavelength leads to
more contribution along the inner disk than we find in our model.

• The higher albedo means that photons will scatter more often inside the disk, so the
contribution of the thermal scattered emission is higher than the contribution from the
thermal emission, while in our case it is the other way around.

The QHP emission (yellow) follows a different radial profile. The emission increases
slowly from 0.5 onwards and starts to dominate the disk emission from about 0.7 au. It
continues to increase outside of 1 au in the area of the gap. In total, the QHPs contribute two
times as much flux as the the combination of thermal and scattered light.

3.5.2 QHP size

In this section, we investigate the influence of the QHP size on the visibility curves and the
PAH features.

Visibilities

In this section, we investigate the effects of the size of the QHPs. Looking first at the V2

(Figure 3.4, top left), the S18C250 model (green line) does not produce enough emission to
create a deep enough drop. Model S18C100K with 105 carbon atoms leads to the largest drop
size (red line). While this model fits the 10 Mλ data points very well, it slightly overestimates
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Figure 3.3: Cumulative H-band flux for model S18C100K, plotted against the distance from the star and split into
the different components: total emission (red); stellar emission (black); QHP emission (yellow); thermal emission
(green); thermal scattered emission (blue); directly scattered emission (pink).

the data at smaller baselines and slightly underestimates it at longer baselines. This could be
an effect of our radial QHP distribution. Moving to even larger QHP sizes has the opposite
effect and the drop depth becomes smaller again. It then stays the same for models S18C500K
and S18C1.6M (blue and yellow lines).

To demonstrate this we show a spectrum of the four models (Figure 3.5). At 1.67 µm (light
yellow bar), model S18C100K contributes more flux then the models with QHPs of different
sizes. Since we placed the QHPs at the correct spatial position (extended, but within 20 au),
this is extended flux and creates the drop at short baselines. And since model S18C100K has
the strongest flux it also has the largest drop.

PAH features

Figure 3.5 also contains other observational data for HD 100453: a Spitzer spectrum (dark
grey, Acke et al. 2010), an ISO spectrum (light grey, Acke & van den Ancker 2004) and pho-
tometry (pink, K16, Malfait et al. 1998). Since there might be more QHPs in the outer region
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Figure 3.4: All panels: Squared, normalised visibilities V2 against baseline in Mλ. The yellow circles show the
1.67 µm data of HD 100453 from the PIONIER Herbig Ae/Be survey (Lazareff et al. 2017; Kluska et al. 2016). For
this analysis, only the short baselines are of interest (brightly coloured symbols). The red line shows our best model,
S18C100K. Top panels: We show the effect of different QHP sizes (green:S18C250, red:S18C100K, blue:S18C500K
and yellow:S18C1.6M) and scale heights (yellow:S10C100K, red:S18C100K, blue:S35C100K). Lower left panel:
The QHPs lead to a drop (albeit small) even without the presence of a gap. Lower right panel: We show the effect of
quantum heating. For the model corresponding to the blue line, S18C100Knqh, the grains behave like conventional
dust. The drop at short baselines vanishes.

of the disk, the QHPs we added in the inner region should not overestimate the features too
much. Model S18C250 (green) clearly overestimates each PAH feature. Model S18C100K
(red) and model S18C500K (blue) are both borderline cases. Looking at the 6.2 µm feature
(where the continuum emission of all models and the data are comparable), model S18C100K
overestimates the flux in the feature by a factor of 1.30, while S18C500K underestimates it
by a factor of 0.89. Looking at the the 3.3 µm feature, model S18C100K produces the correct
feature size, while model S18C500K clearly underestimates it. Model S18C1.6M underesti-
mates all the features.
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3 Interferometric evidence for QHPs in the inner region of PPDs

To actually fit the PAH features it would be necessary to use different QHP size ranges
and also consider different radial distributions (and QHPs outside of the PIONIER field of
view), which is beyond the scope of this work. But we show that QHPs with the size of PAHs
(up to a few hundred C atoms) clearly cannot be the only source of the extended flux.

The ISO spectrum, the photometry data and the model are not in agreement with each
other in the NIR (1-5 µm). Our visibilities have been observed at 1.67 µm, indicated by
the light yellow column. The observed flux is slightly higher than the flux from model
S18C100K. Looking at the visibility curve of this model (Figure 3.4, lower right panel),
the model also slightly overestimates the long baseline visibility data. This indicates that the
missing flux is emitted on short spatial scales. To improve model S18C500K it would be
necessary to modify the inner rim with a compact component, which is not part of this work.

Over the NIR range our models underestimate the flux by up to 30%. This problem of
the missing NIR flux is well known (see for example Dullemond & Monnier 2010, K16
and references therein). While larger QHPs provide more NIR flux then PAHs with 250 C
atoms, they still differ from the photometry data by a factor of 1.25. Motivated by the missing
compact flux at 1.67 µm we speculate that the same compact inner structure could provide
the missing NIR flux. This approach is also taken in K16. But since the focus of this work
is the extended flux and our observational wavelength is only marginally effected, we do not
add a compact structure but use QHPs with 100K C atoms to explore other parameters that
influence the extended flux.

3.5.3 QHP scale height

In this section, we examine the influence of the QHP scale height on the depth of the V2

drop. Figure 3.4 (top right) shows the visibility curves for models with different QHP scale
heights: S10C100K (yellow), S18C100K (red), and S35C100K (blue). All models have a
QHP size of 105 carbon atoms. In model S35C100K, the QHPs are placed at a larger scale
height. That is why they intercept more light and contribute more flux at 1.67 µm, leading to
a steeper drop. A scale height of 0.1 au is not high enough to create a deep enough V2 drop.
The drop model S35C100K fits the data points at the smallest baselines well, but then the
data is underestimated. When looking at the PAH features of this model (not shown in this
paper), the model clearly overestimates the Spitzer data. We therefore use S18C100K as our
best model.
A scale height of 0.18 au corresponds to a z/r ratio of 0.18 at 1 au and a z/r ratio of about 0.01
at 17 au. The first value in particular seems high for the dust scale height of a disk. However,
QHPs do track the gas distribution in the disk. In Woitke et al. (2009) it can be seen that
gas can extend up to a z/r of 1 in this area of the disk. So we actually expect larger scale
heights for the gas in this area of the disk. And while HD 100453 is a transitional disk, the
observations of the [OI] 63 µm (Meeus et al. 2012; Fedele et al. 2013) indicate that there is
still some gas present.
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Figure 3.5: Influence of the QHP size on the strength of the PAH features. The ISO and Spitzer spectra are shown
in grey and black. The photometry data is indicated by pink dots. A light yellow bar indicates 1.67 µm. The stellar
spectrum is shown in light grey. The models have the same colours as in Figure 3.4.

3.5.4 The gap

Owing to the presence of the gap in HD 100453, it is easier for QHPs to intercept UV photons,
and the NIR photons emitted by the QHPs to escape the disk. In a disk without a gap, this
effect might lead to less extended NIR flux and therefore to a smaller V2 drop. To test the
impact of the gap, we take model S18C100K and replace the gapped disk by a continuous
one. As shown in Figure 3.4, lower left panel, the drop of the continuous model S18C100Kng
(blue) is only slightly smaller than that of S18C100K (red). This is not surprising, since most
of the flux comes from a scale height that is above the self-consistently calculated scale height
of the dust disk.
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3 Interferometric evidence for QHPs in the inner region of PPDs

3.5.5 Quantum heating

Finally, we demonstrate that the extended NIR emission and the corresponding V2 drop is
indeed caused by QHPs and not by scattered light from conventional grains of the same size.
We therefore re-calculate model S18C100K, but treat the QHPs as if they were in thermal
equilibrium. In Figure 3.4, S18C100K corresponds to the red line and S18C100Knqh to the
blue line. Without the quantum heating, the V2 drop at short baselines vanishes.

3.6 Conclusions and future research
We have shown basic models that demonstrate how the parameters of QHPs in protoplanetary
disks can be constrained using NIR interferometry. A more detailed model of the complete
PIONIER dataset of HD 100453 that determines the flux contribution of each disk component
in a more quantitative way is still necessary, especially a more detailed analysis of the position
and shape of the inner rim corresponding to the longer baselines. But these basic models
already lead us to several conclusions:

1. The PIONIER VLTI instrument has measured extended NIR emission from protoplan-
etary disks around Herbig stars, which leads to a V2 drop at short baselines;

2. The flux in the PAH features from these disks is correlated with the depth of the V2

drop, indicating that QHPs contribute significantly to the extended NIR emission;

3. This extended NIR emission cannot be explained with thermal flux from grains in
thermal equilibrium or scattered light. QHPs should therefore be considered when
modelling NIR interferometry data of Herbig stars;

4. 10−9 M� of QHPs containing ∼ 105 carbon atoms with a scale height of 0.18 au can
produce the observed V2 drop of HD 100453 without deviating too much from the
PAH feature fluxes;

5. With detailed radiative transfer modelling it is possible to put constraints on the mass,
size and position of the carbonaceous components in disks around Herbig stars using
interferometric data.

Aperture masking instruments like NACO at the VLT or NIRC2 at the Keck observatory could
help to gain more information about the distribution of the QHPs. New VLTI instruments
like MATISSE and GRAVITY will allow an even more detailed analysis of protoplanetary
disks around Herbig stars and could therefore contribute to the explanation of bulk carbon
abundances of terrestrial planets around Herbig stars.
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Appendix

A Density and Temperature structure
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Figure 3.6: Final density and temperature structure for a model setup including (upper row, S18C100K) and without
(lower row) QHPs. The x-axis shows the radius in au, the y-axis the height divided by the radius. The color of the
left plots indicate the mass density, the colors of the right plot the temperature. The dark red area shows the regions
with QHP emission. The optical depth at the observation wavelength is indicated by the radial (dotted line) and
vertical (full line) τ = 1 surface.

Fig. 3.6 shows the final density and temperature structure of model S18C100K (upper
row). The lower row shows the final structure of a model with the same setup as S18C100K,
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3 Interferometric evidence for QHPs in the inner region of PPDs

but without the QHPs. The QHPs have a mass density of about 10−20 g/cm3. For the dust in
thermal equilibrium, we plot the equilibrium temperature. Only the inner disk is hot enough
to thermally emit in the NIR. Areas that are dominated by QHP emission are colored in dark
red.

The temperature distribution of the QHPs depends on their size and the strength of the
local UV radiation field, which depends on the position of the QHPs. When a QHP is hit by
a UV photon it is heated to very high temperatures, but cools down quickly by emitting NIR
photons. This means that the QHPs follow a wide temperature distribution.

In the shadow of the inner disk, most of them have a temperature of about 10 K, but a
small fraction reaches temperatures up to 2000 K. In the well illuminated upper disk region,
most of the QHPs have temepratures from a few hundred up to 2000 K. QHPs of other sizes
show a similar overall distribution, but with shifted temperature ranges. While QHPs with
1.6× 106 carbon atoms reach 1700 K, QHPs with only 250 carbon atoms reach up to 2400 K.

B Flux table

Table 3.3: For each object shown in Fig. 2, we list the stellar flux fs , the extended flux fh and their 1 − σ errors as
calculated by Lazareff et al. (2017) using a geometric model. We also give the size of the PIONIER field of view in
au. The distances for each object have been taken from Acke & van den Ancker (2004).

object fh σ fh fs σ fs field of view [au]
HD 31648 0.01 0.008 0.37 0.050 26
HD 34282 0.07 0.041 0.33 0.050 80
HD 95881 0.04 0.005 0.27 0.022 24
HD 97048 0.05 0.001 0.43 0.031 36
HD 100453 0.11 0.005 0.58 0.002 23
HD 100546 0.10 0.013 0.47 0.010 21
HD 139614 0.06 0.009 0.54 0.018 28
HD 141569 0.01 0.005 0.84 0.069 20
HD 142527 0.03 0.008 0.42 0.011 29
HD 144432 0.00 0.003 0.43 0.017 29
HD 163296 0.01 0.005 0.25 0.009 24
HD 169142 0.08 0.005 0.72 0.027 29
MWC297 0.01 0.008 0.11 0.001 50
HD 179218 0.03 0.021 0.58 0.003 48
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NIR interferometry observations of

protoplanetary disks - constraining the
position, width and composition of the

inner disk rim

L. Klarmann, M. Min, M. Benisty and C. Dominik

To be submitted to Astronomy & Astrophysics

Abstract

The dust in the inner region of protoplanetary disks is the base material for terrestrial
planet formation. The arrival of VLTI PIONIER, GRAVITY and MATISSE allows spatially
resolved high quality observations of this region. These observations are often interpreted
using analytical models. We aim to understand how results derived using analytical models
compare to the composition, structure and physics of this region. We use radiative transfer
calculations including self consistent dust sublimation and condensation to create a grid of
physical rim models. We create synthetic PIONIER data of these models and interpret them
like actual observations, using analytical models. We find that the inner rim position can be
well constrained, even for partially resolved objects. The radial extent of the near-infrared
emission can be constrained to within a factor of 2, but not better, for resolved objects. How-
ever the dust surface density distribution can be very different from the observed flux distri-
bution. Comparing our models with the recent PIONIER survey of Lazareff et al. (2017), we
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find that the rim position of most Herbig stars can be explained using olivine grains with a
power law size distribution, but also with small olivine grains and the presence of forsterite or
iron grains. For some objects, we can not re-create the amount of NIR flux from the rim, in-
dicating that additional components like disk winds or magneto-hydrodynamic effects should
be included in the modelling process.
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4.1 Introduction

4.1 Introduction

The inner region of protoplanetary disks is where terrestrial planets and super-Earth form
and/or migrate. The dust in this region is the base material for the formation of these planets,
and the grain size distribution and composition influence the formation process and the final
composition of the planet. It is also the origin of (part of) the NIR excess observed in the
SED of Herbig Ae/Be stars (Dullemond & Monnier 2010). But the structure, composition
and physics of this region are still unclear.

A wide range of shapes has been used to model the inner rim: Puffed up rim geometries,
caused by the direct heating of the rim by the star (Dullemond et al. 2001; Natta et al. 2001;
Tuthill et al. 2001; Isella & Natta 2005) or due to magnetic fields (Ke et al. 2012; Turner
et al. 2014; Flock et al. 2017). Wedge shaped structures (Tannirkulam et al. 2007) and double
rims (Kama et al. 2009, from now K09) have been proposed. But to fit the spectral energy
distribution (SED) of a disk, spherical, optically thin halos are also a common approach (e.g.
Hartmann et al. 1993; Vinković et al. 2006; Maaskant et al. 2013).

This is especially true for disks with a very high near-infrared (NIR) excess, where the
presence of disk winds (Vinković & Jurkić 2007; Bans & Königl 2012; Fernandes et al. 2018),
disk atmospheres (Turner et al. 2014) or other components need to be evoked on top of the
disk rim to explain the NIR flux.

Since the properties of the inner rim are not well constrained by the SED alone (Thamm
et al. 1994; Woitke et al. 2016), spatially resolved observations are necessary to learn more
about the inner disk. But even the ELT will not be able to resolve sub-au structures at a
distance of more than 100 pc. NIR interferometric observations are therefore necessary to
investigate the dust in the region of terrestrial planet formation.

The first observations that indicate that the emission from the inner rim is indeed ring
shaped have been made using Keck aperture masking (Tuthill et al. 2001; Danchi et al. 2001)
and long baseline interferometry with the Infrared Optical Telescope Array (e.g. Millan-
Gabet et al. 1999, 2001) and Palomar Testbed Interferometer (e.g. Akeson et al. 2000; Eisner
et al. 2003).

Monnier et al. (2005) and Millan-Gabet et al. (2007) collected the rim positions found in
interferometric observations and compared them to the theoretically expected position of the
dust sublimation front, depending on the stellar luminosity. Over several orders of magnitude
in stellar luminosity these values are in good agreement and confirm that the dust sublimation
front contributes significantly to the NIR excess. Nevertheless, the rim position of some
Herbig stars is smaller than expected, indicating dust sublimation temperatures larger then
typical for small silicate grains.

Many interferometric observations of Herbig stars also indicate the presence of mate-
rial closer to the star then the dust sublimation front. Since disks lose their gas onto the
star, the presence of a gaseous accretion disk close to the star is to be expected (Muzerolle
et al. 2004). For this reason emission from inside the dust sublimation front is interpreted
as continuum emission from a gaseous disk, and such a disk could also explain the width of
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the NIR emission (Tannirkulam et al. 2008a,b). The presences of an emitting gaseous disk
is supported by the spatially resolved detection of Brγ emission in spectro-interferometric
AMBER observations (e.g. Kraus et al. 2008; Mendigutia et al. 2015). A disk wind has been
detected by Perraut et al. (2016) in with CHARA Hα interferometry. Another possible NIR
emission source inside the dust sublimation radius are highly refractory grains (Najita et al.
2009b; Benisty et al. 2010a). K09 have shown that a trace amount of highly refractory grains
can indeed form an optically thin region in front of the optically thick rim of silicate grains.
A similar double rim structure using two different grain sizes has also been suggested by
Millan-Gabet et al. (2016) to explain their MIR and NIR Keck Interferometer observations.

A more detailed overview over the inner rim region can be found in Dullemond et al.
(2001) and Kraus (2015). Even so a large number of observations and models exists, this
region is still not well understood.

However, with PIONIER, GRAVITY and MATISSE all working at the VLTI, spatially
resolved observations with excellent uv-coverage, high accuracy and over a wide wavelength
range are now becoming available. Lazareff et al. (2017) (from now L17) recently published
a PIONIER survey of more than 50 Herbig stars, of which they rate more than 30 as high
quality observations. Among other things, they model the ring shape of the NIR emission
in these objects, constrain the rim width and position and the amount of stellar flux that is
re-processed by the disk. They also estimate the rim temperature and scale height.

In this work, we use advanced dust modelling to provide further context for these and
similar observations. Based on models from K09, we show the effect that highly refractory
dust and large grains have on the shape of the inner rim, the resulting NIR flux distribution
and the parameters that could be obtained via interferometric observations. In previous inter-
pretations of interferometric observations large grains were defined to have a size of around
1.2 µm. We use grain sizes up to 1 mm. While these large grains do not emit significantly in
the NIR, they have a strong influence on the position and shape of the inner rim.

In Sec. 4.2, we shortly describe the physics of the dust sublimation front. We explain
how our physical models are calculated and describe the synthetic observations as well as the
geometric model used for the analysis of the synthetic data. In Sec. 4.3 we first investigate
the difference between the flux distribution and the distribution of dust at the inner rim and
investigate the influence of the assumed flux geometry that enters in the interpretation of
interferometric data. Then we compare the position and width of the inner rim as obtained
from our synthetic data with the the actual values from our physical models. We show the rim
positions for different composition and grain size distributions compared to what is observed
by L17 in Sec. 4.4 and also discuss disk components and physical process that were not
included in our grid of models. A summary of this work and our conclusions can be found in
Sec. 4.5.
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4.2 Method

We use two different types of models in this work. The first are the self-consistent RT models
that are used as a stand-in for a physical protoplanetary disk. The second are a set of analytical
models that assume a NIR flux distribution that are used to extract the rim position and width
from the synthetic interferometric observations. Since this flux distribution always follows a
fixed geometry we refer to these as geometric models. This section describes the RT calcu-
lations and the geometric models as well as the calculation of the synthetic interferometric
observations.

1 Physical models

The properties of the inner rim depend on stellar parameters, but also on the geometry and
temperature structure of the disk and on the amount and composition of the dust within the
disk. We use the RT code MCMax (Min et al. 2009) to take all of these effects into ac-
count in a self-consistent manner. Species and grain size dependent dust sublimation and
re-condensation is integrated into the iterative calculation of the disk density and temperature
structure. A detailed description of these processes and their implementation can be found in
K09. In our calculations we add a full, non-isotropic treatment of scattering processes (Min
et al. 2016), since scattered light can play an important role for the NIR flux (Benisty et al.
2010b; Mulders et al. 2013).

Parameters that determine the inner rim position

To calculate the theoretical position of the inner rim R, K09 equate the energy absorbed and
emitted by dust grains at the inner rim:

R =
1
2

Cbw

ε

L?
4πσT 4

subl

1/2

, (4.1)

where L? is the stellar luminosity, ε the cooling efficiency, Cbw the backwarming efficiency
and Tsubl the dust sublimation temperature. Different versions of Eq. 4.1 have been used to
describe and estimate the inner rim position (Dullemond et al. 2001; Tuthill et al. 2001; Kama
et al. 2009) and the R ∝ L1/2

? relationship is observationally well established (e.g. Monnier
et al. 2005; Pinte et al. 2008; Lazareff et al. 2017).

The cooling efficiency ε = κP(Tsubl)/κP(T?) is the ratio of Planck mean opacities for a
dust species at the sublimation and at the stellar temperature, respectively. Since T? > Tsubl,
the absorption happens at a smaller wavelength than the emission. For small grains, the
absorption cross section is larger at shorter wavelength. They absorb the stellar photons more
efficiently than they emit in the NIR, which leads to a high radiative equilibrium temperature
and an inner rim position far away from the star. The absorption cross section of large grains
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does not depend on the wavelength. They absorb and emit with similar efficiency and have
therefore a lower equilibrium temperature than a small grain at the same distance from the
star. This is why an inner rim made of large grains will be closer to the star. For some
dust species, the absorption cross section of small grains rises with the wavelength. These
grains emit photons more readily then they absorb them and have an even cooler equilibrium
temperature, leading to an even smaller radius for the inner rim. We use different grains sizes
and species to explore these effects.

The backwarming efficiency Cbw takes the influence of the rim geometry into account. A
dust grain in empty space or an optically thin region can cool in all directions, corresponding
to a solid angle of 4π which requires Cbw = 1. A grain at an optically thick rim received
backwarming from the material deeper in the rim, and therefore cannot cool efficiently into
that direction. For each photon it emits into the disk, it will receive a photon from the grains
inside the disk. It can only cool by emitting grains into the empty space in front of it, leading
to Cbw = 4. Since the inner rim could be curved or have an optically thin area, the actual
value of Cbw will be between these two extreme cases. Since we do full radiative transfer the
backwarming is automatically taken into account.

The dust temperature Td at the inner rim is the sublimation temperature Tsubl of the grain
species. If Eq. 4.1 is used to get a first estimate of the rim position, Tsubl can be assumed
as constant (Dullemond et al. 2001; Lazareff et al. 2017). But to treat dust sublimation and
condensation correctly in our physical models, it is important to take into account that the
sublimation temperature of a dust species depends on the vapour pressure that is exerted by
its gas phase component. Treating the gas component as an ideal gas, the vapour pressure can
be replaced by the vapour density ρvap, which can be described by the Clausius-Clapeyron
(Zemansky 1968) equation:

log
(
ρvap

)
= B − A

Tsubl
− log (Tsubl) (4.2)

Following K09 we take the thermodynamic quantities A and B from Pollack et al. (1994) and
use cgs units for all quantities. A straightforward implementation of Eq. 4.2 into the iterative
density and temperature calculation in MCMax does not easily converge to equilibrium so-
lutions. This is solved by limiting the change in optical depth to 10 % for each iteration (see
K09 for details).

Model parameters

We use a Herbig star with a luminosity L? = 47 L�, a mass M? = 2.5 M� and a temperature
T = 10000 K. These values have been used in many previous studies of the inner rim of
Herbig stars (e.g. Kama et al. 2009; Isella & Natta 2005; Dullemond & Dominik 2004). The
stellar luminosity has a large influence on the position of the inner rim. We therefore also
compute a model grid using a Herbig star similar to HD 100453, with 8.0 L�, 1.66 M� and
7400 K. Placing both stars at a distance of 114 pc means that we expect a range from clearly
resolved to non-resolved PIONIER observations and represent the range of luminosities seen
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Table 4.1: Fixed parameters for the physical model calculations.

Parameter Value
stellar mass 1.66, 2.5 M�
stellar temperature 7400, 10000 K
stellar luminosity 8.0, 47 L�
distance 114 pc
initial inner radius 0.03 au
outer radius 200 au
gas to dust ratio 100
dust mass 3.2×10−4 M�
porosity 0.25
vacuum fraction 0.8

Table 4.2: Dust grain sizes and species

Parameter Value
one grain size:
grain size 0.1, 1, 10, 100, 1000 µm
two grain sizes:
small grains 0.1, 1 µm
large grains 10, 100, 1000 µm
mass ratio of large grains 0.01, 1, 10, 20 %
MRN size distribution:
size range 0.1-100, 0.1-1000 µm
two grain species:
first species olivine
second species corundum, iron, forsterite
mass ratio of second species 0.01, 1, 10, 20 %
grain size 0.1, 1 µm

in the nearby Herbig stars. As in K09, we use a radial dust surface density Σ distribution
described by two power laws, Σ1(r) ∝ r0 and Σ2(r) ∝ r−1.5, which are joined at rp = 4 au.
Initially, the disk extends from rin = 0.03 au to rout = 200 au. The inner radius and the surface
density of the inner disk region are expected to change significantly before they reach a final
equilibrium. If not explicitly stated otherwise, all disks have a dust mass of 3.2×10−4 M� and
a gas to dust ratio of 100. Adopting the DIANA dust values (Woitke et al. 2016), our grains
have a porosity of 0.25 and a maximum vacuum fraction of 0.8. An overview over all fixed
parameters can be found in Tab. 4.1.

As explained Section 1, we expect that the grain size plays an important role for the tem-
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perature distribution in the disk and the cooling efficiency of the grains. We thus expect the
grain size to be a determining factor for the rim position. To test this, we use different grain
sizes as well as grain-size combinations. The dust material in a protoplanetary disk is not
expected to be homogeneous, and different dust species will not only have different opacities,
but also different sublimation temperatures, which influences the rim position. A synthetic
dust material like astrosilicate (Draine & Lee 1984) is sometimes used to allow for the pres-
ence of different grain species within a disk. But these dust materials are motivated by overall
opacities, and it is not possible to determine their sublimation temperature. We therefore fol-
low K09 and choose olivine as our base disk material, using opacities from Dorschner et al.
(1995) and thermodynamic parameters from Pollack et al. (1994)

In our first model series of 5 models we use a single grain size of 0.1, 1, 10, 100 and
1000 µm but keep the total mass constant. This means that the larger the grain size, the
smaller the number of grains in the disk. This smaller number of grains leads to a decline
in optical depth. To investigate the strength of this effect, we calculate a second single grain
model series with the same grain sizes, but this time we raise the disk mass to keep the total
grain surface and therefore the optical depth constant. These two single grain size series (ten
models per star) will provide the base of comparison for more complicated setups.

In a next step, we calculate models with two different grain sizes. Large grains like the
100 and 1000 µm grains are often not included in inner rim models (Isella & Natta 2005;
Tannirkulam et al. 2007; Millan-Gabet et al. 2016) because their contribution in the NIR is
expected to be small compared to small particles. But their equilibrium temperature at a
fixed rim positon will be lower than the equilibrium temperature of small grains at the same
position. For the correct calculation of the inner disk rim position, it is therefore important to
include them in our self-consistent RT calculations. Theoretically small and large grains are
both expected in the inner rim region (Birnstiel et al. 2010; Testi et al. 2014), but the exact
size or amount of small respectively large grains is unknown. Because of this we cover a
wide range of parameters with our two-grain-size models. We set up two large model series,
one with 0.1 µm and one with 1 µm grains as base material to investigate the influence of
the minimum grain size. In each series, we replace 0.01, 1, 10 and 20% of the mass with
large grains to test if we can create optically thin regions or double rims as suggest by (e.g.
Millan-Gabet et al. 2016). To explore the influence of the maximum grain size, we use 10,
100 and 1000 µm for the large grains. This leads to 30 two-grain-size models for each of our
stars.

Since we expect more than two distinct grain sizes in a disk, we also calculate two models
per star with an MRN-like size distribution of grains (Mathis et al. 1977), on from 0.1 to
100 µm and one from 0.1 to 1000 µm.

Many disks seem to have an inner rim inside of the classically expected silicate sub-
limation radius (L17). We therefore include iron and corundum, both species with a high
sublimation temperature, into our models. Corundum is the first dust species to condense
in a gas with solar nebular composition (e.g. Gail 1998; Nuth & Ferguson 2006; Pignatale
et al. 2011). It is also observed around AGB stars (Takigawa et al. 2014) and in the tails of
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evaporating rocky planets (van Lieshout et al. 2014). We calculate two models per star where
0.01 and 1% of 0.1 µm corundum grains are added to 0.1 µm olivine grains. Larger amounts
of corundum are not realistic because they not be consistent with the overall abundance of
aluminium (Lodders 2003). The optical and thermodynamic parameters of iron are taken
from Pollack et al. (1994). Re-condensation of iron vapour and the formation of forsterite
are possible sources for metallic iron in the inner disk region (Gail 2004) and the iron cores
of rocky planets imply that a significant amount of iron should be available in protoplanetary
disks. We calculate two series of iron models, with 0.1 and 1 µm olivine grains as base mate-
rial. We replace 0.01, 1, 10 and 20% of the mass with iron grains of the same size as the base
grains, in total 8 models per star. The optical parameters of corundum are taken from Koike
et al. (1995) and the thermodynamic parameters from Cameron & Fegley (1982).

Forsterite is an iron-free variant of olivine. While its sublimation temperature is lower
than that of iron-containing olivine, it has a very low opacity in the NIR compared to the
other species used in this work. Additionally, its opacity in the NIR rises with wavelength.
This means that forsterite is hard to heat and cools very efficiently and can therefore exist
very close to the star. But the low NIR opacity also means that it provides significantly less
flux in the NIR than for example olivine. Forsterite has been observed in protoplanetary disks
(van Boekel et al. 2005) and the high temperatures at the inner rim indicate that it should be
crystallised. We therefore replace 0.01, 1, 10, 20 and 99% of the mass with forsterite grains
in two series of models, one containing 0.1 µm and one containing 1 µm grains. The optical
properties of forsterite are from Servoin & Piriou (1973) and the thermodynamic properties
from Cameron & Fegley (1982).

An overview of all grain sizes and species can be found in Tab. 4.2.

2 Synthetic observations

MCMax is used to create the synthetic interferometric observations. We use a setup similar
to the VLTI PIONIER (Le Bouquin et al. 2011) observations by L17, using the auxiliary
telescopes with baselines from 11 to 140 m and a uv coverage similar to their observation
of HD 100453. For each baseline, we calculate the visibilities in the H band at 1.67 µm.
Assuming optimal observing conditions with the PIONIER instrument, we take an error of
0.025 on each visibility data point. All physical models are observed at a distance of 114 pc
under an inclination angle of i = 45 deg and a position angle of PA = 0 deg. Once the
visibilities are calculated, we offset them randomly to create a 1σ error of 0.025, which
roughly agrees with the 0.019 that L17 report for the visibility error of their large program.

3 Visibility fitting

Geometric models

Before describing the fitting process in detail, we start with a general description of the visi-
bility curves we expect to see when observing a protoplanetary disk in the NIR using Fig. 4.1

69



4 NIR interferometry observations of PPDs

0 10 20 30 40 50 60 70 80
baseline [Mλ]

0.0

0.2

0.4

0.6

0.8

1.0

V2

PIONIER 1.67 m
disk
star
extended flux

Figure 4.1: Figure from K17. Squared, normalised visibilities V2 against baseline in Mλ. The yellow circles show
PIONIER observations of HD 100453 at 1.67 µm by L17. We demonstrate a basic modelling approach that explains
the data using three different regions of origin for the flux.

from Klarmann et al. (2017) (from now K17). The visibility as a function of the baseline
length (the distance between two telescopes) is the Fourier transform of the observed flux
as a function of radius. Since the Fourier transform is linear, we can build up the total flux
by dividing the disk into different regions, the star, the inner rim and the extended flux. At
a distance of more than 100 pc, the star can be treated as a point source. It will therefore
contribute with a constant visibility on all baselines (Fig. 4.1, blue line). The corresponding
rim visibilities are high at short baselines and fall off towards a minimum at medium or long
baselines, depending on the rim position (Fig. 4.1, orange line). If the rim is closer to the star
then 1.22 λ

Bmax
rad, the first visibility minimum will occur at a larger baseline than Bmax and

the rim is not resolved. If the rim is further away from star the first minimum will be present.
Depending on the exact position and shape of the rim, a second lope can occur. But a very
smooth flux distribution at the inner rim can also suppress its appearence (Tannirkulam et al.
2008b). Most of the disks NIR flux is expected to originate from the inner rim, but a sig-
nificant fraction can still be emitted from a more extended region, for example via scattered
light (Pinte et al. 2008) or quantum heated particles (K17; Kluska et al. 2018). This extended
emission contributes to the visibility at very short baselines. Since the shortest possible dis-
tance between two VLTI auxiliary telescopes is 10 m (≈6 Mλ), there are no observations at
very short baselines, which leads to a visibility drop (Fig. 4.1, green line).
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Model setup

The three different components described in Sec. 3, star, rim and extended flux are used to
create a geometric description of the flux of the inner disk region. Here we describe how we
calculate the visibilities of that geometric flux model. It is calculated from three components:
The stellar visibility Vs, the visibility of the rim Vgeo and the visibility of the extended flux,
Vh. We follow the convention of other interferometry papers and label quantities that are
associated with the extended flux with an h for halo. Since we assume the star to be a point
source, Vs = 1 for all baselines. Vgeo depends on the geometric shape chosen for the inner
rim. The extended flux is assumed to be resolved at all baselines, so Vh = 1 at a baseline of 0
and Vh = 0 at all other baselines.

V = fs · Vs + fgeo · Vgeo + fh · Vh (4.3)

The visibility V is normalised to the flux within the PIONIER field of view of 0.4 mas.
At a distance of 114 pc, this corresponds to about 23 au. Therefore the flux fractions from the
star ( fs), the rim ( fgeo), and the halo ( fh) add up to one:

fs + fgeo + fh = 1 (4.4)

We use four different shapes to model the geometry of the rim that we assume to be point
symmetric: A Gaussian (centered on the star), a Gaussian ring, a half Gaussian ring and a flat
ring. These flux geometries can be seen in Fig. 4.2. For each rim geometry, the position R
and the width w of the rim can change. All this will change the shape of Vgeo. Since we use
normalised visibilities, fgeo is determined via Eq. 4.4. In the following, we describe the shape
of Vgeo depending on the geometry chosen from the rim flux.

• Gaussian: The flux distribution is a Gaussian centred on the star. The radius is defined
at the half size at half maximum, which includes 76% of the flux. This set-up is often
used to analyse data where the rim is only partially resolved. The Fourier transform of
a Gaussian is also Gaussian.

• Gaussian ring: A Gaussian ring describes a slow rise and a slow decline as a function
of distance from the star of the flux from the inner rim. The radius is defined at the
maximum, which corresponds to 50% of the flux. The width is defined as the full
width at half maximum, which includes 76% of the flux. Since the Gaussian ring can
be described as the convolution of an infinitesimally thin ring at position R with a
Gaussian distribution, the Fourier transform of this shape is the product of a zero-order
Bessel function with a Gaussian.

• Half Gaussian: To create a sharp rise and slow decay of the rim flux, we use a half
Gaussian flux distribution. The radius is defined at the half width at half maximum,
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Figure 4.2: Centred Gaussian, Gaussian ring, half Gaussian and flat ring shaped flux distributions. The position of
the rim is indicated by the radius R, the width w by the black line.

which corresponds to 76% of the flux, and the width as twice the half width at half max-
imum, winch corresponds to 98% of the flux. There is no analytical Fourier transform
of a half Gaussian distribution. Instead, we use the linearity of the Fourier transform
and built up a half Gaussian from 250 rings which transform into zero order Bessel
functions.

• Flat ring: A sharp rise and fall of the rim flux is modelled using a flat ring. The rim
position is in the middle of the ring, corresponding to 50% of the flux. The width
corresponds the full ring width which is 100% of the flux. A flat ring can be described
as a combination of two flat disks, and the Fourier transform is a combination of Bessel
functions of first order.

All of our models are point symmetric. An overview over all Fourier transform pairs used in
this study can be found in Tab 4.3.
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Table 4.3: Fourier transform pairs

shape flux geometry visibility V

point δ (r) 1

Gaussian
√

log 2
πR2 exp

(
− ln 2 r2

R2

)
exp

(
− (πRb)2

ln 2

)
infinitely thin ring δ(r−R)

2πR J0 (2πRb)

uniform disk 1
πR2 if r < R J1(2πRb)

πRb

Table 4.4: Fitting parameters. The fitting routine uses the logarithm of the inner rim position, log R

description parameter prior
stellar flux fraction fs Gaussian distribution around fs from SED
extended flux fraction fh student-t distribution around 0
rim position R flat distribution from 0.025 to 5 au
rim width w flat distribution from 0.01 to 2R

Fitting process and parameters

Three of our four geometric models have four free parameters: The logarithm of the rim
position R, the rim width w, the fraction of the stellar flux fs and the fraction of halo flux
fh. We use the logarithm of the rim position to better cover the large parameter space. An
overview over these for parameters is given in Tab. 4.4. The centred Gaussian does not
include a width parameter.

To fit the geometric model to the synthetic observations we:

1. choose a set of parameters for the geometric model

2. calculate the visibilities (V) of this geometric model using Eq. 4.3

3. compare these with the synthetic visibilities from the physical model

4. calculate the χ2 that corresponds to that set of parameters

5. repeat with a new set of parameters for the geometric model

To technically implement this fitting procedure, we employ the Markov chain Monte-
Carlo (MCMC) algorithm emcee (Foreman-Mackey et al. 2013) a python implementation
of the MCMC ensemble sampler by Goodman & Weare (2010). Our parameter priors are
described in Tab. 4.4. We take the set of parameters of the model with the best χ2 as well
as the set of median parameters from the sampling, together with the 1σ error bars. In most
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cases, the parameters of the best fit model are very close to the sampled median. We use
the parameters from the best fit model for any further analysis, but show both the best and
the median parameters in our plots when there is a significant difference. For each physical
model we do the fitting using the four geometric models.

Our physical models are azimuthally symmetric. Since we observe the physical model
under an inclination angle of i = 45, the rim appears elliptical. This means that the synthetic
visibilities now depend on the orientation of the baseline and not only its length. To take this
into account, we shorten the actual baseline length B accordingly to the orientation of the
baseline, the inclination and position angle of the disk and use an effective baseline Beff :

Beff = B
√

cos2 (PA) + cos2 (i) sin2 (PA) . (4.5)

This is mathematically equivalent to a deprojection of the disk in the sky and allows us to
use our one-dimensional model along each effective baseline without affecting the visibility
values.

Due to the finite height of the inner rim, inclining the disk can hide or expose parts
of the inner rim. This can lead to a flux asymmetry that would require a two-dimensional
geometric model with azimuthal variations as used for example in L17. Even when taking
into account the effect of different inclination angles, L17 find a wide range of values for
the flux asymmetry perpendicular to the inclination axis, and it can not be determined if this
asymmetry is due to the inclined rim or an intrinsically asymmetric disk structure. HD 100453
and AB Aur, on which we have based our models, both have a very small flux asymmetry.
Since most of our physical models have a wedge-shaped rim geometry (see Sec. 1), we expect
the flux asymmetry due to the effect of rim inclination to be small. We therefore focus on the
overall radial flux distribution and do not include model geometries with azimuthal variations.

We consider our models at a wavelength of λ = 1.67 µm.

4.3 Results

1 Physical models

In this section, we give an overview of the physical models and describe the shape and tem-
perature structure of the rims that result from the different grain species and sizes. We then
show how the position and width of the inner rim can be defined via the surface density of
the disk, the optical depth in the midplane or the NIR flux and how these definitions relate to
each other.

Rim shape and temperature structure

Fig. 4.3 shows three typical examples of the shape and temperature structure of the inner disk
region. The color indicates the temperature, and the shape of the disk can also be inferred
from the vertical and radial τ = 1 lines. The model on top has only 1 µm dust grains. This
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leads to a steep, but rounded rim shape extending to 0.28 au, as expected due to the density
dependences of the sublimation temperature and described in Isella & Natta (2005). Adding
1% of 1 mm grains to the 1 µm leads to a rim structure shown in the middle plot of Fig. 4.3.
These large grains cool very efficiently, and shift the optically thick rim region that consists
mainly of 1 µm grains inwards to 0.2 au. In addition, they create a cool, optically thin region
in front of the optically thick rim that extends to 0.1 au. When the amount of large grains
is raised to 20% (bottom plot of Fig. 4.3), the fraction of efficiently cooling grains is large
enough to draw the entire optically thick rim in to 0.1 au. These wedge-shaped rims caused
by two different grain sizes have also been found by Tannirkulam et al. (2007). Overall, the
temperature and density structure in our models is very similar to the ones found in K09, and
we point to their Figures 6 and 7 for more examples.

Rim definition

To date, there is no common, well-established definition of the rim width and position. Two
ways of describing the inner rim have emerged: One is via the stellar optical depth in the
midplane, a definition used mainly in the context of modelling. The other way is to constrain
the rim width and position via interferometric observations, which is, implicitly, a definition
via the NIR flux. In this paper, we consider a third definition via the disk dust surface density,
which is relevant if we think in terms of building material for planets. In the following, we
describe each definition in detail:

Optical depth in midplane (ODM):
K09 use the radii with τr = 0.1, 1 and 10 for stellar light in the midplane to define the position
and width of the inner rim. In a similar fashion, Flock et al. (2017) use τr = 1 to define the
rim position. After calculating τr = 0.1, 1 and 10 for our models we compare our values
with those K09 (their Fig. 3) and find that they are in excellent agreement. In this paper, we
will refer to the position and width as defined by the optical depth in the midplane as ODM
position and ODM width.

NIR flux (NIRF):
The NIR emission at the inner rim is ring-shaped. We calculate the cumulative flux as a
function of distance from the star of our physical models and define the inner rim position as
the radius that contains 50% of the NIR flux, and the rim width is defined by the radii that
contain 10% respectively 90% of the cumulative flux. In this paper, we will refer to the rim
position and width defined via the NIR flux as NIRF position and NIRF width.

Surface density (SD):
The surface density is expected to decrease monotonically over the entire disk. The subli-
mation of solids causes a decrease of the dust surface density as we approach the star. The
disk rim can therefore be defined as the region where the dust surface density is rising before
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Figure 4.3: The temperature structure of three models that show different types of rims. The full and dashed black
line indicate the vertical and radial optical depth τv = 1 and τr = 1. The top model has only 1 µm grains. The middle
model has 1 µm grains and 1 % of 1 mm grains. The model on the bottom has 1 µm grains and 20 % of 1 mm grains.

76



4.3 Results

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1
.2

1
.4

ra
d
iu

s 
[a

u
]

1
0
-5

0
-9

0
 %

 o
f 

 m
a
x
. 
su

rf
a
ce

 d
e
n
si

ty

1
0
-5

0
-9

0
 %

 o
f 

N
IR

 f
lu

x

ta
u
R

 =
 0

.1
-1

-1
0
 (

M
P
)

ol
iv
in
e

ir
on

fo
rs
te
ri
te

0.
1

1
10

10
0

10
00

0.
1

0.
1

99
%

1%

99
%

1%

2%
4%

10
%

24
%

60
%

80
%

20
%

80
%

20
%

99
%

1%

99
.9
9%

0.
01
%

99
.9
9%

0.
01
%

99
.9
9%

0.
01
%

10
0%

10
0%

10
0%

Figure 4.4: Left hand side: Each line in the table shows the material and size of the grains in one model. The
grain material and grain size (in µm) are given in the top line. The mass fraction of each grain is indicated by the
percentage value. Right hand side: Position and width of the inner rim for each model. There are three different
ways to define the inner rim. Via the NIR flux (black), the surface density (cyan) and the optical thickness τ in the
midplane (pink).
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it reaches its maximum value. We define the rim position as the radius where the surface
density has reached 50% of its maximum value, and the rim width as the region from 10%
to 90% of the maximum surface density value. In this paper we will refer to the rim position
and width defined via the surface density as SD position and SD width.

Physical models: rim width and position

Having defined the rim width and position in three different ways, we demonstrate how these
definitions relate to each other by showing the ODM (pink line), NIRF (black line) and SD
(cyan line) position and width for twelve representative models from our grid in Fig. 4.4. On
the left hand side of the figure, the grain composition of each model is shown in tabular form.
The head of the table shows the grain species and the grain size in µm, and the numbers in
the table correspond to the mass fraction in percent. Each of the following paragraphs cor-
responds to a subset of models, indicated in the figure by the dotted lines. The models are
counted from the bottom upwards.

Single grain size:
The first three models in Fig. 4.4 are all one-grain-size models. As expected, the position of
the inner rim gets closer to the star as the grains become larger, independent of the chosen
definition. Apart from this shift in position, the 0.1 µm model and the 1 µm model are very
similar. The ODM width is very small, the rim becomes quickly very optically thick. The SD
position and the NIRF position agree well with each other, but the NIRF width extends much
further then the SD width. Only a small part of this extended flux is due to scattered light.
The 90% mark of the thermal emission is also outside of 0.95 au. The model with only 1 mm
grains has a larger ODP width. Since all these models have the same mass, a disk with only
1 mm grains has fewer grains and is thus optically thinner then disks with only small grains.

Large grains: trace amount, different size:
In the next set of three models, we show the effect of a trace amount of large grains in a disk
of mainly 0.1 µm grains. The SD position and width is barely changing. If 1 mm grains are
added, the amount of grains corresponding to a mass fraction of 0.0001 is too small to even
create an optically thin area in front of the rim. Nevertheless, the 10% mark of the NIR flux
is closer to the star than in the 0.1 µm model. Adding 100 µm grains creates an optically thin
region in front of the rim, but once the optical depth reaches τr = 1, the rim becomes quickly
very optically thick. The NIRF position and width stay similar to the model with added 1 mm
grains. In the third of these trace amount models, we add 10 µm grains. Again an optically
thin region develops, but this time NIR flux is emitted from this region. This is because the
fixed mass fraction of large grains results in more 10 µm grains. The emission from within
the optically thin region leads to a NIRF position closer to the star and a larger NIRF width
compared to the two other trace amount models.
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Large grains: different mass fractions + larger small grains:
The next three models show the influence of the fraction of 100 µm grains and the effect of
changing the small grain size from 0.1 µm to 1 µm. For a small amount of large grains, the
ODP position is determined by the size of the large grains. The same is true for the 10% mark
of the NIRF and the SD width. The SD position on the other hand is determined by the size
of the small grains. The NIRF position is influenced by both, the fraction of large grains and
the size of the small grains. Especially in the model with a mass fraction of 0.2 large grains,
the SD position is more than three times further away from the star than the NIRF position.
The NIRF width in the models with mainly 0.1 µm grains is mainly determined by extended
thermal flux. The NIRF width of the model with 80% of 1 µm is very large. This is mainly
an effect of scattering.

MRN grain size distribution:
The grains in the next model follow an MRN size distribution. This means that the largest
fraction of mass is in the 1 mm grains, which determine the shape of the rim. The ODP and
SD position and width are similar to the model with only 1 mm grains. The distance between
the 10% and 50% NIRF mark is very small, indicating a quick rise of the NIR flux. Only the
overall NIRF width is more similar to the model containing only 0.1 µm grains.

Different grain species:
The next two models contain different grain species. Replacing 0.01 of the mass fraction in a
disk with 0.1 µm olivine grains with 0.1 µm iron grains leads to a significant shift inwards of
the rim position, independently of the used definition. The rim positions agree roughly with
the 1 µm olivine model. Replacing 0.01 of the mass fraction with forsterite instead of iron
leads to a very different rim structure. The OPM position is very close to the star, and the
OPM width is very small, meaning that this rim becomes optically thick very quickly. The
SD position is very far out, even further then the one-grain-size 0.1 µm model. The NIRF
position and width is comparable to models with a moderate amount of large grains.
In general, the ODM position is always very close to the 10% NIRF mark. The ODM width
is mostly very small. This means that a very specific combination of grains size and large
grain fraction is necessary to create an optically thin area, and to determine weather this area
emits in the NIR. The SD position is determined by the large grains if the large grain fraction
is 0.6 or larger, and by the small grains if the large grain fraction is 0.2 or smaller. The SD
width becomes large if the large grain fraction is small, but significant.

In the following parts of this section, we will always use the NIRF definition of the rim
position and width, because this is what we measure with our interferometric observations.
As can be seen in Fig. 4.4, the NIRF position and width do not correlate with the ODM
position and width. The NIRF and the SD position agree well in many of the models. But if
there is a small, but significant amount of large grains, the SD position can be a factor two or
three further away from the star than the NIRF position. Except for models with only large
grains, the NIRF width is always larger then the SD width, depending on the model between
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Figure 4.5: Histogram that shows the flux geometry that leads to the best χ2 for models with a star with 47 L� (left)
and 8 L� (right).

a factor two and ten. Scattered light can explain this effect only in a subset of models, and
even then only partially. It seems that the large NIRF width due to thermal emission is an
intrinsic quality of inner rims that are created using density dependent dust sublimation and
condensation in hydrostatic equilibrium.

2 Synthetic observations

Here we investigate how accurately the synthetic observations constrain the geometry, posi-
tion and width of the inner rim. Since the interferometric observations measure the distri-
bution of the NIR flux, we always compare them with the NIRF rim position and width and
therefore do not mention this explicitly in this section.

Rim geometry

The synthetic observations of each of our physical models is fitted with the four different ge-
ometric models (see Fig. 4.2). We use the χ2 value of these fits to find the best flux geometry
for each physical model and plot the result in Fig. 4.5.

Overall, the models follow a similar pattern for both stars. The geometry that provides
the best fit to most models is the half Gaussian, followed by the flat ring, the Gaussian ring
and the centred Gaussian. There is a clear preference for geometries with a steep rise of flux
at the inner rim, the half Gaussian and the flat ring. Within these two geometries, there is
a preference for the half Gaussian that has a smooth decline of the flux at larger distances,
compared to the steep decline in the flat ring geometry. Looking at the NIRF position and
width in Fig. 4.4, this result is not surprising. The rise of the NIR flux from 10% to 50% of
the total NIR flux is much steeper than the rise from 50% to 90%.

Since the models with an 8 L� solar luminosity star have smaller rims and therefore less
resolved visibilities, the number of models that are best fitted by a centred Gaussian is higher.
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Rim position

To see how well the rim position can be constrained by observations, we compare the rim
position directly from the physical model with the position obtained from the synthetic ob-
servations. In Fig. 4.6, we show the observed rim position against the physical rim position
for each of our models and four each model geometry. The error bars show 1σ around the
mean value of the position distribution, the cross indicates the best fit position. For models
on the dashed grey line, the physical and the observed rim position agree with each other.

Overall, the observed rim position does agree well with the position in the physical model.
There is a difference between fits with geometries where the flux is symmetrically distributed
around the 50% flux mark (flat ring and Gaussian ring) and geometries where a steep flux rise
is followed by a smooth decline in flux emission (Gaussian and half Gaussian).

The rim position of the asymmetric geometries that are fitted to the observations (half
Gaussian and centred Gaussian) are defined at 76% (FWHM) of the flux (see Sec. 3). We
would therefore expect the asymmetric geometries to overestimate the rim position. Instead,
Fig. 4.6 shows that the asymmetric geometries agree better with the rim position and that the
symmetric geometries slightly underestimate it.

This is caused by the asymmetric flux distribution in most of the physical models. In
Sec. 1 in Fig. 4.4 it becomes clear that the flux rises very quickly from 10% to 50% compared
to the slow rise to 90%. This asymmetry means that the asymmetric geometries lead to a
better result. The fact that the 76% flux position from the observation is in agreement with
the 50% flux position from the physical model means that the physical flux distribution is
even more asymmetric than our asymmetric geometries.

Since the rim position scales with the square root of the stellar luminosity, the same disk
model will have a larger inner rim position for the 47 L� star than for the 8 L� star.

The 47 L� star models
The 47 L� star models can be seen on the right hand side of Fig. 4.6.

Highly resolved models:
In the left side of Fig. 4.6, the models with a rim position larger than 1 au are highly re-
solved. Their visibilities show more than one minimum. The flux geometries in this work are
different from the actual rim flux, so it is not possible to fit the observed visibilities exactly.
Instead, two (or more) fit results of similar quality appear. The mean value of such a binomial
distribution does not agree with the best fit result, which instead occurs at the outer edge of
the 1σ distribution. An example for such a binomial parameter distribution with a degeneracy
of the rim width and position. This explains the large errorbars of the highly resolved models.
All models with such a large rim position have small grains with a size of 0.1 µm and only a
trace amount of larger or refractory grains that lead to an optically thin region in front of the
actual rim position.
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Fully resolved models:
From around 1 au, the models are still resolved, but only one minimum can be seen in the
visibilities. This means that less information about the flux distribution of the physical model
is available, so it is possible to get a better fit to the observations with a basic geometry,
which leads to smaller errorbars. The models in this region have mainly 1 µm grains and a
trace amount of larger or refractory grains. The underestimated two species models contain
forsterite of 0.1 µm or 1 µm. The underestimated two-grain-size model contains 20% of 1 mm
grains which creates a double rim structure and a low fraction of NIR flux from the disk com-
pared to the star. Down to about 0.7 au, these are models with a small grain size of 1 µm and
trace amounts of larger or highly refractory grains that lead to optically thin regions in front
of the actual rim position.

Partially resolved models:
Inside of 0.7 au are models with larger amounts of large or highly refractory grains. The mod-
els become partially resolved at about 0.3 au, but the rim positions from the physical models
and the fit to the observation still agree well with each other.

The 8 L� star models
The 8 L� star models can be seen on the right hand side of Fig. 4.6. The lower resolution
of these models makes it more difficult to extract the rim position from the visibilities. This
problem is emphasized by the smaller fraction of light that is re-processed by the rim because
of the lower luminosity of the star.

Resolved models:
Like for the 47 L� star case, the models with a large inner rim position consist of 0.1 µm
grains and a trace amount of large or highly refractory grains that lead to optically thin area
in front of the actual rim. The models are resolved, but show only one minimum. This is
why they have smaller errorbars than in the higher luminosity case. The models just inside of
0.4 au are the same type of trace amount models, but this time with small grains with a size
of 0.1 µm. They also have optically thin areas in front of the inner rim.

Partially resolved models:
At 0.3 au the models start become unresolved. Coincidently, this is also when the optically
thin region in front of the rim starts to become optically thick and moves the rim further in-
wards. In the case of the symmetric geometries (flat ring and Gaussian ring), this leads to a
sudden underestimation of the rim position.
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Outliers:
There are three (or four, depending on the geometry) two-grain-size models whose rim po-
sition is clearly underestimated. These are models with a significant amount of 100 µm or
1 mm grains. This creates a double rim structure that leads to a small drop of the visibilities
at shorter baselines, which can not be fitted by any of our flux geometries. In addition, the
large amount of large grains also reduced the relative disk flux, which also makes it more
difficult to fit the visibilities of these models.

The rim positions of two of the two-species models are clearly underestimated. These are
models with 99% of forsterite. Since forsterite has very low opacities in the NIR, the disk
flux in this model is very low, which leads to a bad visibility fit.

Rim width

In this section we investigate how well observations can constrain the rim width. Just like
for the rim position, we compare the rim width taken directly from the physical model with
the rim width obtained via fitting a geometric model to synthetic visibility observations (see
Fig. 4.7). The rim width clearly less well constrained than the rim position.

One reason for this is the NIR flux distribution in the inner disk region, that can also be
seen in Fig. 4.4. The flux rises very steeply at the sublimation front until it reaches more than
50% of the total flux. Then the flux emission continues at a low level out to larger radii. A
significant amount of this low level flux is thermal. It can be pushed to further out radii if
the model produces a large amount of scattered light, but not far enough to be detected as
extended flux in interferometric observations.

This asymmetric distribution of the flux around the rim position (the 50% flux mark) is
not reflected in the geometry of our flux models. The half Gaussian geometry does have the
fast rise of the flux and a more smooth flux decline, but it does not have a low level of flux
extending out to larger radii. It is this low level flux that creates wide rims in most of our
models, while the width that is found via the geometric model measures the width of the fast
rise of the flux at the dust sublimation front.

Taking this effect into account, we take the half rim width (from 10% to 50% of the NIR
flux) and plot it against the half width found by the fit to the interferometric observations
(Fig. 4.7). The errorbars mark the 1-σ errors around the mean values of the fit results, the
crosses show the best fit values. The different colors indicate the different types of model.
The half width is better constrained than the width, in particular for the 47 L� star models.

Most models with a 47 L� star are constrained within a factor of two. The offset seen for
the ring and the half Gaussian geometry but not in the Gaussian ring is not due to a wrong
fit, but a result of the rim width definition. The NIRF width of the physical model includes
80% of the flux, which is roughly the same as the flux within the FWHM which defines the
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Figure 4.6: Left: All models with a star with 47 L�. Each panel shows the result for one type of geometric model.
The rim position R taken directly from the physical model against the rim position determined by the fit of a ge-
ometric model to the synthetic PIONIER observations. The dashed line indicates agreement between both values.
The different colors indicated different models subsets: blue: one grain size, green: two grain sizes, black: two grain
species, red: MRN size distribution. Right: Same for models with a star with 8 L�.
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width of the Gaussian ring. The width of the half Gaussian geometry contains nearly 100%
and the width of the ring geometry exactly 100% of the flux (see also Sec. 3). Some 47 L�
star models are not well constrained because they are super-resolved (as explained in Sec. 2).

For the models with a 8 L� star, the width is badly constrained. These models are only
partially resolved and have in addition to that low NIR flux from the disk compared to the
star, so this result is not surprising. However, the rim widths can still be used as an upper
limit.

Overall, the half width can give a useful constrain in the case of the 47 L� star models,
but should at most be used as an upper limit in the case of the 8 L� star models. A geometric
model that takes into account the steep flux rise and the more extended low flux levels by
using two different flux components in combination with fitting several wavelength at the
same time might be able to improve these results.

Stellar flux

The extended flux fh does not correspond to any well defined disk region. We therefore do
not try to compare it directly with our physical models. Instead, we look at the flux from
the disk fd = fgeo + fh and the flux from the star fs to see how much of the stellar flux is
re-processed by the disk.

In this section, we investigate how well the relative stellar flux fs is constrained from the
fit to observed visibilities. To do this, we compare it with the relative stellar flux calculated
directly in the model. The results are very similar for all four geometries, so we show only
the results from the half Gaussian geometry in Fig. 4.8.

The stellar flux fraction fs is very well constrained via the interferometric observations,
especially for the 47 L� star. For the 8 L� star models it is slightly underestimated. This is
because most of these models are only partially resolved and have a high stellar flux fraction.
But apart from the models with a high forsterite fraction, fs seems also well constrained. In
the range of models in this work it never happens that part of the rim is close enough to the
star to be attributed to the stellar flux in interferometric observations, even when the models
are only partially resolved and the relative flux contribution from the rim is small.

The spread of relative stellar fluxes is large: It ranges from 0.4 to 0.8 in the 47 L� star
models and from 0.6 to 0.9 for the 8 L� star models.

An important factor that determines the relative stellar flux in this range of models is
the size of the small grains. 1 µm grains have a significant larger scattering cross section at
1.67 µm than 0.1 µm grains. This additional scattered light means that a larger fraction of
the total flux originates from the rim, and the relative contribution from the star becomes
lower. This is why the models with 1 µm grains are located in the lower half of the relative
stellar flux range, and the models with 0.1 µm grains in the upper half. This effect of 1 µm
grains on the amount of scattered light in the NIR has already been observed with AMBER
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Figure 4.7: Left: All models with a star with 47 L�. Each panel shows the result for one type of geometric model.
The rim width w taken directly from the physical model against the rim width determined by the fit of a geometric
model to the synthetic PIONIER observations. The dashed line indicates agreement between both values. The
different colors indicated different models subsets: blue: one grain size, green: two grain sizes, black: two grain
species, red: MRN size distribution. Right: Same for models with a star with 8 L�.

in HD 100546 (Benisty et al. 2010b).
Within these two groups, models with more and/or larger grains tend to have a larger fs.

This is because larger grains emit and scatter less efficiently in the NIR than smaller grains,
and because they lead to a rim position closer to the star.

The comparison in Fig. 4.8 does take the limited field of view of the interferometric
observations into account. For the ATs (see Sect. 2), this is 400 mas, which corresponds to
23 au at a distance of 114 pc. While no thermal NIR emission will occur so far from the star,
scattered light can still contribute to the NIR flux from the disk.
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Figure 4.8: Left: All models using a half Gaussian geometry with a star with 47 L�. The relative stellar flux fs is
calculated from the SED of the disk and the star at 1.67 µm. It is compared with the relative stellar flux obtained by
fitting a geometric model to the synthetic PIONIER observations. The dashed line indicates agreement between both
values. The different colors indicated different models subsets: blue: one grain size, green: two grain sizes, black:
two grain species, red: MRN size distribution. Right: Same for models with a star with 8 L�.

There no discernible NIR emission outside of the field of view in our 47 L� star models,
but in the 8 L� star models there is a small but noticeable contribution. This is in agreement
with Pinte et al. (2008), who show that the relative amount of extended scattered light is
higher for lower luminosity stars.

4.4 Discussion

In this section, we show how the rim position depends on the dust properties of the inner rim
and discuss this in the context of the observed rim positions of L17, especially for the case of
HD 100453.

1 Disk composition

In Sec. 2 we demonstrated that the inner rim position is well constrained by interferometric
observations. We now wish to know if it is possible to infer the dust composition and size
distribution of a specific disk if the rim position of that disk has been observed. To do this
each rim position would have to correspond to a unique physical model. But very different
physical disk models can lead to the same rim position, as shown in Fig. 4.9. This makes it
more difficult to obtain constraints from the rim position. But looking at the rim position in
the context of all models can still provide useful information about the dust properties at the
inner rim.
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Figure 4.9: Overview over the rim position for models with a star with 8 L�. We show all trends, but not each single
model to keep the plot readable. Each line contains a subset of models. The first two lines (counted from below)
show the rim position for the models with one grain size. Models with constant grain surface (equivalent to constant
radial optical depth) are in the first line. Models with constant mass are in the second line. The size of the black
circles indicate the sizes of the grains. The next three lines show models with two different grain sizes. The grain
size is indicated by the circle size, the mass fraction of large grain by the color. The following five lines show models
with two different grain species. The square size indicates the grain size, the square colour the mass fraction of the
highly refractory species. The type of species can be seen at the label on the y-axis: oliv:olivine, fors:forsterite,
iron:iron, cor:corundum. The last (uppermost) line shows models with an MRN-like grain size distribution with a
maximum size of 100 µm and 1 mm. Grey vertical lines: indicate the position of the one-grain-size models for better
orientation. Dashed line: Theoretically expected sublimation front for an optically thin rim with large carbon grains
calculated using Eq. 4.1

.

Range of rim positions

Fig. 4.9 shows the possible inner rim position for the models with a star with 8 L�, but the
following explanations are in principle valid for disks around any stellar luminosity. The first
two rows (counted from the bottom upwards) contain models with only one grain size. As the
grain size increases, the rim position moves closer to the star. Looking at Eq. 4.1, increasing
the grain size corresponds to increasing the cooling efficiency ε. At 1 mm grain size, the
cooling efficiency is nearly 1 and increasing the grain size further has no further influence on
the rim position.

As already described in Sec. 1, adding large grains (see models indicated with circles in
Fig. 4.9) leads first to the formation of an optically thin area of large grains which leads to a
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small change in the rim position. If the mass fraction of large grains is large enough they cool
their environment efficiently enough that now also the small grains can exist closer to the star
and the rim position moves in further.

Highly refractory grains like iron or corundum (see models indicated with boxes in Fig. 4.9
and labelling of y-axis) can exist closer to the star because of their higher sublimation tem-
perature Tsubl instead of a change in cooling efficiency. But the effect on the rim position is
very similar to the effect of large grains.

The opacities of forsterite lead to a cooling efficiency larger than one. This means that
even a small amount of forsterite has a large effect on the rim position. But the overall low
opacity also mean that it does not emit a large amount of NIR, so that it is hard to detect a
rim consisting mainly of forsterite grains.

The vertical dashed black line in Fig. 4.9 indicates the expected sublimation front of large
(ε = 1) carbon (Tsubl = 1800 K) grains in an optically thin rim (Cbw = 1). The position of
such a rim would be at a slightly larger radius than that line, since it is defined at 50% of the
NIR flux.
A significant amount of our models has an inner rim between 0.14 au (MRN model) and
2.2 au (models with 1-20% of mass in large or highly refractory grains). To have a rim
position smaller than 0.14 au the inner rim would have to be significantly depleted in small
grains. To have a rim position outside of 2.2 au, the inner rim would have to be significantly
depleted in large and in highly refractory grains. Both are not likely. Without at least a
fraction of a mass percent in small grains, it is not possible to create enough flux from the
disk rim to get a realistic value for the stellar to disk flux ratio.
The models with 47 L� star behave in the same way as the 8 L� described in this section, just
on a larger spatial scale.

Comparison with observation

Rim position:
Looking at the rim positions observed by L17 (their Fig. 19), they find that the median rim
position of their observed disks is a factor two larger than a theoretical, optically thin carbon
sublimation front. This is where the rims our MRN models are located.

If we assume that the observed disks have indeed an MRN-like dust size distribution we
can also explain most of the spread in the rim positions observed in L17. A deviation from
the grain size distribution towards more mass in large grains or the addition of a highly re-
fractory component can shift the model rim position inwards towards the theoretical carbon
sublimation front. Reducing the amount of large grains by a factor of two or three compared
to the MRN distribution can lead to rims position at a radius of three times the theoretical
carbon sublimation front.

An observed rim position at four times the carbon sublimation front excludes every model
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Figure 4.10: Rim position against relative disk flux of all models around all 8 L� star. For comparison the same
values obtained for HD 100453, HD 142666 and R CRA by L17.

with even a trace amount of large or highly refractory grains. This is possible, but seems
highly unlikely. It could also be the the innermost part of such a disk has been completely
removed via photo evaporation. This is especially true in disks that are several Myrs old. Our
models provide no explanation for models with a rim position inside of the theoretical carbon
sublimation line. It has been suggested that optically thick gas emission could be the origin
of this emission very close to the star, but current PIONIER observations are not resolved
enough to confirm or exclude this hypothesis (L17).

But the observed rim positions do not necessarily need to be produced by the presence of
large grains. The presence of small forsterite grains will result in a rim position very similar
to the MRN model and also a significant amount of iron grains.

2 Comparison with HD 100453

We focus this comparison on HD 100453 and the 8 L� and only comment on the models with
the 47 L� star.

The rim position and the relative stellar flux fs are both well constrained parameters. It is
therefore interesting to compare the range of values find in our grid of models with observa-
tions. Instead of the fraction of stellar flux fs, we compare the stellar flux that is re-processed
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by the disk fd = 1− fs = fgeo + fh, since this parameter is commonly used when discussing the
flux distribution. In Fig. 4.10, we compare the rim position and the disk flux of our 8 L� star
models with the values of HD 100453. We also show the values for HD 142666 (d=150 pc
Lindegren et al. 2016, , L=9.76 L�)) and R CrA (d=130 pc Acke & van den Ancker 2004, ,
L=7.59 L�). The rim positions and relative flux values are taken from L17 and the luminosi-
ties from Lazareff (private communication).

The rim position of HD 100453 is within the range of rim positions we find with our
model grid, but in the region where models with no or only a trace amount of large/highly
refractory are found. The same is true for R CrA. The rim position of HD 142666 is closer
to the star, around the position of the MRN models and models with a significant amount of
highly refractory grains.

The disk flux of HD 100453 can also be reproduced by our models, but only if they
contain enough 1 µm grains to create a significant amount of scattered flux from the inner rim
on top of the thermal emission. The disk flux of R CrA and HD 142666 is much higher than
in our models. The same is true for AB Aur when it is compared to the 47 L� star models. the
This suggest that there is an additional disk component or a mechanism that creates NIR flux
in the disk that is not included in our models. This missing NIR flux in some Herbig stars
is a well known phenomenon and has been described in e.g. Dullemond & Monnier (2010);
Khalafinejad et al. (2016).

In Fig. 4.11, we show the extended flux fh against the rim position. The amount of
extended flux does depend strongly on the distance of the disk. None of our models have
as much extended flux as HD 100453. This has been investigated in detail in K17, who use
quantum heated particles (QHPs) to explain the large amount of extended flux in HD 100453.

3 Influence of other disk parameters and processes

Accretion
Accretion has been shown to provide an important contribution to the overall heating of the

inner regions (Mulders & Dominik 2012; McClure et al. 2013). We therefore test the influ-
ence of accretion by adding an accretion rate of 10−7 M�/yr to our one-grain-size models.
This is a high, but still realistic value. In models with a 47 L� star, the energy contribution
due to accretion is ≈2 %. It has no effect on the inner rim or the visibility curves. In models
with a 8 L� star, the energy contribution due to accretion is ≈9 %. The effect on the inner rim
position is small. The fraction of flux from the disk can be increased by up to 10%. in models
with an overall low flux contribution from the disk. Overall, accretion heating seems not to
be an important factor for the inner rim properties in Herbig stars. It might however have a
measurable effect if an accretion rate of more than 10−7 M�/y is observed in a Herbig star
with L≤ 8 L�.

91



4 NIR interferometry observations of PPDs

10-1 100

radius [AU]

0.00

0.05

0.10

0.15

h
a
lo

 f
lu

x
 f
h

HD 100453

MRN

1 size

2 sizes

2 species

Figure 4.11: Rim position against relative extended flux of all models around all 8 L� star. For comparison the same
values obtained for HD 100453 by L17.

Dust settling
Our models assume that the vertical dust distribution follows the gas distribution. Introducing
settling could lower the dust scale height and affect the ability of the disk to re-process stellar
light. To investigate this effect we add settling and turbulence as described in Mulders & Do-
minik (2012) and using using α = 10−3 to our one-grain-size and MRN models and compare
them to the models without settling. We find that the results of all models that have at least
a few percent of mass in small grains (like the MRN models) are not changed. Models with
only large grains (>10 µm) are affected, but are not very realistic.

Gaps in the inner region
Large disk gaps as they have been observed by ALMA (e.g. Espaillat et al. 2014; ALMA
Partnership et al. 2015) or SPHERE (Benisty et al. 2017; Muro-Arena et al. 2018, e.g.) are
too far out in the disk to effect the NIR emission. However, magnetically launched disk
winds or photo evaporation could open gaps within a few au which could be detected using
NIR interferometry. Menu et al. (2015) also suggest the presence of small gaps in the inner
disk region to explain the extent of the MIR emission they observe in a part of the Herbig
stars in their sample. We introduce gaps of different sizes at different positions into our model
with only 1 µm grains. As outer edge of the inner rim we chose 1 and 3 au, as inner rim of
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the outer disk 5, 10 and 20 au.
We cannot identify any clear effects from varying the inner edge of the outer disk. For the
models with a 47 L�, the inner rim of the outer disk does not effect the NIR flux. But in
the 8 L� models, the shape of the visibility curve at very short baselines (<10 Mλ) is altered
by the scattered light from the inner edge of the outer disk at 5 au. The overall value of the
extended flux fh = 0.05 for the 11 µm is not affected by the introduction of the gap. The NIR
emission in the H-band at 1.67 µm is not strongly affected by gap opening, even if the inner
rim of the outer disk is within the field of view of the interferometer.

4.5 Summary and Conclusions

In this work, we investigate how well interferometric observations can constrain the position,
width and relative flux of the inner rim of protoplanetary disks. We examine to what extent
this is influenced by the choise of rim geometry that is assumed in the interpretation of the
interferometric observations. We have also used these parameters to gain information about
the dust composition and grain size distribution at the inner rim, because that is the base
material for terrestrial planet formation.

To do this we create a grid of physical models (including dust sublimation and conden-
sation and non-isotropic treatment of scattering) that provides the inner rim position, width,
shape and flux for a large set of dust parameters. We then obtain synthetic PIONIER ob-
servations of these physical models and analyzed these observations assuming different flux
geometries. We compare how well the thus obtained rim position, width and flux contribu-
tion constrain the physical disk parameters. Then we investigate to what extent knowledge of
these physical parameters makes it possible to draw conclusions about the disk composition
and the grain size distribution. Finally, we compare our results to recent PIONIER observa-
tions by L17. This leads us to the following conclusions:

Defining the inner rim for the physical models:

• The H band NIR flux as a function of disk radius rises very steeply just outside the
τr = 1 position and then decreases very slowly

• The available dust mass as a function of radius can behave very differently than the
NIR flux. The relation between the two definitions is highly dependent on the dust
parameters

Fitting the observations with different flux geometries:
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• Even for partially resolved rim observations, the best fit results are usually obtained
assuming a ring-shaped flux distribution and not a centered Gaussian when fitting the
observations

• For a good fit, the geometric model should include the steep rise and slow decline of
the flux as function of the disk radius. Of our four geometries, the half Gaussian comes
closest to this flux distribution.

Constraining the rim parameters:

• The rim position and the relative stellar flux can be very well constrained with interfer-
ometric observations, even for partially resolved objects.

• The half rim width can be used as a constrain in resolved models. It is an easier param-
eter to fit than the full width, because it only takes the fast rise of the flux distribution
at the sublimation front into account, while the second half of the flux can come from
a spread-out region.

Comparison with observations:

• The observed rim positions (L17) can be reproduced by models with an MRN-like
grain size distribution or a significant amount of large grains, but also by models with
a significant amount of forsterite. Distinguishing between effects of grain size and
composition requires more detailed modelling and additional observations.

• None of the models that agree with the observed rim position can reproduce the correct
ratio of stellar to disk NIR flux. An additional physical process or disk component not
included in our models is necessary to re-produce the observed NIR emission of the
disk.
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Abstract

The Earth is strongly depleted in carbon compared to the dust in the ISM, implying ef-
ficient removal of refractory carbon before parent body formation. It has been argued that
grains can get rid of their carbon through oxidation and photolysis in the exposed upper disk
layers. We assess the efficacy of these C-removal mechanisms accounting for the vertical and
radial transport of grains. We obtain the carbon and non-carbon mass budget of solids by
solving two 1D advection-diffusion equations, accounting for the dust grain size distribution
and radial transport. The carbon removal acts on the fraction of the grains that are in the
exposed layer and requires efficient vertical transport. In models without radial transport, ox-
idation and photolysis can destroy most of the refractory carbon in terrestrial planet formation
region. But it only reaches the observed depletion levels for extreme parameter combinations
and requires that parent body formation was delayed by 1 Myr. Adding radial transport of
solids prevents the depletion entirely, leaving refractory carbon equally distributed through-
out the disk. It is unlikely that the observed carbon depletion can ultimately be attributed to
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mechanisms operating on small grains in the disk surface layers. Other mechanisms need to
be studied, for example flash heating events of the inner disk (e.g. from an FU Ori outburst)
in order to remove carbon quickly and deeply. However, a sustained drift barrier or strongly
reduced radial grain mobility are necessary to prevent replenishment of carbon from the outer
disk.
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5.1 Introduction

The Earth is significantly depleted in carbon (Allègre et al. 2001). Its silicon to carbon ratio is
a factor of 10−4 lower than in the Sun (Grevesse et al. 2010) or in the ISM, the base material
it formed from (Bergin et al. 2015). The picture is different for objects formed further out
in the solar nebula. The silicon to carbon ratio of carbonaceous chondrites is only a factor
100 lower than in the ISM (Wasson & Kallemeyn 1988), and many comets are not carbon
depleted at all (Wooden 2008). This seems to show a gradient of carbon depletion in the
Solar System, with depletion getting stronger for objects that formed closer to the Sun (e.g.
Pontoppidan et al. 2014; Lee et al. 2010; Geiss 1987).

However, more than half of the carbon in the ISM is expected to be refractory material
(Zubko et al. 2004). Several processes have been suggested to remove this refractory car-
bon from the inner regions of a protoplanetary disks. Gail & Trieloff (2017) investigate the
destruction of refractory carbon species within their radial transport models (see also Gail
2001), but find that oxidation in the disk mid-plane via OH molecules (Finocchi et al. 1997)
is not sufficient to deplete the inner disk region of carbon. Anderson et al. (2017) employ
carbon oxidation via atomic oxygen in the hot, upper disk layer (following Lee et al. 2010)
and the photolysis of carbon grains directly via UV photons (Alata et al. 2014). In the inner
disk regions they reach a carbon depletion comparable to the Earth, but only if all refractory
material is in small grains and without taking into account radial dust transport.

In this work, we investigate how the presence of large grains and vertical and radial dust
transport influence the refractory carbon in a protoplanetary disk, and the viability of deplet-
ing the inner disk region via oxidation and photolysis in the upper disk layers.

5.2 Model

1 Disk model

For the star we take M? = 1 M�, L? = 1 L� and the UV field is set to LUV = 0.01L?. The total
disk mass is set to 0.039 M� and we adapt a dust-to-gas ratio of 0.01, similar to Anderson
et al. (2017) and Kamp et al. (2017). The disk surface density follows a power-law profile
with Σ ∝ r−1 and is exponentially cut-off at 200 au. We assume an initial carbon-to-hydrogen
abundance of 2·10−4, which agrees with solar (Asplund et al. 2009) and ISM abundances
(Jenkins 2009). Like Anderson et al. (2017), we divide carbon equally between volatiles and
refractory grains (see also Zubko et al. 2004). This leads to an initial carbon mass fraction fc
of about 0.25 in solids.

We refer to the surface layer of the disk where the refractory carbon gets destroyed as the
exposed layer. This is the layer where carbon reacts with free oxygen and where most of the
photolysis occurs. We denote the vertical coordinate of the exposed layer as z1 and its surface
density as Σ∗.
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2 Oxidation

The exposed layer is characterized by a steep gradient in gas temperature. However, most of
the dust in the exposed layer will be found just above z1, corresponding to a radial optical
depth of unity, and is well approximated by a single T . Based on previous observations and
thermo-chemical disk modelling (Fedele et al. 2016; Kamp et al. 2017), we describe the gas
temperature in the exposed layer by

Tg = Ti

(
r
ri

)−q

(5.1)

with Ti = 750 K, ri = 1 au and q = 0.6. This temperature is independent of the height z1 of
the exposed layer because it is set by the optical depth.

The rate at which carbon is removed from a single grain by oxidation is

kox = noxvoxσYox (5.2)

where nox is number density of atomic oxygen at z1, vox is the oxygen thermal velocity, σ the
grain cross section and Yox the yield of the oxidation (Anderson et al. 2017; Lee et al. 2010).
We use nox = εng, with ε = 10−4 (Meijerink et al. 2012) and ng the gas number density at
z1, and Yox = A exp(−B/T ) as in Draine (1979). For grains of size s1 this leads to a carbon
destruction time of:

tox =
mgr

mckox
=

4
3

s1ρc

ngεvoxYoxmc
(5.3)

with mc the mass of a carbon atom and ρc the specific carbon grain density. Grains lose all
their carbon when they reside for a time t � tox in the exposed layer. The change in grain
radius during oxidation is not taken into account in our model.

3 Calculation of the radial τr = 1 line

Because of the flaring geometry of the disk, a radial optical depth τr = 1 corresponds to a
vertical depth τz = Φ where Φ = 0.05 is the disk flaring angle. The value of z1 depends on the
total dust column density Σ, the grain size distribution, and the grain opacity κ. We assume
that the grains in the exposed layer are in the Rayleigh regime and take κ = κ0 = 2 ·104 g/cm2

independent of grain size.1 The column density Σ∗ of the exposed layer then follows, Σ∗ =

Φ/κ0. For simplicity, we assume that large grains that are in the optically geometrical limit,
s > sgeo = 2π/λ ≈ 0.1 µm for λ = 0.55 µm do not contribute to the optical opacity in the
exposed layer. Then,

τz(s1, z1) = fs≤s1 fz≥z1Σκ0 (5.4)
1 We use κ0 = 2 · 104 g/cm2, which corresponds to a grain size distribution up to 0.1 µm with fc=0.15 (Min et al.

2016). A correct opacity treatment would take the local grain size distribution and fc into account, as well as icy
grains in the outer disk. This could change κ0 by a factor of about five, an effect we explore in a small parameter
study.
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Figure 5.1: Calculation of z1, the height where the vertical optical depth is one, depending on the grain size s1. Only
grains up to a size of s1 (horizontal red arrow) contribute to the build up of opacity in the exposed layer (vertical red
arrow). Grains larger than s1 are settled, and from sgeo onwards grain opacity decreases with grain size.

where fs≤s1 = (s1/smax)4+p with p = −3.5 is the fraction by mass of grains smaller than size
s1, where we have assumed a power-law size distribution with exponent p. Similarly fz≥z1

is the fraction of the surface density above height z1. In calculating this fraction, we use the
dust scale height based on the local Stokes number corresponding to z1. Hence fs≤s1 increases
with s1 while fz≥z1 (for a fixed z1) decreases with s1.

Figure 5.1 illustrates these points, plotting the τr = 1 line as function of size s and height
z. Grains contribute to the opacity build up in the exposed layer up to a size s1. Ignoring their
settling, all grains would contribute to the exposed layer which would therefore lie very high
in the disk. In reality settling causes the largest grains to drop out of the exposed layer. The
correct size limit s1 is found when z1 reaches a maximum value.

4 Effects of vertical dust transport on removal rates

The efficacy of carbon removal is limited by the ability to vertical transport (cycle) the dust.
There are two important timescales regarding the vertical motions of grains. The first is the
overall mixing time that we calculate using the turbulent diffusion timescale with the gas
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Figure 5.2: Left: oxidation. Right: photolysis. Coloured lines show the time evolution of the carbon fraction fc
in the fiducial model. Vertical line indicates Earth’s position. Horizontal dashed line shows depletion by factor
ten. Top panels: oxidation/photolysis rate is applied to the material in the exposed layer. Middle panels: vertical
dust transport is taken into account by applying tres and tmix. Bottom panels: vertical and radial dust transport are
included, note different y-scales.

scale height H as mixing length:

tmix =
H2

νt
=

1
Ωα

= 100 yr
(
α

10−2

)−1 ( r
au

)3/2
(5.5)

where the turbulent viscosity νt is parametrised using the α description by Shakura & Sunyaev
(1973) and Ω is the Keplerian frequency.
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The other timescale is the residence time2 of a grain in the exposed layer

tres =

(
H
z1

)2 1
Ωα

= 11 yr
( z1

3H

)−2 (
α

10−2

)−1 ( r
au

)3/2
(5.6)

This time is shorter than tmix because the local pressure scale height at height z � H is given
by H2/z. A long tres would limit carbon destruction, because the exposed layer will become
depleted in refractory carbon. There is nothing left to burn! Carbon-free solids build up
the opacity in the exposed layer. Accounting for these vertical transport effects, we obtain a
carbon destruction rate of:

dΣc

dt
= 2 ·min

(
fcΣ∗

tox
,

fcΣ∗

tres
,

fc fs≤s1Σ

tmix

)
(5.7)

where the factor 2 accounts for the two sides of the disk and Σc is the surface density of
carbon grains with s < s1.

5 Photolysis

In the case of photolysis by UV photons, a fraction fcYph of the absorbed photons will remove
a carbon atom directly, resulting in a destruction rate of:

dΣc

dt
= ΦFUVYphmc fc (5.8)

where FUV is the UV field. The flaring angle Φ corrects for the fact that the UV photons
do not hit the disk surface perpendicularly. The yield is Yph = 8 · 10−4 (Alata et al. 2014,
2015; Anderson et al. 2017).

variation value fc at 1 au after 1 Myr
only vertical transport vertical + radial transport

fiducial 1.7·10−3 0.16
higher UV-flux LUV = 0.1L? 5.2·10−5 0.11
lower opacity κ0 = 4 · 103 cm2/g 0.0 0.05
larger opacity κ0 = 1 · 105 cm2/g 0.1 0.23
lower turbulence α = 10−3 0.02 0.24
less small grains p = 3 0.06 0.23

Table 5.1: Carbon fraction fc after 1 Myr at 1 au for unrestricted models, models limited by vertical transport and
models limited by vertical and radial transport. Initial carbon fraction is fc = 0.25. Only one parameter is varied
with respect to the fiducial model.

Analogous to oxidation, photolysis can also be limited by the residence timescale. How-
ever, in the case of photolysis UV photons can reach disk layers below the optical τr = 1 line,

2Anderson et al. (2017) define tres differently, as the total time a grain spends in the exposed layer over 1 Myr.

101



5 Radial and vertical dust transport inhibit refractory carbon depletion in PPDs

due to forward scattering into the disk (van Zadelhoff et al. 2003). We calculate the height
z1 of the layer exposed to UV radiation by equating tres to tph, the time to destroy a C-grain
entirely by photolysis:

(
H
z1

)2 1
Ωα

=
4
3

s1ρc

FUVYphmc
exp (τr (s1, z1)) (5.9)

Here, the exponential factor expresses the attenuation of the UV field within the disk.
Analogous to the τr = 1 constraint for the oxidation case, we use this equation to find the
height of the exposed layer z1, the value τr1 (now generally larger than unity) and the amount
of exposed material Σ∗ = τr1Φ/κ. Once the layer that is exposed to photolysis is thus charac-
terised, the carbon destruction is calculated using the rates as shown in Eq. (5.7).

6 Radial dust transport

We use the twopoppy code by Birnstiel et al. (2012b, 2015) to model the radial movement of
dust grains. In this code, the dust mass is assigned to two grain sizes, small and large grains.
The small grain size is chosen so that the grains are well coupled to the gas. The size of the
large grains (as well as the ratio of the mass distribution) depends on the local disk conditions,
is limited by grain growth, drift and fragmentation and is updated after each timestep. This
makes it possible to describe the dust evolution of the disk based on two surface densities.

In order to follow the carbon surface density, we have modified this code, adding an equa-
tion for the surface density of carbon. This diffusion-advection equation is identical to the
carbon-free (silicate) component, except that it contains sink terms in the form of Eq. (5.7).
By re-calculating a new common carbon fraction for both grains sizes after each timestep, we
assume that coagulation and fragmentation have been efficient enough to re-distribute carbon
between large and small grains. This maximises the carbon removal efficiency.

5.3 Results
Our results are presented in Fig. 5.2 for the oxidation (left) and the photolysis (right) models.
The upper row plots present the carbon fraction fc without including any transport-limiting
factors, i.e., by using only the first term in Eq. (5.7) ( fcΣ∗/tox). As can be seen, oxidation
depletes carbon by a factor of 10−4 out to 1 au. Beyond this point C-burning is essentially
shut off, because of the exponential dependence of the oxidation yield Yox on temperature.
The photolysis rate, on the other hand, does not depend on temperature (FUV ∝ r−2 but Yph

is constant). After 1 Myr, the disk is depleted by a factor of 10−4 out to 1.3 au and by a factor
of 10 out to 7 au.

Properly accounting for vertical transport effects – i.e., including all three regimes in
Eq. (5.7) – we see that oxidation (Fig. 5.2c) and photolysis (Fig. 5.2d) become less effective.
Carbon oxidation inward of 1.3 au becomes now limited by the residence time tres. Grains
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that make it into the exposed layer burn their carbon atoms completely, rendering the overall
burning inefficient. Similarly, the photolysis rate equals fcΣ∗/tres everywhere. The photolysis
rate tends to be larger than the oxidation rate, because the UV photons penetrate more deeply,
resulting in a larger exposed layer. However, the photolysis run is just short of reaching
depletion levels of 10−4 at 1 au.

Accounting in addition for radial transport (bottom panels of Fig. 5.2) further reduces
the efficacy of carbon destruction. C-rich solids from the outer disk simply drift into the
inner region to replenish any C-depleted material. The C-destruction becomes drift-limited:
Carbon will only be depleted when the local destruction time (tdestr = Σc/(dΣc/dt)) becomes
shorter than the drift timescale tdrift of the (mass-dominating) pebbles. Since tdrift tends to be
rather short (200 yr at 1 au) depletion is minimal with little variation throughout the disk.

This replenishment of carbon renders the depletion independent of the adopted parame-
ters. In Table 5.1 we list the results from additional photolysis runs, quantifying the level of
C-depletion at 1 au after 1 Myr. A higher opacity, a lower α or a steeper grain size distribution
(p = 3; fewer small grains) only reduce the C-destruction, because Σ∗ becomes lower or tres

increases. For the runs without radial transport, a stronger UV field enhances the depletion
as the UV photons penetrate deeper. It can be argued that the low κ0 run is more appropriate
for the opacity in the exposed layer, when the grains lose most of their carbon. This will
increase Σ∗, and completely remove all C interior to 1 au – but only when there is no radial
replenishment.

5.4 Discussion and Conclusion

Our findings regarding unrestricted C-burning are in line with the study of Anderson et al.
(2017). They, too, find that photolysis is the more significant C-depletion mechanism and that
the inner disk can become devoid in carbon. Like us, Anderson et al. (2017) account for the
limited total time grains spend in the exposed layers. However, they have overestimated the
removal by incorrectly assuming that each stay in the exposed layer is short enough to ensure
a continuous supply of carbon in the exposed layer. Instead, we found (even in the case of
high turbulence) that carbon-depleted grains stay longer in the exposed layer than it takes
to remove their carbon. This makes both oxidation and photolysis inefficient. Furthermore,
adding radial dust transport to the model makes it impossible to deplete the inner disk of
carbon even under extreme assumptions about the UV field of the early Sun or the grain
opacities.

It is unlikely that other C-destruction mechanisms can change this outcome. Adding
oxidation of carbon by OH in the midplane does not increase the carbon depletion sufficiently
(Gail & Trieloff 2017). For high accretion rates, the midplane region can be heated to roughly
1500 K out to 2 au (Min et al. 2011). However, these accretion rates must then be sustained
over a significant time to allow the Earth’s building blocks to form.

Therefore, we conclude that the only way to ensure the C depletion factors as observed in
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the Solar System is to invoke an early hot or intense inner disk environment to ensure rapid
C-destruction before parent body formation. This needs to happen in combination with a
sustained barrier for drift to prevent C-replenishment. FU Orionis events can lead to inner
disk temperatures of several thousand Kelvin (Hartmann & Kenyon 1996) for a short period,
and indications for several flash heating events can be found in chondrules (Ciesla 2005;
Jones et al. 2000). But to prevent the fast replenishment of carbon after this short period,
radial grain mobility must be strongly reduced or halted.
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Nederlandse Samenvatting

Waar komen de aarde en het leven daarop vandaan? Die vraag is waarschijnlijk zo oud als
de mensheid. Het begrip van ons zonnestelsel is in de afgelopen paar honderd jaar sterk
gegroeid, en daarmee is ook de kwestie of buitenaards leven bestaat almaar prominenter
geworden. Met de recente ontdekkingen van exoplanetenstelsels die hete Jupiters en super-
aardes bevatten en architecturen hebben die compleet anders zijn dan die van het zonnestelsel,
zijn beide vragen in een totaal nieuwe context geplaatst.

Om de architectuur van planetenstelsels te begrijpen bestuderen we hun vorming in pro-
toplanetaire schijven. We zijn in het bijzonder geïnteresseerd in de binnenste gebieden van
deze schijven. Dat is waar de bewoonbare zone is en waar de vorming en/of migratie van
aardachtige planeten en super-aardes kan plaatsvinden. De chemische samenstelling van het
stof in dit gebied is daarom sterk gekoppeld aan de samenstelling van planeten en beïnvloedt
ook de samenstelling van hun dampkringen. Vooral de fractie van vuurvast koolstof is inter-
essant; in de context van het koolstofgebrek op aarde, maar ook omdat het een sleutelelement
voor leven op onze planeet is en een grote rol speelt in chemische reacties in protoplanetaire
schijven. De vorm en fysische omstandigheden in het binnengebied bepalen of, en hoe snel,
planeetvorming kan plaatsvinden, alsmede het pad van planeetmigratie.

Voordat we de vorm en de samenstelling van de binnenschijf bestuderen, onderzoeken
we hoe het mogelijk is dat de binnenschijf lang genoeg bestaat om er aardachtige planeten
kunnen vormen, zelfs als een gasreus een uitholling maakt in de schijf. Als dat gebeurt wor-
den stofkorrels gevangen in een ring buiten de uitholling waar de druk hoger is, en kan de
binnenschijf niet gevuld blijven worden met stofkorrels. Echter, sommige schijven hebben
een grote uitholling en een ophoping van stof daarbuiten, maar vertonen ook een signifi-
cante overmaat aan NIR-straling (zogeheten "pre-overgangsschijven"). Dat suggereert de
aanwezigheid van een optisch dichte binnenschijf. Maar omdat deze schijven ook tekenen
vertonen van gasaccretie van de binnenschijf op de ster, is het niet duidelijk hoe er een paar
miljoen jaar lang stof in zo’n schijf kan bestaan zonder dat het aangevuld wordt. In Hoofd-
stuk 2 zoeken we naar mechanismen om dit te verklaren. We gebruiken hydrodynamische
simulaties van planeet-schijf interacties om de gasverdeling van een overgangsschijf na te
bootsen en onderzoeken in deze setup de evolutie van stofkorrels. We vinden dat stofkor-
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rels inderdaad gevangen worden buiten de uitholling, en dat de groei van stofdeeltjes in dit
gebied leidt tot de wijde ringen met grote deeltjes die gezien zijn in ALMA waarnemingen.
Een combinatie van twee effecten is nodig om de binnenschijf te onderhouden. Binnen de
sneeuwgrens bevatten de stofdeeltjes geen waterijs meer. Dit vermindert hun plakkerigheid,
wat betekent dat ze kunnen fragmenteren in botsingen met lagere snelheden, waardoor meer
stofmassa in kleine korrels terechtkomt. Zulke kleine deeltjes hebben lage Stokes-getallen
en bewegen niet ten opzichte van het gas, waardoor ze langer in het binnengebied blijven.
De stofdeeltjes die verloren gaan doordat ze samen met het gas geaccreteerd worden, kun-
nen worden vervangen door deeltjes uit de buitenschijf. Een kleine hoeveelheid van kleine
deeltjes kan de schijfopening oversteken zonder waargenomen te worden, als de opening is
gemaakt door een planeet van één Jupitermassa of minder. Dit lost de kwestie van de gelijk-
tijdige waarneming van een ringachtige millimeteremissie en een overmaat aan NIR-straling
in overgangsschijven op.

In Hoofdstuk 3 maken we gebruik van PIONIER NIR interferometriewaarnemingen om
de binnenschijf van de pre-overgangsschijf HD 100453 te onderzoeken. HD 100453 is één
van meerdere Herbigschijven die uitgestrekte NIR straling laten zien, wat zichtbaar is in de
interferometriedata in de vorm van een snelle afname in interferentiecontrast op korte basis-
lijnen. Deze flux van NIR-straling is te uitgestrekt om alleen maar veroorzaakt te worden
door thermische straling door de hete binnenschijf. Hoewel verstrooid licht de uitgestrekte
NIR-straling van schijven rondom T-Tauri sterren kan verklaren, bevestigen wij eerdere re-
sultaten dat dit niet mogelijk is voor Herbigsterren. We interpreteren de aanwezigheid van
kenmerken van MIR PAH in schijven die ook een afname in korte basislijn interferentiecon-
trast hebben, als een indicatie dat er QHPs aanwezig zijn in deze schijven. Deze deeltjes zijn
niet in thermisch equilibrium, maar zenden uit in NIR nadat ze geraakt zijn door een UV-
foton. Stralingstransportmodellen van HD 100453 laten zien dat PAHs niet de uitgestrekte
NIR flux kunnen veroorzaken. Het aantal PAHs dat nodig is om de juiste hoeveelheid NIR
flux te creëren zou leiden tot een sterke straling in de PAH-golflengtes, wat niet waargenomen
wordt. Echter, heel erg kleine koolstofhoudende deeltjes met ongeveer 105 koolstofatomen
(wat overeenkomt met 0.006 µm), zijn klein genoeg om uit te zenden in NIR vanwege quan-
tumverhitting, maar groot genoeg om een niet te verwaarlozen aandeel te hebben in de MIR-
kenmerken. Interferometriewaarnemingen in het NIR kunnen informatie geven over de lo-
catie en grootte van koolstofhoudend materiaal in het gebied van rotsachtige planeetvorming.

The grootte en chemische samenstelling van een stofkorrel bepalen zijn optische ken-
merken en sublimatietemperatuur. Dit betekent dat de locatie waar stof sublimeert, de bin-
nenste rand van de schijf, bepaald wordt door de verdeling van de groottes en samenstellin-
gen van stofdeeltjes. Interferometriewaarnemingen in het NIR maken het mogelijk om de
binnenrandstructuur ruimtelijk op te lossen, en daardoor indirect informatie te krijgen over
de samenstelling en groottes van stofdeeltjes bij de binnenrand. In Hoofdstuk 4 gaan we na
in hoeverre interferometriewaarnemingen ons iets kunnen vertellen over de positie, breedte,
en structuur van de binnenrand. Dit is niet alleen gelimiteerd door de uv-dekking en kwaliteit
van de data. Interferometriewaarnemingen worden vaak gemodelleerd met een gesimpli-
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ficeerde geometrische beschrijving van de uitstraling van de binnenrand. Om uit te vinden
hoe parameters die op deze manier verkregen zijn zich vergelijken met de daadwerkelijke
randstructuur, creëren we een tabel van fysische schijfmodellen met verschillende deeltjesg-
roottes en samenstellingen. De temperatuur en dichtheidstructuur van de modellen zijn zelf-
consistent berekend, waarbij rekening is gehouden met sublimatie en condensatie. We pro-
duceren synthetische data die corresponderen met PIONIER-waarnemingen en analyseren de
data met MCMC-modellen, gebruik makend van geometrische fluxverdelingen die toegepast
worden op interferometriewaarnemingen. Als we naar de fysische modellen kijken valt het
op dat de NIR-fluxverdeling sterk toeneemt in het sublimatiegebied en daarna heel langzaam
afneemt. Dit verklaart waarom een half-Gaussische fluxverdeling het best passende resultaat
geeft vergeleken met andere vaak gebruikte geometrieën. Echter, de massaverdeling van het
stof volgt niet per se het fluxprofiel. De positie van de rand is altijd erg nauwkeurig bepaald,
zelfs voor modellen die niet helemaal opgelost zijn. De radiale uitgestrektheid van de NIR-
flux kan alleen bepaald worden met een nauwkeurigheid van een factor twee, en alleen voor
opgeloste modellen. We vergelijken de randposities met PIONIER-waarnemingen en con-
cluderen dat de randposities consistent zijn met olivijndeeltjes die een MRN-grootteverdeling
volgen, maar ook verklaard kunnen worden door een fractie van zeer vuurvast materiaal
bovenop een schijf van kleine deeltjes.

De aarde heeft een sterk verminderde koolstoffractie. De silicium-koolstof ratio is een
factor 104 lager dan die van de zon of het stof in het interstellaire medium (ISM). Meer dan de
helft van het koolstof in het ISM is vuurvast. Een efficiënt mechanisme dat koolstof verwijdert
moet daarom bestaan hebben in de protoplanetaire schijf waarin ons zonnestelsel is gevormd,
zodat de bouwstenen van de aarde gevormd zijn terwijl er bijna geen koolstof aanwezig was
in de binnenschijf. Het wordt aangenomen dat koolstoffotolyse door UV-fotonen en oxidatie
door atomair zuurstof plaatsvinden in de bovenste, blootliggende lagen van de schijf. Het is
bekend dat deze mechanismen koolstof efficiënt kunnen verwijderen, maar de stofdynamica is
hierin niet meegenomen. In Hoofdstuk 5 kijken we of deze mechanismen nog steeds werken
als we verticale bewegingen en radiaal transport meenemen in de berekeningen. We vinden
dat zelfs in het geval van hoge turbulentie, de tijdschaal om koolstof te verwijderen (via
fotolyse of oxidatie) korter is dan de tijd die stofdeeltjes doorbrengen in de bovenste laag. Het
koolstof in die laag wordt daardoor uitgeput, totdat er niks meer over is om te verbranden,
en de optische dichtheid wordt nog steeds onderhouden door siliciumdeeltjes. Binnen 106

jaar kan de koolstoffractie verminderd zijn met twee orders van grootte op 1 au, maar op
10 au is de hoeveelheid koolstof nauwelijks verminderd in dit lokale model. Als we de
radiale beweging meenemen (door de 1D advectie-diffusievergelijking op te lossen), vinden
we dat de koolstofuitputting in de binnenschijf niet plaatsvindt, vanwege toevoer van grote
koolstofrijke stofkorrels uit de buitenschijf. Dit leidt tot een homogene verdeling van de
koolstoffractie door de schijf. Dit betekent dat een ander proces verantwoordelijk moet zijn
voor de koolstofuitputting op aarde. Wij stellen voor om flitsverwarming van de binnenschijf
te onderzoeken, wat zeer snel voor koolstofuitputting in de binnenschijf (tot een paar au) kan
zorgen, bijvoorbeeld in FU Orionis uitbarstingen. Echter, snelle toevoer van koolstof uit de
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buitenschijf moet voorkomen worden, door de radiale mobiliteit van stofkorrels te stoppen of
in ieder geval sterk te verminderen.
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Summary

Where do the Earth and the life on it come from? This question is probably as old as hu-
mankind. And with a better and better understanding of our Solar System over the last few
hundred years, the question of extra-terrestrial life has risen as well. But with the recent
discovery of exoplanet systems including hot Jupiters and super-Earths, and with architec-
tures completely different from the Solar System, both questions need to be re-considered in
a totally new context.

To understand the architecture of planetary systems, we study their formation in proto-
planetary disks. We are especially interested in the inner regions of these disks. This is where
the habitable zone is located and where formation and/or migration of terrestrial planets and
super-Earth can occur. The chemical composition of the dust in this region is therefore tightly
connected to the composition of the planets and also influences the composition of their at-
mospheres. Especially the refractory carbon fraction is of interest in the context of the carbon
depletion of the Earth and because it is a key element for life on our planet and for chemi-
cal reactions in protoplanetary disks. The shape and physical conditions in the inner region
determine if and how fast planet formation can happen, and the path of planet migration.

Before investigating the shape and composition of the inner disk, we first examine how
it is possible to sustain it long enough for terrestrial planet formation to occur there even in
the case of gap opening by a giant planet. In a disk like this grains are trapped in a pressure
bump outside the gap and cannot replenish the inner disk material. However, some disks that
have a large gap and a dust trap also have a significant amount of NIR excess (pre-transitional
disks). This indicates the presence of an optically thick inner disk. But since these disks also
show signs of gas accretion from the inner disk onto the star, it is not clear how the dust in
this disk can be sustained over several million years without replenishment. In Chapter 2
we search for the mechanisms that make this possible. We use hydrodynamic simulations
of planet-disk interactions to create the gas distribution of a transitional disk and investigate
the dust grain evolution in this setup. We find that grains are indeed trapped outside the gap
and that grain growth in this region leads to the wide rings of large particles that have been
seen in ALMA observations. A combination of two effects is necessary to sustain the inner
disk. After the snowline, the dust grains are no longer contain water ice. This reduces their

121



5 Summary

stickiness, which means they can fragment in collisions with lower velocities, pushing more
dust mass into small grains. These have a low Stokes number and do not drift relative to
the gas, keeping them longer in the inner disk region. The grains that are accreted together
with the gas can be replenished from the outside. A small amount of small grains can travel
unobserved through the disk gap if it was opened by a planet of one Jupiter mass or less. This
solves the question of the simultaneous observation of ring-like millimetre emission and NIR
excess in transition disks.

In Chapter 3, we use PIONIER NIR interferometry observations to investigate the inner
disk region of the pre-transitional disk HD 100453. HD 100453 is one of several Herbig
disks that show extended NIR emission, which can be seen in the interferometric data by a
fast visibility drop at short baselines. This flux is too extended to be due by thermal emission
from the hot innermost disk. While scattered light can explain extended NIR flux in disks
around T-Tauri stars, we confirm previous results that this is not possible for Herbig stars.
We take the presence of MIR PAH features in disks that also have a short baseline visibility
drop as an indication for the presence of QHPs in these disks. These particles are not in
thermal equilibrium, but emit in the NIR after being hit by a UV photon. Radiative transfer
models of HD 100453 show that PAHs cannot be the cause the extended NIR flux. The
amount of PAHs necessary to create the right quantity of NIR flux would lead to a very
strong emission in the PAH bands, which is not observed. However, very small carbonaceous
grains with about 105 carbon atoms (corresponding to 0.006 µm) are small enough to emit in
the NIR due to quantum heating, but large enough to have a non significant contribution in
the MIR features. Interferometric observations in the NIR can constrain location and size of
carbonaceous material in the region of terrestrial planet formation.

The size and chemical composition of a dust grain determine its optical properties and
sublimation temperature. This means that position of the dust sublimation front, the inner
rim of the disk, is determined by the grain size distribution and composition. Interferometric
NIR observations make it possible to spatially resolve the inner rim structures and to there-
fore gain indirect information about the composition and size distribution of grains at the
inner rim. In Chapter 4 we explore to what extent interferometric observation can constrain
the position, width and structure of the inner rim. This is not just limited by the uv-coverage
and quality of the data. Interferometric observations are often modelled with a simplified
geometric description of the rim emission. To find out how parameters obtained in this way
compare to the actual rim structure, we create a grid of physical disk models using different
grain sizes and grain materials. The temperature and density structure of the models is calcu-
lated self-consistently, including grain sublimation and condensation. We calculate synthetic
data corresponding to PIONIER observations and analyse the data using MCMC modelling,
using geometric flux distributions that are usually applied to interferometric observations.
Looking at the physical models, we find that the NIR flux distribution rises very steeply at
the sublimation front and then falls off very slowly. This explains why a half Gaussian flux
distribution gives the best fit results compared to other commonly assumed flux geometries.
However, the dust mass distribution does not necessarily follow the flux profile. The rim po-
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sition is always very well constrained even for models that are not fully resolved. The radial
extent of the NIR flux can only be determined up to a factor of two, and only for resolved
models. We compare the rim position to PIONIER observations and find that the rim posi-
tions are consistent with olivine grains following an MRN size distribution, but can also be
fitted with a fraction of highly refractory materials added to a disk of small grains.

The Earth is strongly depleted in carbon. Its silicon to carbon fraction is a factor of 104

lower than the Sun or the dust in the interstellar medium (ISM). More than half of the carbon
in the ISM is refractory. An efficient carbon removal mechanism must have existed in the
solar nebula so that the parent bodies of the Earth can form with hardly any carbon in the
inner disk. Carbon photolysis by UV photons and oxidation by atomic oxygen are expected
to occur in the exposed upper disk layers and have been shown to remove carbon efficiently
if dust dynamics not considered. In Chapter 5 we examine if this holds true when vertical
dust cycling and radial dust transport are taken into account. We find that even in a high
turbulence case, the time it takes to remove carbon (via photolysis or oxidation) is shorter
than the residence time of the grains in the exposed layer. This layer will become carbon
depleted, there is nothing left to burn, and optical depth is still provided by silicate grains.
Within 106 years, the carbon fraction can be reduced by two orders of magnitude at 1 au,
but at 10 au the disk is barely depleted in this local model. Taking radial drift into account
(by solving the 1D advection-diffusion equation) prevents carbon depletion in the inner disk
due to replenishment by large drifting carbon rich grains from the outer disk. This leads to a
homogeneous carbon fraction throughout the disk. This means that another process must be
responsible for the carbon depletion of the Earth. We suggest to investigate flash heating of
the inner disk that can deplete the disk of carbon very quickly out to a few au, for example
FU Orionis outbursts. However, fast carbon replenishment from the outer disk needs to be
prevented by halting or at least strongly reducing radial grain mobility.
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