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Abstract

In this licentiate thesis, I consider debris disks from an observational, astronom-
ical viewpoint, but also discuss a potential astrobiological application. Debris
disks are essentially disks of dust and rocks around main-sequence stars, ana-
logue to the Kuiper- or the asteroid belt in our solar system. Their observation
and theoretical modeling can help to constrain planet formation models and
help in the understanding of the history of the solar system. After a general
introduction into the field of debris disks and some basic debris disk physics,
the thesis concentrates on the observation of gas in debris disks. The possible
origins of this gas and its dynamics are discussed and it is considered what it
can tell us about the physical conditions in the disk and possibly about the dust
composition. In this way, the paper associated with this thesis (dealing with the
gas in the β Pic debris disk) is set into context. More in detail, we observed the
C II emission originating from the carbon-rich β Pic disk with Herschel HIFI
and attempted to constrain the spatial distribution of the gas from the shape
of the emission line. This is necessary since the gas production mechanism is
currently unknown, but can be constraint by obtaining information about the
spatial profile of the gas. The last part of the thesis describes our preliminary
studies of the possibility of a debris disk containing biomarkers, created by a
giant impact on a life-bearing exoplanet.
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Paper included in the thesis

“Herschel HIFI observations of ionized carbon in the β Pictoris debris disk”,
Cataldi G., Brandeker A., Olofsson G., et al. 2013, subm. to A&A

Contribution to the paper:

• I programmed the code used to fit the spatial distribution of the C gas
in the disk to the spectrally resolved C II line. The code takes a C gas
density profile as input. Gas ionisation and thermal balance are calculated
using the ONTARIO code. Then the C II emission of the disk is projected,
assuming Keplerian rotation. The code takes optical depth into account.

• I produced all the figures of the paper except figure 1.

• I wrote the bulk of the text.

See section 5 for a copy of the paper.
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Introduction

The topic of this thesis is debris disks, their role in the context of planet forma-
tion and their potential to improve our understanding of the origin and evolution
of the solar system. Indeed, the solar system has its own debris disks: the as-
teroid belt and the Edgeworth-Kuiper belt. It is one of the goals of the field to
make the connection to extrasolar systems.
This is a very brief introduction into the field of debris disks. In addition, a
layout of the thesis is supplied.

Debris disks in a nutshell

Debris disks are, simply speaking, made up of dust and rocks orbiting a star
in a ring or disk like structure. The Edgeworth-Kuiper belt and the asteroid
belt can be seen as (small) debris disks. The rocks in a debris disk are thought
to be planetesimals (meter- to kilometer-sized bodies) leftover from the planet
formation process. These bodies continually collide and produce fresh dust,
which emits thermal radiation in the infrared or the submillimeter. A lot of
debris disks are actually not resolved, but only detected through their infrared
emission above the photosphere of the host star.
Debris disks are obviously an outcome of the planet formation process. They
can thus be used to test planet formation theories. For example, one can see how
efficient the formation of planetesimals is in general. Analyzing the composition
of the dust, one can also learn about the composition of the planetesimals, a
crucial aspect from an astrobiological viewpoint: what elements are rocky plan-
ets, the potential habitats of life, made of? Is there enough water stored in the
planetesimals to provide the rocky planets with an ocean?
In some cases, planets interact and shape debris disks in interesting ways. They
can open up gaps in the disk and dynamically stir or even destroy it. The shape
of a disk can even be used to predict the presence of a planet.
In summary, debris disk can be used to learn about the origin, formation history,
composition and dynamical characteristics of our solar system as well as extra-
solar planetary systems, whether they are fully evolved or still in the formation
process.

1



Layout of thesis

The thesis contains 4 chapters, each covering a certain aspect of debris disks.
Below is a listing with a very short summary of each chapter in the thesis.

Chapter 1 - A short historical note: This chapter gives a brief historical
review of debris disks in astronomy.

Chapter 2 - General characteristics of debris disks: Debris disks are put
into a broader context and their general characteristics are discussed.

Chapter 3 - Gas in debris disks: The phenomenon of gas in debris disks is
discussed. The carbon gas in the β Pic system is the topic of the paper
associated with this thesis.

Chapter 4 - Biomarker debris disks: The possibility of a debris disk con-
taining biomarkers, resulting from a giant impact on a life-bearing planet,
is discussed.
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Chapter 1

A short historical note

We shall first have a brief look on the history of debris disks in astronomy. Ad-
vances in our understanding of debris disks have often been connected to new
opportunities of observing the sky in the infrared (IR) portion of the electro-
magnetic spectrum, since the dust making up the disk thermally radiates in
this region. The atmosphere prevents us from making ground based observa-
tions in the IR. Satellites have to be deployed instead. It is thus not surprising
that the first debris disk was discovered by the Infrared Astronomical Satellite
(IRAS, figure 1.1). Aumann et al. (1984) used IRAS to observe α Lyrae (Vega).
They detected an excess over the photosphere of the star that was interpreted
as thermal emission from dust grains larger than 1 millimeter in radius with
an equilibrium temperature of 85 K. Later, this ”Vega-phenomenon” was also
discovered for β Pictoris (the system of interest in this thesis) and other stars
(Aumann, 1985). Smith & Terrile (1984) took the first actual image of the β
Pic disk, confirming its existence which was previously only inferred from the
IR excess. They observed the disk from the ground in starlight scattered off by
the dust particles. Note that also today most of the disks cannot be imaged,
but reveal their existence by an IR excess.
With more and more debris disks discovered by the successors of IRAS (the
Infrared Space Observatory (ISO) and the Spitzer Space Telescope (SST)), it
eventually became possible to make statistics on the available sample of debris
disks. Today, debris disks are known to exist around several hundred main
sequence stars (Wyatt, 2008). Recently, the Herschel Space Observatory not
only discovered new debris disks, but was also able to resolve a number of disks
previously known to be present. Eiroa et al. (2013) for example used Herschel
to detect 31 debris disks out of a sample of 133 FGK stars. Ten of these de-
bris disks were previously unknown. More than half of the disks are resolved,
demonstrating the extraordinary capabilities of Herschel.
For nearby debris disks that can be resolved in scattered light, the Hubble Space
Telescope (HST) has been delivering splendid results. Also ground based tele-
scopes can give interesting data in this domain.
Even more recently, an instrument with the potential of revolutionizing large
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Figure 1.1: The Infrared Astronomical Satellite (IRAS) was used to detect the
first debris disk ever around Vega. (image credit: NASA/IPAC)

parts of observational astronomy has become partly available: still under con-
struction, the Atacama Large Millimeter / sub-millimeter Array (ALMA) is an
interferometric array that will consist of 66 antennas in the Atacama desert
of northern Chile. The telescopes can be moved, allowing for various config-
urations. The maximum baseline will be 16 km long. ALMA will offer, and
already offers, unprecedented sensitivity and angular resolution (as small as 5
milliarcseconds at 950 GHz1). Already during early science, ALMA produced
spectacular results. MacGregor et al. (2013) for example demonstrate the capa-
bilities of ALMA by observing the AU Mic debris disk. The resolution of ALMA
(0.”6 in this case, corresponding to 6 AU) allowed the authors to distinguish
two different components of the disk: an outer dust belt and a central dust peak
indicating an inner planetesimal belt. ALMA will without any doubt contribute
a lot to our understanding of debris disks.

1http://almatelescope.ca/ALMA-ESPrimer.pdf

4



Chapter 2

Debris disk basics

This chapter discusses some general aspects of debris disks: what they are, how
they evolve, how astronomers detect them, and how they interact with planets.
The aim is to give the reader unfamiliar with debris disks a solid background
for the reading of the further chapters.

2.1 What are debris disks?

Debris disks consist mostly of dust and rocks (actually leftover planetesimals).
The asteroid belt and the Edgeworth-Kuiper are the debris disks of the solar
system. One could see a debris disk as a protoplanetary disk without gas. The
typical gas to dust ratio of a protoplanetary disk is 100:1, whereas the ratio of a
debris disk is . 1 : 100. The lifetime of a protoplanetary disk is typically a few
million years (e.g. Mamajek, 2009). The gas is then dissipated; planetesimals
not incorporated into planets are a leftover product. These bodies steadily
collide to produce large amounts of dust. Today several hundred debris disks
are known (Wyatt, 2008).
An important characteristic of a debris disk is the size distribution of the bodies
it consists of. A popular approach is to assume a steady state collisional cascade:
bodies undergo catastrophic collisions producing smaller bodies. These undergo
further collisions, producing even smaller fragments. The size distribution of
such a cascade can be written

n(D) ∝ D−7/2 (2.1)

with n the number of bodies with a size betweenD andD+dD. This relation can
be derived by assuming a self-similar distribution of the fragments of a collision,
i.e. the size distribution of the fragments does not depend on the size of the
target (Dohnanyi, 1969; Tanaka et al., 1996). Sometimes the exponent of the
power law can be fitted to observations of a debris disks and is then often found
to deviate from the canonical value 7/2. Also, in practice the distribution has to
be truncated with a lower and an upper limit. The lower limit is usually chosen
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to be the minimum size a dust particle can have without being ejected from the
system by radiation pressure (the so-called blowout size). This is typically on
the order of a micrometer, but can vary considerably, since it depends on the
luminosity and mass of the star, but also on the grain composition. It can be
calculated by

Dblow = 1.15
L∗

M∗ρ
(2.2)

with L∗ and M∗ the luminosity and mass of the star (in solar units), ρ the den-
sity of the grains in g cm−3 and Dblow given in microns (Donaldson et al., 2013).
Sometimes however, dust particles of any size cannot be expelled by radiation
pressure, as is the case in the disk around the low luminosity red dwarf GJ 581
(Lestrade et al., 2012).
To interpret the observations, the upper limit of the size distribution is usually
chosen to be comparable to, but not smaller than the largest wavelength ob-
served. This is because dust grains do not emit efficiently at wavelengths larger
than their size. This is also the reason why observations of different wavelengths
probe different sized populations of the grains.
The dust in a debris disks is subject to different forces. The gravitational at-
traction from the star is the most obvious one. Photons from the star exert a
force opposite to gravity on the dust grains: the already mentionned radiation
pressure. The ratio between these two forces is described by the parameter

β =
Frad

Fgrav
(2.3)

It can be shown that for β > 1
2 a dust grain is ejected from the system. Note

that β is independent from the distance from the star; both Frad and Fgrav scale
as r−2. Radiation pressure is efficient in removing micron / sub-micron sized
grains, as is shown in figure 2.1.
Dust grains are also affected by Poynting-Robertson (PR) drag, which is due to
the non-zero tangential component of the radiation force in the reference frame
of the grain. This effect was first considered by Poynting (1903) on the basis
of the ether concept. Robertson (1937) was the first to give a description in
terms of general relativity. Rather than ejecting grains from the system, PR
drag causes grains to spiral into the host star. The balance between radiation
pressure and PR drag was discussed by Wyatt (2005) and depends for example
on the dust density in the disk. High density means frequent collisions, and
grains are quickly grained down to small sizes and removed by radiation pres-
sure. In a low density disk, collisions are less frequent, and PR drag causes the
grains to spiral onto the star. The debris disk of the solar system is the only
currently known dominated by PR drag; all the other systems are dominated
by radiation pressure (Wyatt, 2008). This is simply because current telescope
sensitivities prevent us from detecting low luminosity, PR dominated disks.
Whether PR drag or radiation pressure is the dominant process to remove dust
from the system, both act on timescales much shorter than the age of the ob-
served systems. For example, the blowout timescale (in units of years) for dust
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under the influence of radiation pressure can be approximated by (Meyer et al.,
2007)

tbl =

√
a3

M∗
(2.4)

where a is the semi-major axis (in AU) of the parent body producing the dust,
and M∗ the mass of the host star (in units of M⊕). Note that tbl is nothing but
the orbital period of the parent planetesimal. For the β Pic system tbl ≈ 750 yr,
whereas the age is estimated to be 10–20 Myr (Mentuch et al., 2008; Zuckerman
et al., 2001). The general interpretation is that dust is continuously produced
by collisions between larger planetesimals (Backman & Paresce, 1993).
Some debris disks are characterised by large amounts of hot dust that cannot
be explained by a steady-state collisional cascade. The dust observed in these
systems is thought to origin from hypervelocity collisions on a planetary scale,
analogous to the Moon forming event, or from a phase similar to the Late Heavy
Bombardment. The phenomenon is thus transient and has a stochastic nature.
An example is HD172555 (Johnson et al., 2012). Such systems are interesting
because they give as glimpse on the outcome of large accretion events thought
to be common in young systems. Jackson & Wyatt (2012) modeled the debris
disk resulting from the Moon forming event and concluded that the resulting
dust would be visible for around 25 Myr with Spitzer. It is thus not surprising
that we see hot dust around other stars.
The composition of the grains can be studied via spectroscopic analysis. The
grains mostly consist of volatile ices (CO, H2O, etc.), silicates and carbonaceous
material. One fits the data to a model relating composition of the grains to
spectral properties. Further properties like the porosity of the grains can also
be adjusted such to best fit the data. For example, Donaldson et al. (2013)
find that the grains making up the disk around HD32297 consist of silicates,
carbonaceous material, and water ice (in the ratio 1:2:3). de Vries et al. (2012)
analyzed spectra from the β Pic debris disk and detect magnesium rich olivine,
similar to the composition of comets in the solar system. Another method to
constrain the composition of the grains is to analyze the gas detected in a few
debris disks. It is thought that the gas is produced from the dust and could
thus give clues about its composition. To do so, it is necessary to know what
process actually produces the gas. This is one of the reasons for our interest in
the gas around β Pic.

2.2 Debris disk detection

Some nearby and prominent debris disks can be spatially resolved, but most
of the disks have been detected indirectly, via their IR excess. This is done in
the following way: starting with a spectrum at shorter wavelengths, where the
contribution of a debris disks would be negligible, one determines the spectral
type of the host star. This allows one to invoke a stellar model in order to
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Figure 2.1: The ratio between radiation pressure and gravity β in function of
the grain size for different materials, as calculated for the β Pic system by
Artymowicz (1988). Micron / sub-micron sized grains are affected by radiation
pressure and removed from the system on short timescales.
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Fig. 6. SED of the cold disk model. The left-hand figure shows the best fit to the three PACS images only ($2
) = 1.03, Table 3). The right-hand

figure shows the best fit to both the three PACS images and the IRS spectrum (($2
PACS + $

2
IRS)/2 = 1.05). The modeled cold dust emission is the

blue curve, the Next Gen stellar atmosphere spectrum is the gray curve, and their sum is the green curve. The IRS spectrum is in red. The upper
inset zooms on the IRS wavelengths and displays spectra as S ) ) (#/24)2 on a linear scale for clarity. The lower inset zooms on the three PACS
bands. In the left-hand figure, the best fit model satisfactorily fits the PACS data as shown by the lower inset but misses the IRS data as shown by
the upper inset. In the right-hand figure, the best fit model partially misses the PACS data but satisfactorily fits the IRS data.

atmospheric model (Hauschildt et al. 1999), with the value
log (g) = 5.0 and the e"ective temperature 3500 K, fit to the
Johnson UBV and Cousins RI photometry, the JHKs photome-
try from 2MASS, and the recent photometry from AKARI and
WISE. Note that the flux densities of the photosphere used for
our modeling in Sect. 5 were predicted from this fit (5.8, 2.8
and 1.1 mJy at 70, 100 and 160 µm, respectively). In Fig. 6 (left-
hand panel), we show this SED for the star and the SED for the
dust emission from our modeling. The fractional dust luminosity
was determined by integrating the SED of the dust emission and
is Ldust/L# = 8.9 ) 10%5. This value is consistent with the frac-
tional dust luminosity QabsA/4+r2 = 9.9) 10%5 determined from
the cross-sectional area of the grains A = 2.3 AU2 from our fit
in Table 3, using the mean disk radius r = (25+ 60)/2 = 43 AU,
and assuming the absorption e!ciency Qabs = 1 for the grains
larger than 1 µm. The agreement between these two indepen-
dent determinations of the fractional dust luminosity provides a
self-consistency check of our modeling. This fractional dust lu-
minosity is higher than that of the Kuiper belt by several orders
of magnitude.

6.2. IRS spectrum

6.2.1. Synthetic photometry

The Spitzer IRS spectrum is superimposed on the star’s SED in
Fig. 6. As is standard with IRS spectra, the short wavelength
module SL (7.6%14.2 µm) has to be adjusted to the predicted
photosphere, and IRS flux densities were scaled up by the fac-
tor 1.066 for GJ 581. In Fig. 6 and insets, a small excess is ap-
parent above the photospheric level at the longest wavelengths
of the spectrum (module LL1: 20.4%34.9 µm).

We have carried out synthetic photometry with a rectangu-
lar bandpass between 30 and 34 µm and between 15 and 17 µm
which gives the widest wavelength range while still inside of the
Long-Low IRS module as prescribed in Carpenter et al. (2008,
2009). We computed the synthetic flux densities S 31.6 µm =
32.3 ± 1.9 mJy (IRS) and 28.4 mJy (Next Gen) yielding the 2%
excess 3.9 ± 1.9 mJy, and S 15.96 µm = 110.7 ± 0.85 mJy
(IRS) and 109.2 mJy (Next Gen) yielding the lower significance

excess 1.5 ± 0.85 mJy. We computed these synthetic flux densi-
ties as the weighted mean of the data points in these bands, and
using the same weights for the corresponding Next Gen syn-
thetic flux densities. The IRS flux density uncertainty includes
an absolute calibration error of 6%. Photospheric flux densities
predicted for late type stars (K and M) by the Kurucz or Next
Gen models have been shown to be overestimated in the mid-IR
by as much as 3–5% (Gautier et al. 2007; Lawler et al. 2009).
Hence, the significance of the marginal excess at 31.6 µm is
likely higher in reality. If real, this excess for the mature M-star
GJ 581 is notable because, even among A-type and solar-type
stars, 24 µm excesses are less frequent than 70 µm excesses and
decrease with age (Rieke et al. 2005; Trilling et al. 2008; Löhne
et al. 2008). In the next two sections, we investigate the implica-
tions for the system around GJ 581 if this excess is real.

6.2.2. Modeling the IRS and PACS data with the cold disk
model

First, we fit the single cold disk model of Sect. 5 simultane-
ously to the three PACS images and the IRS spectrum, mini-
mizing $2

tot = ($2
PACS + $

2
IRS)/2 where $2

PACS and $2
IRS are the

reduced $2
) for the PACS and IRS data, respectively. With this

definition, both data sets have the same weight in the fit. The best
fit model thus obtained is characterized by $2

tot = 1.18, resulting
from $2

IRS = 1.25 and $2
PACS = 1.11, and its SED is shown in

Fig. 6 (right-hand panel). The main parameter changes are fT =
5.5 and A = 0.8 AU2, instead of fT = 3.5 and A = 2.3 AU2 in
Table 3. This value of $2

tot is higher than $2
) = 1.03 of the best

fit in this Table and is high for the number of degrees of free-
dom of 1186 in $2-statistics (probability = 1% of pure noise).
It is instructive to compare the SEDs of these two fits in Fig. 6;
the simultaneous fit to the PACS and IRS data in the right-hand
panel does appear to be skewed to some degree. The assump-
tion in our current model that the temperature does not depend
on grain size and wavelength is a limitation. A size distribution
would broaden the SED, and it may improve the ability to fit a
single disk model to the flux densities of the IRS spectrum and
the PACS bands simultaneously.

A86, page 10 of 15

Figure 2.2: Spectral energy distribution (SED) of the planet hosting red dwarf
GJ 581. The grey curve shows the model of the stellar atmosphere emission.
This model fails to reproduce the measurement in the IR; there is an IR excess.
Additional emission from a dusty disks (blue curve) has to be introduced in order
to get a total model (green curve) fitting the data satisfactorily (figure by Lestrade
et al. (2012)).

predict the stellar emission in the IR. If the measurement shows an excess in IR
flux as compared to the model, then the additional flux is potentially emitted
by a dusty debris disk around the star. An example of such a measurement is
shown in figure 2.2.
The thermal emission from a debris disk lies typically in the IR or submillimeter,
but one can also observe some disks in scattered starlight, and thus in the
optical. If one wants to probe larger grains, observations at larger wavelength
(millimeter / submillimetre) are necessary, e.g. with ALMA. This is important
since for example grains of different sizes have different dynamics and thus
may populate different regions of the disk. Multiwavelenght observations are
complementary, and together can give a coherent picture of a debris disk.

2.3 Debris disk evolution

A key point in characterizing debris disks is to describe their temporal evolution.
How does the amount of dust change over time? How do the dynamics of the
planetesimals affect the disk? What role do planets play in the dynamical evolu-
tion? To assess these and more questions, one has to develop theoretical models
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and make observations. Although there are exceptions, debris disks typically
evolve on very large timescales compared to human timescales. It is therefore in
general not possible to observe the evolution directly in one particular system.
Rather, one has to characterize systems at different evolutionary stages to get
a coherent picture of debris disk evolution. It is thus crucial to determine the
ages of the different systems in an accurate and consistent way, a non-trivial
task.
We shall here discuss the evolution of debris disks for A-type stars, since one
of the objects of interest in this thesis, β Pic, is of this spectral type. The
evolution may differ for FKG-type stars or for M-stars (Wyatt, 2008). As was
already mentioned earlier, the dust present in debris disks is subject to forces
continually removing it from the system. The dust must thus be steadily replen-
ished through a collisional cascade between planetesimals (Backman & Paresce,
1993). A precondition for such a collisional cascade is that the planetesimals
have been stirred in order to generate collisions at a high enough rate and with
destructive velocities. This requires eccentricities greater than 10−3 to 10−2

(Wyatt, 2008). Some models assume the planetesimals to be stirred from the
beginning (the so-called prestirred planetesimals) and thus do not need to spec-
ify what process stirs the planetesimals. Other models start with an unstirred
disk which causes the collisional cascade to be delayed. Stirring can be caused
by the formation of 2000-km sized planetesimals, which gravitationally disturb
other objects (self-stirred), as well as by the presence of gas- or ice-giant sized
planets (planets-stirred) (Wyatt, 2008).
The fractional excesses is a useful parameter to characterize a disk in general
and its evolution in particular. It is defined as

f =
LIR

L∗
(2.5)

with LIR the infrared luminosity of the disk and L∗ the luminosity of the host
star. Figure 2.3 shows a theoretical model of the temporal evolution of f for
different stirring mechanisms and planetesimal belt sizes. The models predict
a delay of significant dust production in some cases, which can in principle be
tested against observations. An example of such observations is shown in figure
2.4, where the observed 24 µm excess is plotted against the system age. The
peak occurs at 10–15 Myr, which can be interpreted as self-stirring with a stir-
ring delay of 10 Myr (Wyatt, 2008).
Most debris disks around A-stars are perfectly consistent with a steady-state
collisional cascade model, but there are also cases where a stochastic component
needs to be introduced. An example is the disk around Vega, where the high
mass loss rate due to radiation pressure is in conflict with a steady-state inter-
pretation (Wyatt, 2008). The stochastic element can for example be a collision
on a (proto)planetary scale. Such events may be more common than we think,
especially in the early stages of a system when planet formation is still ongoing,
which can be the case for several 100 Myr after the formation of the system
(Kenyon & Bromley, 2006).
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Figure 2.3: Theoretical temporal evolution of the infrared excess for different
stirring mechanisms and planetesimal belt extents. Obviously there can be a
delay in significant dust production if the disk is not assumed to be prestirred.
(Figure by Wyatt (2008).)

2.4 Planet-disk interactions

It was already mentioned in the previous section that planets can be an impor-
tant factor in the evolution of debris disks (planets as a mechanism to stir the
disk). There are other interesting possibilities of interaction between planets
and disks. In this section, we give two examples of systems where the presence
of a planet was inferred by certain structures in the disk.

2.4.1 Example I: β Pictoris

Planets can shape a disk in a variety of ways. For example, they can clean a
region around their orbit and open up a gap in the disk. In principle, it is pos-
sible to infer the presence of a planet from such features and even derive planet
properties. In this respect, the giant planet around β Pictoris can be called
a prime example. The β Pic disk, which spans several hundred astronomical
units, has been the subject of numerous observations and modeling efforts over
the last ∼30 years. The possibility to detect planets in the disk was discussed
early on (see e.g. Diner & Appleby, 1986). As compared to other disks, there
is a huge amount of image material. These images showed various interesting
structures and asymmetries. For example, Burrows et al. (1995) imaged the
disk with the HST and discovered that the region inside of 40 AU is relatively
empty and warped with respect to the outer disk. The authors concluded by
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Figure 2.4: Observed temporal evolution of the 24µm infrared excess for debris
disks around A-stars. Protoplanetary disks are excluded from the plot. The peak
occurs at 10–15 Myr, indicative of self-stirred disks with a delay of 10 Myr until
the onset of stirring (Wyatt, 2008). Also plotted (grey lines) are theoretical
models of self-stirred disks by Kenyon & Bromley (2005) for different mass
distributions. The disk pictures are not only nice to see, but also indicate where
the emission comes from at different evolutionary stages. (Figure originally by
Currie et al. (2008), modified by Wyatt (2008); see these papers for the references to
the disk pictures and the data points.)
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the mean of simulations that most likely an unseen planet, itself inclined with
respect to the outer disk, is responsible for these features. Roques et al. (1994)
also studied the problem of the inner clearing region numerically and showed
that a model including a planet is capable of reproducing the features seen in
the data. In particular, particles can become trapped in mean motion reso-
nances with a planet. In this way, a planet can induce large scales structures in
a disk. A planet was also invoked to explain the high rate of cometary infall,
observed through time-variable redshifted absorption features that are thought
to origin from star-grazing evaporating comets(Beust & Morbidelli, 1996). The
planet would force the bodies on star-grazing orbits due to resonant interactions.
The possibility to observe exo-comets is tantalizing, and the connection with a
planet makes the scenario even more interesting. Mouillet et al. (1997) pre-
sented new ground-based observations and confirmed the warp inside of 50 AU
with an inclination of 3◦. Such observations are only possible with the use of
a chronograph in order to block out the starlight which otherwise completely
outshines the disk. The authors were able to use their data and a simulation
of the disk with an embedded planet to constrain the orbital elements as well
as the mass of the still undetected companion. For example, the mass of the
planet could be estimated to lie between 0.02 and 20 Jupiter masses, thus the
constraints were not yet very strong at the time. The study suggested that the
planet might be detectable with photometry. Improved chronographic observa-
tions with the HST were then presented by Heap et al. (2000). The resulting
image of the disk is shown in figure 2.5, where the warped inner part can clearly
be seen. These improved observations did not, however, result in better con-
straints on the mass of the planetary perturber. The planet was finally detected
by Lagrange et al. (2010), quite some time after the first speculations about
its presence inferred from disk structures. The planet was identified to have a
mass of ∼10 Jupiter masses at an orbit of ∼10 AU. According to the standard
exoplanetary name convention, it is called β Pic b. It is one of the few exo-
planets detected directly; most exoplanets are detected through radial velocity
measurements or the transit method. This example case clearly demonstrates
the benefit of studying planet-disk interactions. It also shows that progress in
astronomy is often linked to progress in instrumentation. The presence of the
planet was suspected for a long time, but one was not able to detect it until
recently because the necessary instrumentation was not yet developed.

2.4.2 Example II: Fomalhaut

There is a second famous example of an interesting planet-disk interaction:
the Fomalhaut system. In contrast to the β Pic disk, which is seen almost
perfectly edge-on, the Fomalhaut system is inclined. As β Pic, Fomalhaut is
a main sequence A-type star with a prominent debris disk. When the disk
of Fomalhaut was first imaged in scattered light, the offset of about 15 AU
between star and disk centre as well as the shape of the inner edge of the
disk were seen as indicative for a planetary system causing the features (Kalas
et al., 2005). Further observations allowed Kalas et al. (2008) to announce the

13



440 HEAP ET AL. Vol. 539

3.3. Evaluation of the Results
Since there are no experimental data available for evalu-

ating the e†ectiveness of the occulting mask and Lyot stop,
we compared the derived PSF for b Pic with theoretical
models. Figure 5 compares the radial pro!le of the derived
PSF with that computed from Telescope Imaging Model-
ling (TIM) models (Burrows & Hasan 1993). This plot
demonstrates the two main advantages of coronagraphy.
First, the 1A occulting wedge provides a rejection factor of
up to 8000. Were it not for the wedge, the star would
produce count rates of up to nearly a billion e~ s~1 pixel~1.
But because the star is occulted, the dynamic range of the b
Pic scene is lowered to a point where it can easily be accom-
modated by the CCD detector. For example, at (10r \ 0A.5
AU), the occulted star contributes 26,000 e~ s~1 pixel~1,
well below the full-well capacity of the CCD (144,000 e~
pixel~1) for a 1 s exposure. Since the readout noise of the
summed image (eight or 16 exposures for WedgeB2 and
WedgeB1, respectively) is below 1 e~ s~1 pixel~1, its
dynamic range is about 1 ] 106. Second, the wings of the
PSF are a factor of 2 lower than the TIM model for the
telescope performance. This level of suppression accords
with the expected action of the Lyot stop, but further obser-
vations are needed to complete the characterization of the
STIS coronagraphic mode.

Figure 6 compares the radial pro!les of light from the
star and from the midplane of the disk. The star contributes
more light to the disk interior to r \ 3A and also beyond 9A ;
this is because the sky background is included in the PSF.
Figure 7 shows the disk image with contours of the associ-
ated signal-to-noise (S/N) ratios superposed. The errors
used to compute the S/N for each pixel were estimated from

di†erences in the six di†erent solutions for the disk
(observations at three roll angles times two wedge
positions). As such, they should represent a total error
including both observational uncertainties and errors in the
data processing. Along the spine of the disk, the signal-to-
noise ratio exceeds 100 over the region from 30 to 150 AU
from the star. Above and below the spine of the disk, the
brightness, and consequently, the S/N, drop rapidly.

4. OBSERVED PROPERTIES OF THE b PIC DISK

4.1. Disk Morphology
Figure 8 shows the resulting images of the b Pic disk

based on the WedgeB1 observations. At the top is a false-
color image of the disk on a log scale. The bottom shows the
disk with intensities normalized to midplane brightness and
the vertical scale (i.e., perpendicular to the spine of the disk)
expanded by a factor of 4 in order to show the shape of the
disk more clearly. The main visual impressions are the
smoothness of the disk and the presence of a warp close (in
projection) to the star. The smoothness of the disk in the
STIS images is in sharp contrast to previous images
(Burrows et al. 1995 ; Mouillet et al. 1997), which are
marked by swirls and radial spikes. We interpret this
texture in previous images to incomplete elimination of the
PSF. The pronounced warp in the disk was detected in
previous images, but only the STIS images are able to
follow it in close to the star. Below, we report on quantitat-
ive measurements of the disk, including the radial Ñux gra-
dient and vertical Ñux distribution, the warp, and the
innermost region of the disk which heretofore has(r \ 1A.5),
not been seen in images of its dust-scattered light. To
describe the disk, we use a cylindrical coordinate system

FIG. 8.ÈSTIS/CCD coronagraphic images of the b Pic disk (WedgeB2 observations). The half-width of the occulted region is AU. At top is the0A.75 \ 15
disk at a logarithmic stretch. At bottom is the disk normalized to the maximum Ñux, with the vertical scale expanded by 4.Figure 2.5: The β Pic disk as observed in scattered light by the HST with a

coronograph. The top figure shows the disk in a logarithmic scale. The bottom
figure is normalized to the maximum flux and has an expanded vertical scale.
The warp in the inner disk is clearly seen in the bottom figure. (Figure by Heap
et al. (2000).)
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direct detection of the planet at a distance consistent with predictions based
on the disk features. The observations suggested a wide orbit of about 120 AU
and a mass of at most a few Jupiter masses. The spectral energy distribution
(SED) of the object is interesting too. The planet is detected at 0.6 and 0.8µm,
but not at longer wavelengths. This results in an inconsistency with exoplanet
models. Indeed, such a young planet (the age of Fomalhaut is estimated to be
∼400 Myr (Mamajek, 2012)) is expected to radiate considerably in the IR. As a
possible solution to this discrepancy, the authors suggested a circumplanetary
disk with a width comparable to the orbits of Jupiter’s Galilean satellites that
would scatter starlight in addition to the thermal emission from the planet.
The discovery of Fomalhaut b generated considerable debate in the community.
Janson et al. (2012) attempted to image the planet with Spitzer at 4.5µm
without success. The sensitive data were used to put stringent upper limits
on the IR flux of Fomalhaut b, which led the authors to reject the possibility
of Fomalhaut b being a giant planet. The data did not match exoplanetary
thermal emission models, even when uncertainties in parameters such as the
age of the planet or the fraction of clouds in the atmosphere were accounted
for. Rather, the data were consistent with a transient dust cloud scattering
starlight, potentially originating from a recent collision. Even the existence
of the object was questioned (see Bhattacharjee, 2012). It also became clear
that the planet, or whatever the object should be called, was probably not
responsible for the geometrical features seen in the disk. The possibility of a
second, yet unseen companion was put forward. The belt structure could also
be explained in the scenario of shepherd planets (i.e. planets at the inner and
outer edge of the debris belt) completely unassociated with Fomalhaut b (Boley
et al., 2012). However, new ground-based observations and reprocessing of the
original Kalas et al. (2008) data by Currie et al. (2012) confirmed the existence
of the object. Moreover, and contrary to Janson et al. (2012), they argued
that the non-detection in the IR cannot be used as an argument against the
planet interpretation. Although the emission is most likely coming from dust
associated with a planet and not directly from the planet, an unbound dust
cloud as proposed by Janson et al. (2012) is unlikely, essentially because such a
cloud would shear out on short time scales and should thus appear as a resolved
object in the observations. Galicher et al. (2013) also reanalyzed the original
data and confirmed the existence of the object, whose exact nature is still elusive.
Different models are currently consistent with the data. For example, Kennedy
& Wyatt (2011) proposed a swarm of irregular satellites around a planet. In
this scenario, the observed emission comes from the dust produced through
mutual collisions between the satellites. More observations are needed, but it
is clear that Fomalhaut b is a highly interesting object. Because of its eventful
discovery history, the planet has been nicknamed ”zombie planet”1 or ”phoenix
planet”2, ”although th[ese] [are] non-technical term[s] that [do] not appear in

1http://news.discovery.com/space/astronomy/a-superjovian-controversy-130130.

htm, accessed 09.10.2013
2http://blogs.nature.com/soapboxscience/2012/11/07/fomalhaut-b-the-phoenix-planet,

accessed 09.10.2013
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any paper.”3

2.5 Summary: what can debris disks tell us?

By observing and modeling debris disks around other stars as well as around
our sun, we are able to learn about many aspects of the history of our solar
system, and the characteristics and evolution of exoplanetary systems. Espe-
cially young system can be considered excellent laboratories for the study of
the planet formation process and the early evolution of planetary systems in
general. For example, the efficiency of forming planetesimals, and thus planets,
is directly related to the occurrence of debris disks. If this process is inefficient
in general, few debris disks should be observed around other stars. Another
crucial parameter for planet formation is the composition of the planetesimals,
which can be studied by spectroscopically observing the dust derived from big-
ger parent bodies. Planets can also dynamically interact with disks, meaning
that the presence of planets can be inferred from certain disk structures. In
summary, debris disks are excellent objects to widen our understanding of the
solar system and the planet formation process.

3http://en.wikipedia.org/wiki/Fomalhaut_b, accessed 09.10.2013
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Chapter 3

Gas in debris disks

We consider now a slightly more specialized topic in the field of debris disks:
gas in debris disks. This might be surprising at first sight, since debris disks
are characterised by a large amount of dust, in contrast to protoplanetary disks
which consists mostly of gas. The amount of gas found in debris disks is typ-
ically small and there is only a handful of them where gas has actually been
detected. Nevertheless, the gas is interesting to study. The gas composition can
under certain circumstances give clues about the compositions of the dust and
eventually formed planets. The effect of the gas on dust and planetesimal dy-
namics needs also to be considered. We will explore the topic with the example
of β Pictoris, where the phenomenon has probably been studied most, and then
give a brief overview of the other known gaseous debris disks.

3.1 Gas in the β Pic debris disk

β Pictoris is a young (age of 10–20 Myr, Mentuch et al. (2008); Zuckerman
et al. (2001)) A6V star (Gray et al., 2006) at a distance of 19.44± 0.05 pc (van
Leeuwen, 2007). Even before β Pic was known to host what is today one of
the most studied debris disks, the star attracted attention due to the presence
of sharp absorption lines in the stellar spectrum: Slettebak (1975) reported
the observation of peculiar Ca II absorption lines. At the time, it was not yet
clear whether their origin is circumstellar or interstellar. Slettebak & Carpenter
(1983) observed further lines (Fe II and Mg II) and classified β Pic as a ”shell
star”, imagining a shell of gas around the star causing the unusual absorption
features. The discovery of the debris disk (Smith & Terrile, 1984) renewed the
interest into the star. Data from the International Ultraviolet Explorer (IUE)
showed Fe II, Mg I and C I absorption (Kondo & Bruhweiler, 1985). The Fe II
line turned out to be time variable. The possibility of the gas residing in the disk
rather than in a circumstellar shell was now considered as well. More sensitive
ground bases observations allowed the detection of Na I (Hobbs et al., 1985).
In this paper one can also find the perhaps first attempt of a gas disk model,
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Figure 3.1: Artist’s view of the β Pic debris disk, depicting different elements of
the system: the giant planet in the foreground known to orbit β Pic at a distance
of ∼10 AU, possible on-going terrestrial planet formation further inwards, and
falling evaporating bodies (FEBs or exocomets) close to the star (image credit:
NASA / FUSE / Lynette Cook).

trying to estimate the total gaseous disk mass. The calculation was however
based on the (at the time reasonable) assumption of solar abundances, which
is wrong, as we will see later. Vidal-Madjar et al. (1986) added new spectral
observations of Ca II and Na I and interpreted the velocity difference between
these two elements as the result of different locations in the disk. From this
high number and frequency of papers it is obvious that the phenomenon was
regarded as very interesting in the community. More and more observations
were made and models proposed. Discussing all of them is beyond the scope
of this work. I will thus concentrate on the perhaps most important pieces of
work. Such a selection is naturally biased in one or the other way.

3.1.1 Dynamics and composition of the gas

It is important to realize that the presence of gas in the β Pic debris disk is
unexpected in principle. First, the origin of the gas is unclear. A primordial
origin (from the protoplanetary phase) is unlikely, but there are different other
possible gas production scenarios. This issue is discussed in the next section. In

18



addition, the gas is expected to be rapidly blown out of the system by radiation
pressure. A model is needed that can explain why the gas is kept in the disk.
We will thus concentrate on the dynamics of the gas in this section.
There are essentially two forces acting on a gas particle: the gravitational at-
traction of the star and the radiation pressure. The parameter β, defined in
equation 2.3, is the determining factor for the dynamics of the particle. If
β > 1

2 , the particle is expelled from the system. This can be illustrated by an
energy argument. Let us for the moment consider dust particles rather than
gas. Assume a body (too big to be affected by radiation pressure) in a Keple-
rian orbit suffers a collision. The smaller particles created might now be in a
regime where radiation pressure becomes important (see figure 2.1). Assuming
the velocity was only slightly changed by the collision, the kinetic energy of a
particle with mass m is given by

Ekin =
m

2
v2 =

GMm

2r
(3.1)

with G the gravitational constant, M the mass of the star and r the distance
between star and particle. The potential barrier to overcome for leaving the
system is given by

Epot = Epot,grav + Epot,rad =
GmM

r
− βGmM

r
(3.2)

where β is the ratio between radiation pressure and gravity (see equation 2.3).
Requiring the particle to have enough kinetic energy to leave the systems results
in the claimed condition:

Ekin > Epot ⇔ β >
1

2
(3.3)

How much a gas particle is affected by radiation pressure depends on its internal
energy transitions and their strength. For example, if the star’s spectrum is weak
in the region of the strongest transitions of a species, radiation pressure will be
negligible. β can be calculated in the following way (see e.g. Lagrange et al.,
1998):

β =
d2

GmM∗

1

4πε0

πe2

mec2
fφν (3.4)

with e the elementary charge, me the mass of the electron, c the speed of light,
f the oscillator strength of the transition, φν the stellar flux per unit frequency,
ε0 the permittivity of free space, d the distance to the star, M∗ the mass of the
star, m the mass of the atom / ion under consideration and G the gravitational
constant. The total radiation pressure is obtained by summing over all transi-
tions. The obvious thing to do now is to calculate β for different detected species
and to study the resulting dynamics. Early on, Beust et al. (1989) noted the
importance of such studies and calculated β for Ca II, Al III and Mg II. It turned
out that the radiation pressure on Ca II is much stronger than on the other two
species. For all these species, β > 1. Under the assumption that the gas origi-
nates from star-grazing comets (see section 3.1.2.2), these results could be used
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to explain why Ca II was always observed to move towards the star at lower
velocity: because the higher radiation pressure strongly counteracts gravity. An
important observational results was provided by Olofsson et al. (2001), who for
the first time spatially resolved the gas emission on a large scale. High resolu-
tion spectroscopy of Na I indeed showed that the motion of the gas is consistent
with Keplerian rotation. The observations thus constitute a strong proof that
the gas is somehow stabilized, although radiation pressure should eject some of
the species. Indeed, the radiation pressure on Na I exceeds gravity by a factor
∼300. On the other hand, the radiation pressure on Na II is negligible, since
ionized sodium lacks strong transitions within β Pic’s spectrum. The ionization
potential of Na I is low. Olofsson et al. (2001) deduced that sodium is almost
completely ionized in the disk. In other words, sodium spends most of its time
in the ionized state, and is thus not efficiently accelerated by radiation pres-
sure. This idea thus provided a possible explanation for the puzzling stability
of the disk, although the observations could not exclude braking by dense gas
(e.g. atomic hydrogen). In addition, the observations showed that the Na I gas
profile is fairly similar to the dust profile. This can be seen as a hint towards a
gas production mechanism related to the dust (section 3.1.2).
The idea of a relatively dense gas able to brake the metallic species was put for-
ward rather early by Lagrange et al. (1998). They characterised the radiation
pressure and column densities of various metallic species (Fe II, C I, Mg II, Mn II,
S I,. . . ) using HST observations. Their work showed that a closed-box model
(i.e. gas is neither produced nor destroyed) is hard to get in agreement with the
observations. Steady-state modeling on the other hand proved more successful,
under the assumption of a hydrogen ring at ∼0.5 AU that slows down the species
affected by radiation pressure. In this scenario, the gas is produced inward of
the hydrogen ring, accelerated by radiation pressure, temporarily trapped in the
H ring and finally expelled from the system. Hydrogen is not affected by radia-
tion pressure. The stable absorption features form during the specie is trapped
in the ring according to this idea. Both the hydrogen and the observed metallic
species could be produced by star-grazing comets in this scenario. However,
Brandeker et al. (2004) refined the work by Olofsson et al. (2001) by detecting a
total of 88 spatially resolved emission lines from various species. Na I is traced
out to the limits of the observations at 323 AU. The column density inferred
from these observations is comparable to the value derived from the absorp-
tion data, meaning that the stable emission originates from within the whole
disk and not just from a narrow inner ring as was suggested by Lagrange et al.
(1998). More generally, the possibility of hydrogen as a braking agent could be
excluded, since upper limits on the hydrogen content of the disk would be in
conflict with the amount of hydrogen needed to brake the gas (Lecavelier des
Etangs et al., 2001). On the other hand, the argument that sodium is mostly in
the ionized state and thus does not feel significant radiation pressure (Olofsson
et al., 2001), is not applicable to iron: both Fe I and Fe II have β � 1. All these
considerations led to the conclusion that yet another braking mechanism has to
be identified. Probably the best model proposed until now is based on Coulomb-
interactions in a carbon-enhanced disk. Fernández et al. (2006) realized that all
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species affected by radiation pressure are almost completely ionized. In other
words, a successful model needs to explain how ions can be efficiently braked
in the disk. Braking of neutral species is not necessary. Fernández et al. (2006)
thus explored the role of Coulomb interactions and showed that all the ions are
dynamically coupled into a single fluid via electromagnetic forces. Still, the gas
has to be overabundant in carbon in order to make braking efficient. Carbon is
known to be a dominant species by mass. In addition, carbon is not affected by
radiation pressure and is ionized to ∼50 %, making it the ideal braking agent.
Charged dust grains could also play the role of a braking agent. The grains
need to be carbonaceous in order to attain enough charge. Observations by
Roberge et al. (2006) showed the gas to be indeed overabundant in carbon, so
that the first possibility seems the most natural. Roberge et al. (2006) observed
β Pic in the UV with the Far Ultraviolet Spectroscopic Explorer (FUSE) and
detected C II and C III (as well as O I) in absorption. The data showed that
carbon is strongly overabundant. For example, the C/Fe ratio was measured to
be 16 times the solar value. Subsequent Herschel observation detecting C II in
emission suggested an even higher overabundance (C/Fe and C/Na being 400
times the cosmic value, Brandeker et al. (2013)). While the enrichment in car-
bon can explain the stability of the circumstellar gas, it obviously raises a new
question: how does this extreme carbon overabundance arise? This problem is
intimately connected to the question how the gas is produced. The gas produc-
tion will be discussed in more detail in the next section 3.1.2. I will finish of
this section with a more recent result on the braking mechanism. Brandeker
(2011) presented new observational evidence in favor of gas braking in a carbon
enhanced disk. As exemplified earlier, neutral species are not braked in this
scenario. In particular, Fe I and Na I are expected to reach radial velocities of
0.5 and 3.3 km s−1 respectively. This prediction could be verified using archival
data, although more carbon than detected by the original study by Roberge
et al. (2006) has to be assumed. This is however in agreement with more recent
observations by Brandeker et al. (2013). In conclusion, it seems that a suitable
model has been found to explain the stability of the gas around β Pic. However,
it still remains to be explained how the peculiar composition, which is crucial
to brake the gas, arises in the first place.
At this point, it seems appropriate to give an overview of the species detected
in the β Pic gas disk. Such an inventory was presented by Roberge et al. (2006)
and is shown in figure 3.2. Although already some years passed since then, this
table is still instructive and illustrates the surprising diversity of the circumstel-
lar gas. Notice that molecules can not survive in general in the intense radiation
field of β Pic, an A-star. The only molecule detected around β Pic is CO, first
seen by Vidal-Madjar et al. (1994) in HST data. CO is very interesting in this
context, since the disk seems to be highly overabundant in both carbon and
oxygen (Brandeker et al., 2013). The typical lifetime of a CO molecule before
photodissociation is only 200 years. As an A-type star, β Pic lacks the far UV
photons needed to dissociate CO, so the molecule is mainly destroyed by the
interstellar radiation field (Roberge et al., 2000). This means that CO has to
be produced continuously, for example through photodesorption from icy grains
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(Troutman et al., 2011). Recently, CO was observed in emission with ALMA
(PI Dent B.) with very high signal to noise. The results of these observations
are not yet published, but promise new insight into the role of CO in the β Pic
disk.

3.1.2 Origin of the β Pic circumstellar gas

In the previous section it was described how the special composition of the gas
prevents it from been blown out of the system. It is natural to ask how such
a composition can arise in the first place. In this section we discuss different
possible gas producing mechanisms.

3.1.2.1 Remnant from protoplanetary phase

A primordial origin seems a natural option to consider. Although the transition
from a protoplanetary disk to a debris disk is characterised by the loss of a large
fraction of the gas, it may very well be that some small amount survived until
today. A necessary condition is that the lifetime of the gas is larger than the
age of β Pic (i.e. 10–20 Myr). This is the reason why a primordial origin can be
excluded. To keep the gas in the disk during the whole lifetime of β Pic, despite
strong radiation pressure, a massive (e.g. H dominated) disk is necessary in
order to brake the metals. Such a massive disk is inconsistent with observations
(Fernández et al., 2006).

3.1.2.2 Falling evaporating bodies (exocomets)

One interesting aspect of the gas around β Pic is its possible connection to
exocomets, which could act as a gas source (see figure 3.1). It was noted early
on that some absorption lines have a time-variable component. The variation
occurs on timescales of months, days or even just a few hours. In addition,
the variation appears always in the red wing of the spectrum (Ferlet et al.,
1987; Lagrange-Henri et al., 1988). It was suggested that star-grazing comets,
evaporating in immediate vicinity to the star, could explain the data. The
estimated cometary flux necessary to supply the gas turned out to be much
higher than in the solar system, with up to 200 events per year. This is perhaps
not surprising given the massive disk around β Pic and its young age. Such
observations could give important hints to the role of comets in young planetary
systems. From an astrobiological viewpoint, this is highly interesting, since
comets are thought to have potentially delivered large amounts of water to
Earth (see e.g. Hartogh et al., 2011, and references therein). As far as we know,
water is an essential building block of life. The first approximate model of the
cometary hypothesis was presented by Beust et al. (1989). The basic features of
the data could be explained on the basis of this model, but important questions
still remained open. The cometary model has since then been studied in more
detail (see e.g. Beust & Valiron, 2007, and references therein).
The FEB scenario is a very interesting gas production mechanism, and there is
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Supplementary Table 2 : Inventory of Species in the β Pic Stable Gas

Species Column Density Reference
(cm!2)

H I "< few#1019 [12]
H2 $ 3#1017 [24]
C I (2!4)#1016 [9]
C II 2.0+2.1

!0.4#1016 §2.1
O I (3!8)#1015 §2.2
O II (3!8)#109 §4
OH $ 2#1013 [13]
CO (6.7±0.5)#1014 [9]
Na I (3.4±0.4)#1010 [2]
Na II % 3#1013 §4
Mg I 2.5#1011 [13]
Mg II % 2#1013 [1]
Al I $ 4#1010 [1]
Al II 4.5#1012 [1]
Si I $ 1#1013 [1]
Si II 1#1014 [1]
P I $ 7.0#1011 §3
P II $ 9.2#1013 §3
S I 5.4#1012 [1]
S II 5#1012 §4
Ca I $ 2#109 [25]
Ca II 1.26+3.75

!0.63#1013 [14]
Ca III 1.3+3.8

!0.6#1013 §4
Cr I 3.5#109 §4
Cr II 3.5#1012 [1]
Mn I $ 3#1010 [1]
Mn II 3#1012 [1]
Fe I 1#1012 [1]
Fe II (3.7±0.5)#1014 J. Debes (1999),

personal communication
Ni I $ 7.6#1010 §3
Ni II 1.5#1013 [1]
Zn I $ 7#1010 [1]
Zn II 2#1011 [1]

Figure 3.2: Inventory of the gas species detected or with reported upper limits
in the β Pic debris disk published by Roberge et al. (2006). See that paper for
the references to the various observations used to compile this table.
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a lot of evidence suggesting that star-grazing comets contribute to the gas in
β Pic. FEBs could explain the peculiar distribution of some of the species, in
particular the presence of Ca II at high latitude (Beust & Valiron, 2007). On the
other hand, it seems difficult to produce all the observed gas with FEBs, since
the braking gas has to be produced further out in the system whereas FEBs
evaporate in close vicinity to the star (Fernández et al., 2006). One may also
ask why the dust and gas distributions are so similar if FEBs are the sole gas
source (Chen et al., 2007).

3.1.2.3 Photo-stimulated desorption of dust

Another possible gas producing mechanism is the photon-stimulated desorption
of gas atoms / molecules from dust grains. The process involves a photon with
an energy high enough to kick out a particle from a dust grain. The binding
energies between the constituents of a dust grain are such that UV photons are
required for this process to happen. Given information about the spectrum of
β Pic, Chen et al. (2007) showed that sodium could be produced in this way.
It was also shown that the photo-desorption of CO from CO ice is surprisingly
efficient in general (Öberg et al., 2007). Although the desorption efficiency
depends on the wavelength of the incident radiation (Fayolle et al., 2011), it
looks like this process has the potential to deliver the amount of gas needed;
even better, if most or all of the C and O are stored in the form of CO (or
CO2), then photo-desorption would naturally explain the overabundance of C
(and O) (Xie et al., 2013). Also, the fact that the gas profile follows the dust
profile looks like a natural consequence of this scenario (Chen et al., 2007),
although stellar flux and dust temperature vary with distance, meaning that the
production efficiency may vary as well. More detailed studies and experimental
data (photo-desorption cross sections etc.) are needed to conclude whether
photo-desorption is a viable gas source.

3.1.2.4 Collisional vaporisation of dust

The similarity of the gas and the dust radial profile is the motivation to study
yet another possible gas source: collisional vaporisation of dust grains. Vapor-
isation of dusty material occurs if grains collide with velocities above a certain
threshold, typically a few tens of kilometers per second (Czechowski & Mann,
2007). The relative velocities of grains in bound orbits around β Pic are in gen-
eral smaller, except very close to the star. However, Czechowski & Mann (2007)
described another way to get high velocity collisions. Imagine the collision of
two dust grains producing new, smaller grains. The ratio between radiation
pressure and gravity β depends on the size of the grain. In particular, small
dust grains (typically with a size of 1µm) can have β > 1/2 corresponding to
an unbound orbit. For which size the transition from bound orbits to unbound
orbits exactly occurs depends on the grain properties. Note also that very small
grains may again have β < 1/2 (see figure 2.1). The important point here is that
small grains resulting from a collision can be blown out by radiation pressure
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and accelerated to high velocities. If these grains are produced relatively close to
the star, they can be accelerated to velocities above the vaporisation threshold
and collide with dust grains further out in the disk (Czechowski & Mann, 2007).
Quantitatively Czechowski & Mann (2007) showed that collisional vaporisation
could in principle supply all the gas around β Pic. Xie et al. (2013) also con-
cluded that this scenario has no problems in delivering the needed amount of
gas.

3.1.2.5 How to distinguish between the different gas production sce-
narios

What possibilities do we have to distinguish between the different gas produc-
tion scenarios? Xie et al. (2013) studied how the composition of the β Pic
circumstellar gas evolves with time in order to explain its peculiar abundances
(strong overabundance of C and O). They identified two competing possibili-
ties: either the gas is produced at normal abundances, but elements subject to
strong radiation pressure are preferentially removed from the disk. The natural
gas production mechanism associated with this possibility is collisional vapori-
sation of dust. On the other hand, the gas could already be produced with the
overabundance of C and O. In this case, all the gas would accrete onto the star,
thus avoiding preferential blowout. Photo-stimulated desorption could provide
a carbon and oxygen enriched gas if C and O are mainly stored in the form
of CO or CO2, since these are very efficiently photo-desorbed (Öberg et al.,
2007). Because the gas is accreted onto the star in this latter scenario, one
would expect gas in the inner regions of the disk, inside ∼ 100 AU. The spatial
distribution of the gas can thus, in principle, be used as an observational test of
the gas production mechanism. This is one of the main reasons why we tried to
constrain, using Herschel/HIFI, the radial profile of C II in the paper associated
with this thesis. More observations, e.g. with ALMA, are however needed. It
will also be important to progress in the modeling of the gaseous disk in order
to fully understand its origin and evolution.

3.2 Gas in other debris disks

We will here very briefly discuss gas in debris disks around other stars. β Pic
is the system studied in most detail, but of course it is important to find and
characterize other debris disks with gas in order to get an overview of the phe-
nomenon. Comparison between different systems, for example of different ages,
can help to understand how the gas in debris disks evolves. Unfortunately, the
sample of gaseous debris disks is rather limited. Whereas we today know sev-
eral hundred debris disks (Wyatt, 2008), only slightly more than ten debris disks
with gas have been observed until now. I tried to search the literature for debris
disks with detected gas. The result is summarized in table 3.1. This overview
might not be absolutely complete, but should list most of the systems with gas
currently known. The list of species detected in the individual disks may also
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object spectral type detected gas age [Myr] reference
β Pic A CO, O, C, Na, Ca,. . . 10–20 e.g. [1]

49 Ceti A CO, C 9–60 e.g. [2]
σ Her∗ B (primary) C, N 140 [3]

HD32297 A C, Na 30 [4], [5]
HD172555 A SiO (?), O 10–20 [6]
HD21997 A CO 30 [7]
HD158352 A H, K, Ti 750 [8], [9], [15]
HD118232 A Ca, Ti ? [8], [9], [10]
HD21620∗ A (primary) Ca 80 [9], [11]
HD142926 B Fe 80 [9], [12]

51 Oph B CO, CO2, H2O, C, O, N. . . 0.7 e.g. [13]
AU Mic M H2 (?) 10–20 [14]

Table 3.1:
∗ binary system
(?) tentative detection
references: [1] Roberge et al. (2006), [2] Roberge et al. (2013), [3] Chen & Jura
(2003), [4] Redfield (2007), [5] Donaldson et al. (2013), [6] Riviere-Marichalar
et al. (2012), [7] Moór et al. (2011), [8] Abt & Moyd (1973), [9] Roberge &
Weinberger (2008), [10] Montgomery et al. (2012), [11] Welsh & Montgomery
(2013), [12] Slettebak (1982), [13] Thi et al. (2013), [14] France et al. (2007),
[15] Jaschek et al. (1988).

be incomplete. The point here is to notice that a large fraction of gaseous debris
disks is hosted by A-type stars. It might be that the production of circumstel-
lar gas is particularly efficient around A stars. It would be very desirable to
get examples of gaseous debris disks around late-type stars, if they exist at all.
Future surveys with greater sensitivities may discover such examples. Also, one
notices from table 3.1 that gaseous debris disks are young in general, meaning
that terrestrial planet formation may be still ongoing in a considerable fraction
of these systems. They are thus interesting laboratories to study the late stages
of planet formation. Note that 51 Oph seems very young for a debris disk. The
nature of this object is elusive at the moment.

3.3 Brief summary of the paper associated with
the thesis

The paper associated with this thesis deals with the carbon gas in the β Pic
debris disk. We observed and spectrally resolved C II emission at 157µm with
Herschel HIFI. From the shape of the emission line, we constrain the spatial
distribution of the gas by assuming a disk in Keplerian rotation. Our main
conclusion is that most of the gas mass is located beyond 30 AU. This result
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argues against an FEB origin of the gas, since FEBs evaporate in immediate
vicinity to the star. We also test whether the shape of the line is consistent
with a simplified accretion disk model. In other words, we attempt to constrain
the gas production mechanism in the β Pic disk, since accretion would argue in
favor of C and O being preferentially produced, leading to the observed C and
O overabundance (see section 3.1.2.5). Our model can also be used to predict
the C I emission throughout the disk. We test whether ALMA would be able to
detect and spatially resolve this emission. For details, see the paper at the end
of the thesis, section 5.
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Chapter 4

Biomarker debris disks

In this part of the thesis, I will discuss an interdisciplinary astrobiology project
we are currently investigating. Although somewhat different to what was dis-
cussed in the previous sections, there is a connection to debris disks which will
become clear immediately. Briefly summarized, the question we would like to
answer is the following: can biomarkers in a debris disk, ejected by a giant im-
pact on a life bearing exoplanet, be detected remotely? In other words, we are
investigating a potential method to test the presence of life in an exoplanetary
system. The discussion is structured as follows: in section 4.1, an astrobiological
motivation to the problem is given. Section 4.2 discusses the classical approach
to the problem: the study of exoplanetary atmospheres. Finally, section 4.3
discusses the possibility of biomarker debris disks.

4.1 Searching extraterrestrial life: an astrobio-
logical motivation

At first glance, the question ”why do we search for extraterrestrial life?” seems
needless. Since the oldest days humans are wondering whether we are alone
in the universe or not. It looks like human curiosity is motivation enough.
However, I would like to discuss in more depth what one can learn quantitatively
from such a search. One of the key questions in astrobiology is how widespread
life is in the universe. Let us illustrate the problem by writing down a ”Drake
equation” for the number N of life-bearing planets in the Galaxy:

N = R∗fpnsfl (4.1)

with R∗ the number of stars in the galaxy, fp the fraction of those stars that have
planets, ns the average number of planets that can potentially support life per
star that has planets, and fl the fraction of planets that could support life that
actually develop life at some point1. Writing down such an equation is problem-
atic because there is no consensus on a definition of life. We will thus consider

1http://en.wikipedia.org/wiki/Drake_equation, accessed 11.11.2013
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what is commonly called ”life as we know it” or ”Earth-like life”. Such life forms
would share fundamental properties with life we find on Earth, e.g. metabolism,
organization (i.e. composed of one or more cells), adaption (Darwinian evolu-
tion) or reproduction. It is important to know what we are searching for in
order to come up with an appropriate searching strategy. One the other hand,
one should keep in mind that life completely different from life on Earth might
exist on exoplanets. Note that life-bearing exomoons could easily be included
in equation 4.1 by introducing an additional factor describing the number of
habitable moons per planet. For simplicity, we will omit such a factor.

Let us have a look at the different factors in equation 4.1. R∗ is a number
we know quite precisely. About 300 billion stars reside in the Milky Way.
Also fp can nowadays be measured, and the precision on its value will continue
to improve with future surveys. For example, Fressin et al. (2013) studied Ke-
pler data and found that 16.5% of all main-sequence FGK-stars have at least
one planet (with a radius between 0.8 and 1.25 R⊕ and with orbital periods up
to 58 days).
The factor ns is more difficult to assess. However, by gathering enough infor-
mation about an exoplanet, it should in principle be possible to tell whether
it is capable to sustain life or not. For example, the distance to the host star
gives information about the surface temperature. Information about the plan-
ets atmosphere can be used to derive the pressure on the surface. Together,
this tells whether liquid water can exist on the planetary surface. Studying the
atmosphere is also important to assess a potential green house effect. For ex-
ample, Earth and Venus are very similar in size, but their different atmospheres
result in completely different surface temperatures. On the surface of Mars, the
pressure is so low that water sublimates; liquid water cannot exist. In summary,
many parameters have to be measured in order to judge the habitability of an
exoplanet. Such measurements are certainly not trivial, but seem technically
feasible in the near- to mid-term future.
fl is the most difficult factor to estimate. How probable is it that life actually
develops on a habitable planet? For now, our observations are equally consistent
with fl ≈ 0 as they are with fl = 1. How can we constrain fl? I see essentially
two ways to do so:

1. study the origin of life on Earth

2. get statistics about the occurrence of extraterrestrial life

Going for the first approach, one for example tries to create artificial life in the
laboratory (e.g. the famous Miller-Urey experiment). In this way, one can get
an idea of how easy or difficult it is for life to originate from non-living matter.
One can also try to identify the first organism that lived on Earth. Phyloge-
netic trees (see figure 4.1) can be constructed in order to get a picture of the
evolution of life on Earth. The root of the tree corresponds to an organism all
current life on Earth descended of and is called the Last Universal Common An-
cestor (LUCA). Studying the properties of LUCA can give information about
the conditions needed for life to originate. Note that the exact nature of LUCA
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Figure 4.1: Phylogenetic tree of life. In modern biology, all life is divided into
tree domains: bacteria, archaea and eukaryota. Humans are eukaryota, and
more precisely animals. Searching for the root of the tree (the Last Univer-
sal Common Ancestor), one can obtain information about the origin of life on
Earth.(Image credit: Wikimedia Commons after Woese et al. (1990).)

is not known currently. Concerning the timing of the origin of life, they ear-
liest evidence for biological activity comes from carbon-isotope measurements
in carbonaceous inclusions in rocks found on Greenland (Mojzsis et al., 1996).
The age of the rocks is 3.8 billion years, suggesting an origin of life prior to that
time. Comparing with the age of the solar system of roughly 4.5 billion years,
it is evident that life originated surprisingly early on Earth.
The second approach is rather simple in principle: out of a sufficiently large
sample of habitable planets, one has to identify those harboring life, giving a
direct measurement of fl. Note that in practice, one would rather measure a
lower limit on the value of fl, since it is very difficult or impossible to prove
that there is no life on a habitable planet with remote observations. For this
approach to work a method to test the presence of life on a celestial body is
obviously needed. Here we will concentrate on the search for life outside the so-
lar system, which depends on remote observations with telescopes. Within the
solar system, other techniques, in particular in-situ measurements, are possible.
The next two sections deal with the classical approach (atmospheric studies)
and an alternative (biomarker debris disk).
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4.2 Classical approach: atmospheric studies

Earth’s atmosphere is strongly affected by the presence of life. In particular, the
presence of molecular oxygen is due to the presence of photosynthetic organ-
isms. Prior to the invention of photosynthesis, the major components of Earth’s
atmosphere were H2O, CO2, N2 or CH4, which originated from volcanic out-
gassing (e.g. Bennett & Shostak, 2007). Organisms of that time were anaerobic.
2.4 Gyr ago, molecular oxygen was starting to build up in Earth’s atmosphere,
an occurrence called the Great Oxygenation Event (GOE) or the Oxygen Catas-
trophe. Whereas oxygen is indispensable for us humans to survive, it is toxic
for a lot of anaerobic microbes, simply because oxygen is very reactive. Today
most of the oxygen is produced by plants, but at the time of the GOE, plants
did not yet exist. Rather, cyanobacteria were responsible for the raise of oxygen
in the atmosphere.
How atmospheric studies can be used to test the presence of life on a celestial
body was demonstrated by Sagan et al. (1993). They used the Galileo space-
craft on a fly-by of Earth for a control experiment: can one actually detect life
on Earth with a modern spacecraft? The instruments of Galileo were designed
to investigate Jupiter and thus not optimized for this experiment. Still, several
lines of evidence suggesting the presence of life on Earth could be identified.
The large amounts of oxygen suggested biological activity, although it must be
stressed that the sole presence of oxygen is no proof for a biosphere. Oxygen can
also be produced by photodissociation of water for example. One always has to
consider the context, e.g. the size of the planet, the general composition of the
atmosphere etc. Sagan et al. (1993) also noted the presence of methane at a level
of ∼1 p.p.m. In thermodynamic equilibrium, there should be no methane at all
in our oxygen-rich atmosphere. On Earth, methane is continuously replenished
by biological processes. In general, pairs of molecules in strong thermodynamic
disequilibrium are suggestive of biological activity. Again, it has to be stressed
that the overall context needs always to be considered. Also, abiotic processes
mimicking biological activity have to be excluded.
Exoplanetary atmospheres can be observed using different techniques. One
possibility is to observe the absorption of stellar light traveling through the
planet’s atmosphere during transit. Another possibility is to use a secondary
eclipse, again applicable for a transiting system. Here one first collects photons
from the host star and the planet together. Once the planet is behind the star,
only photons from the star are collected. Taking the difference between the two
observations, on gets either an emission or a reflectance spectrum of the planet,
depending on the observing wavelength. If the planet is sufficiently separated
from the star, also direct observations are possible.
Kaltenegger et al. (2012) discuss the characterization of rocky exoplanets by
atmospheric studies. They conclude that for example O2 or O3 together with a
reducing gas (e.g. CH4) in thermodynamic disequilibrium are good biomarkers.
These molecules can be detected with low-resolution spectrographs.
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4.3 Biomarkers ejected during an impact event

Let us now discuss an alternative strategy for the search of extraterrestrial life.
Investigating this strategy was part of the work leading to this thesis. No quan-
titative results have yet been worked out though. Thus, only some basic ideas
for further investigation are presented here.
Concretely, we propose to use a giant impact on an exoplanet to detect biomark-
ers associated with the target planet. If the impact is violent enough, planetary
material, potentially containing biosignatures, is ejected into a circumstellar or-
bit. These debris constitute a much larger surface area than the planet itself. A
giant impact could thus greatly facilitate the detection of biomarkers associated
with a planetary surface. Different aspects of the problem are discussed in the
following sections: the needed size of the impact as well as the rate of such
impacts (section 4.3.1) and possible biomarkers (section 4.3.2).

4.3.1 Necessary size of the impact and impact rate

How big has an impactor to be in order to eject enough material so we can
detect the debris? We have not yet investigated this part of the problem in
detail. However, some crude estimates are already possible. First of all, one
has to realize that very high pressure can act on the planetary material in
vicinity of the impact, resulting in shock damage. This potentially destroys any
biomarker, depending on the nature of the signature one is interested in (e.g. the
problem might be more severe for microbes than for biomarker minerals). How-
ever, Melosh (1984, 1985) showed that material of the order of 1% of the im-
pactor volume may be ejected into space without suffering significant shock
damage. From this number it is clear that a large impact is necessary for the
debris to be detectable remotely. For example, MacGregor et al. (2013) estimate
the mass of an inner planetesimal belt around the red dwarf AU Mic around
0.01MMoon. Johnson et al. (2012) estimate the mass of the sub-micron dust
around HD172555, potentially originating from a hypervelocity impact event,
around 10−4MMoon. If we crudely take these numbers as typical detectable dust
masses, we would need an impactor of at least 0.01MMoon (corresponding to a
diameter of 0.2dMoon ≈ 350 km) to get enough non-shocked material into space.
Admittedly, these calculations are oversimplified. Note that the effect of the
atmosphere is not taken into account properly here. Also, we optimistically
assumed that all the material will end up as fine dust. Still, we can probably
conclude that an impact event like the one causing the extinction of the di-
nosaurs 66 Myr ago (diameter of the impactor about 10 km) is too small to eject
enough material. On the other hand, if several such relatively small impacts
occur over a short period of time, enough ejected material might accumulate.
This leads us to the question of the impact frequency in general. Figure 4.2
shows the estimated impact rate of near-Earth objects (asteroids, comets) on
Earth today. From this figure, it is clear that very large impact events, with
impactors of the order of 100 km, are (fortunately) extremely rare, with one
such event every billion years or so. On the other hand, the overall rate was
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much higher during the Late Heavy Bombardment (LHB), an event thought to
have taken place around 3.9 Gyr ago (Bennett & Shostak, 2007). The evidence
for such a phase of heavy bombardment of the inner planets comes from the
dating of lunar craters. A possible explanation for the LHB is the migration of
the gas giants, forcing many asteroids onto eccentric orbits crossing the inner
parts of the solar system. If an LHB-like event could occur later in a exoplan-
etary system than in the solar system, i.e. once life is already widespread on
an exoplanet, the chances of observing ejected biomarkers could be better than
inferred from today’s impact frequency (figure 4.2) only. There exist actually
a number of warm debris disks, some of which could be the result of LHB-like
events (e.g. Fujiwara et al., 2013). However, Booth et al. (2009) estimate that
less than 12% of the sun-like stars undergo an LHB.
More detailed investigations are necessary in order to conclude whether the
probability of observing a giant impact is sufficient for the astrobiological ap-
plication we have in mind. For example, it is also important to assess how long
the debris of impacts of different types or LHB events remain observable (e.g.
Booth et al., 2009; Jackson & Wyatt, 2012).

4.3.2 Potential biomarkers

We describe here three different biomarkers currently investigated. All of them
have their advantages and their drawbacks. Further investigations are necessary
in order to judge whether the proposed biomarkers have the potential to be
detected over astronomical distances.

4.3.2.1 Microorganisms

The most direct form of a biomarker is the living material itself. We thus con-
sider here the possibility of detecting microbes ejected into space by a giant
impact. Several distinct points need to be addressed. First of all, one has to
ask whether microbes have any distinct spectral features allowing detection.
This problem has already been studied experimentally to some extend. Dalton
et al. (2003) studied the IR spectral properties of a sample of microorganisms
under temperature and pressure conditions similar to those at the surface of
Europa. Microorganisms potentially have distinct IR signatures due to water
of hydration and biomolecular components. Figure 4.3 shows an example of the
reflectance spectra obtained. The goal of this work was to compare the labo-
ratory data to Galileo Near Infrared Imaging Spectrometer (NIMS) spectra of
the surface of Europa, but obviously this kind of study is also relevant in our
case. One of the advantages of using microorganisms as biomarkers is that they
existed over a large fraction of Earth’s history, although it must be investigated
how their quantity changed over time. For example, if one wishes to use oxygen
as an atmospheric biomarker, only 2.4 Gyr of Earth’s history are covered. If life
on exoplanets evolves in a similar way, it would be invisible to the atmospheric
method for a substantial fraction of the planet’s lifetime.
Problems with the microorganism approach could be caused by the harsh space
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not perfectly) fits data between about 3 and 10 km. The two indices are not exactly the
same, however, indicating that the slope steepens somewhat toward smaller sizes; indeed,
it steepens yet again at the smallest sizes (interplanetary dust; cf. Zolensky et al. 2006). In
fact, it has long been known from the lunar cratering record (cf. Chapman and Haefner
1967) that the size-distribution of the projectile flux must be somewhat ‘‘wavy’’, at least
averaged over the billions of years that the lunar surface has served as an impact counter.
It has recently been re-recognized (cf. McEwen and Bierhaus 2006) that the dramatic
steepening of the lunar crater size distribution at sizes\2 km diameter (made by projectiles
\100 m diameter) is augmented significantly by secondary craters, as originally proposed
by Shoemaker (1965); nevertheless, it is apparent that the NEA/meteoroid size distribution
also steepens somewhat over this range.

Harris (2008) has recently emphasized that the previously uncertain deficit (relative to
the constant power-law) of NEAs between 20 and 500 m diameter seems to be real and
somewhat larger than previously estimated. The deficit is fully a factor of 3 below the
power-law near 100 m diameter. This result contributes to a reduced hazard from Tung-
uska-sized impacts, as noted earlier. On the other hand, the reduction in frequency of
10 MT events to about 1 every 3,000 years seems to be increasingly incompatible with the
fact that Tunguska itself struck only 100 years ago. (Indeed it struck on land and com-
parable explosions over the ocean might not have been recognized until recent decades; so

Fig. 1 This graph shows various estimates of the size vs. impact frequency of NEAs, including the most
recent estimate of Harris (2008). Equivalent astronomical absolute magnitude and impact energy in
megatons are shown. The solid curve shows the number actually known as of late 2006. Reproduced
courtesy of Alan W. Harris (who retains the copyright)

420 C. R. Chapman
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Figure 4.2: Estimates of the impact frequency of near-Earth objects. Impactors
of the order of ∼ 100 km are very rare, perhaps every billion years or so. (Figure
shown in Chapman (2008); see this paper for the references to the plotted data.)
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conditions with intense UV radiation, cosmic rays and extreme desiccation.
Some species show surprisingly high survival rates under intense irradiation.
Experiments are conducted at the International Space Station, where microor-
ganism are exposed and their survivability tested. The prime example of such
”tough” organisms is Deinococcus radiodurans, sometimes called ”Conan the
Bacterium”2. This species can survive ionizing radiation of 60 gray/h for 30 h
(i.e. 1800 gray) without loss of viability (Dalton et al., 2003). For comparison,
the lethal dose for humans is 4-7 gray3. For our purpose, the organisms do not
necessarily need to survive4. Rather, it is important that the material causing
the distinct spectral features remains intact. Whether this is the case over hun-
dreds of thousands or millions of years is at least questionable. The material
may remain intact if shielded by rock. In this case, collisions between rocks have
to be invoked, in order to expose fresh surfaces and make the microorganisms
detectable.

4.3.2.2 Minerals

Using minerals as biomarkers is less direct than microorganisms, but may prove
very powerful. The idea is essentially based on work by Hazen et al. (2008), who
put forward the co-evolution of life and minerals. We know today about 4300
mineral species present on Earth. Hazen et al. (2008) argued that biochemical
processes are responsible for the existence of most of them. Venus or Mars
are thought to have a much smaller mineral diversity. The rise of oxygen in
the atmosphere is one way how life allowed new mineral species to appear.
Also skeletal biomineralization plays a role. The challenge here is to identify a
mineral that is a strong biomarker (i.e. the probability of appearance without
life is very low) and has distinct spectral features making it detectable over
astronomical distances. A candidate is granite (not a mineral, but a rock, i.e.
an aggregate of different minerals), which has been claimed to be a biomarker
associated with photosynthesis (Rosing et al., 2006).

4.3.2.3 Circular polarisation (homochirality)

Let us consider yet another candidate biosignature, based on the interesting
phenomenon of homochirality: complex biomolecules occur almost exclusively
in only a single chirality (handedness). As an example, almost all organisms
use only left-handed L-amino acids in their proteins. In nucleic acids, on the
other hand, only right-handed D-sugars are used. Figure 4.4 shows the L- and
D-form of the amino acid alanine. The optical activity of biomolecules due
to homochirality was investigated by Sparks et al. (2009) and Martin et al.
(2010). Their laboratory experiments showed that photosynthetic material

2http://en.wikipedia.org/wiki/Deinococcus_radiodurans, accessed 05.11.2013
3http://en.wikipedia.org/wiki/Radioresistance, accessed 05.11.2013
4Note that ”survive” does not mean here that the microorganisms metabolize in space.

They are in a kind of sleeping state. Survival means that they are able to continue living once
the environment permits it.
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peratures� these� shift� to� longer� wavelengths.
Again,�the�question�becomes,�if�microorganisms
were� emplaced� at� the� surface� of� Europa,� what
would�they�look�like?

The�spectra�of�S.�shibatae,�D.�radiodurans,�and�E.
coli at�120�K�are�displayed�in�Fig.�2.�The�strongest
absorption�features�are�those�due�to�water�of�hy-
dration�near�1.0,�1.25,�1.5,�and�2.0�mm.�These�ex-
hibit� the� characteristic� asymmetry� seen� in� the
spectra�of�dark�terrain�on�Europa.�Shortward�of
0.8�mm,�the�spectra�of�all� three�drop�off�toward
the� visible,� which� is� to� be� expected� because� of
their�reddish-brown�coloration.�Finer�structure�is
also�apparent� in�these�spectra,�which�are�shown
here�at�the�full�resolution�of�the�ASD�instrument.
Not�all�of�this�fine�structure�would�be�apparent
at� NIMS� resolution.� A� wide� absorption� is� dis-
cernible� at� 2.3� mm� that� is� caused� by� the� C-H
stretching�mode�common�to�spectra�of�many�or-
ganic�compounds�(Colthup�et�al.,�1990).�The�most
important�differences�from�the�hydrate� features
in�the�Europa�spectra�are�the�narrow�features�at
2.05�and�2.17�mm.�These�arise�from�amide�bonds
within� the� peptide� linkages� of� the� cellular� pro-
teins�(Fig.�3):�The�2.05-mm�amide�feature�is�a�com-
bination�of�the�fundamental�N-H�vibration�with

a�C-N-H�bending�mode;�the�2.17-mm�feature�is�a
combination�of�the�N-H�fundamental�with�a�C-N
stretching�mode�(Gaffey�et�al.,�1993).

The� spectral� characteristics� of� E.� coli are� not
markedly� different� from� those� of� the� extremo-
philes.�Arising�as�they�do�from�the�same�sorts�of
bonds�in�the�same�sorts�of�compounds,�this�is�not
surprising.� This� suggests� that� carbon-based� mi-
crobes�will�look�quite�similar�in�the�near-infrared
despite�major�changes� in� functionality� and�har-
diness.� While� relative� strengths� and� depths� of�
individual� absorption� features� may� vary,� the�
features� themselves� remain� the�same.� It�may�be
inferred� that� extraterrestrial� microorganisms
could�bear� strong� resemblance� to� the� ones�pre-
sented�here.

Infrared�behavior�of�cell�constituents

A�better�understanding�of�the�sources�of�these
infrared� features�can�be�gained� from�examining
spectra�of�individual�cellular�components.�Figure
4�contains�representative�spectra�of�the�four�spec-
trally�dominant�materials�other�than�water�itself:
protein,�nucleic�acids,�carbohydrates,�and�lipids.
These� were� all� measured� at� room� temperature
with�the�ASD�spectrometer.�All�four�materials�are
influenced�by�water,�particularly�just�short�of�2.0
mm�but�also�near� 1.5�mm.�The�1.25-�and�1.0-mm
water�absorptions�are�weaker�and�are�not�easily
distinguished� in�all� of�the� spectra.� Some�of�this
water�is�simply�adsorbed�on�the�powdered�sam-
ples.� The� 1.5-mm� water� complex� in� the� protein
and�lipid�spectra�comprises�at�least�three�narrow
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FIG.�2. Near-infrared�reflectance�spectra�of� three�mi-
crobial�samples�at�120�K. All�three�exhibit�water�absorp-
tion�features�near�1.0,�1.25,�1.5,�and�2.0�mm,�with�the�lat-
ter� two� having� the� distorted� and� asymmetric� nature
characteristic�of�hydrates.�Additional�features�at�2.05�and
2.17�mm�are�due�to�amide�bonds�in�the�cellular�structures.
Spectra�have�been�offset�vertically�for�clarity.
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FIG.�3. Portion�of�a�peptide�chain. This�schematic�di-
agram�illustates�the�molecular�bonds�that�give�rise�to�the
2.05-� and� 2.17-mm� absorption� features� in� the� microbe
spectra.

Figure 4.3: Near-IR reflectance spectra of three different microorganisms. The
water absorption features at 1.5 and 2.0µm are distorted and asymmetric, typ-
ical for hydrates. (Figure by Dalton et al. (2003).)

37



Figure 4.4: L- and D-form of the amino acid alanine. Almost all organisms use
only L-alanine. (Figure by NAOJ, the National Astronomical Observatory of Japan.)

(e.g. photosynthetic microorganisms or vegetation) induce a circular polariza-
tion signal which could be used as a biosignature in principle. Homochirality is
thought to be necessary for self-replication, thus one expects it to be a generic
property of life. Also, if photosynthesis develops on a exoplanet, the photoac-
tive biomolecules will be tuned to the spectrum of the host star such to be most
efficient where the spectrum peaks. Thus, starlight reflected by photosynthetic
material is ideal in this case, independently of the spectral class of the host
star. Since photosynthesis constitutes a considerable evolutionary advantage, it
is considered to be likely developed at some point on any life-bearing planet.
Sparks et al. (2012) describe a ground-based search for circular polarization
signals from the surface of Mars. No signal was detected. Rather than disap-
pointing, this has to be seen as empirical evidence that false positives, e.g. from
scattering or minerals, did not affect the method.
The problems with this biosignature are similar to the case of microorganisms.
It is not clear whether the photosynthetic material can remain intact under
space conditions over a sufficiently long period of time. Also, an abiotic origin
of the signal needs to be excluded.

4.4 Summary and future prospects

With the number of potentially habitable exoplanets rapidly raising, methods
to test the presence of life in those systems are needed. The classical approach is
the search for biosignatures in the atmospheres of exoplanets. We described here
an alternative idea, namely a biomarker debris disk resulting from a giant impact
on a life bearing exoplanet. Three potential biosignatures have been presented:
microorganisms, minerals and homochirality. Among those, certain minerals are
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perhaps the most promising candidates, since they are less affected by the harsh
space conditions. However, more detailed investigations are necessary in order
to judge the potential of each of the proposed biomarkers. Also the impact itself
has to be considered in detail. For example, it has not been discussed here what
happens if the impactor hits an ocean. Also, it has to be studied from which
depth the ejected material is mostly coming. Certain candidate biomarker rocks
such as granite certainly occur also in considerable depth. On the other hand,
the biosphere itself can only occupy a small upper layer of Earth, due to the
geothermal gradient of about 25 K/km.
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ABSTRACT

Context. The dusty debris disk around the ∼20 Myr old main-sequence A-star β Pictoris is known to contain gas. Evidence points
towards a secondary origin of the gas as opposed to being a direct remnant from the initial protoplanetary disk, although the dominant
gas production mechanism is so far not identified. The origin of the observed overabundance of C and O compared to metallic
elements, e.g. Na and Fe, is also unclear.
Aims. Our goal is to constrain the spatial distribution of C in the disk, and thereby the gas origin and its abundance pattern.
Methods. We used the HIFI instrument aboard the Herschel Space Observatory to observe and spectrally resolve C ii emission at
158 µm from the β Pic debris disk. Assuming a disk in Keplerian rotation and a model for the line emission from the disk, we use the
spectrally resolved line profile to constrain the spatial distribution of the gas.
Results. We detect the C ii 158 µm emission. Modelling the shape of the emission line shows that most of the gas is located around
∼100 AU or beyond. We estimate a total C gas mass of 1.3+1.4

−0.5 × 10−2 M⊕ (90% confidence interval). The data suggest that more
gas is located on the southwest side of the disk than on the northeast side. The shape of the emission line is consistent with the
hypothesis of a well-mixed gas. Assuming instead a spatial profile expected from a simplified accretion disk model, we found it to
give a significantly worse fit to the observations.
Conclusions. Since the bulk of the gas is found outside 30 AU, we argue that the cometary objects known as “falling evaporating
bodies” are unlikely to be the dominant source of gas; production from grain-grain collisions or photodesorption seems more likely.
The incompatibility of the observations with a simplified accretion disk model could favour a preferential depletion explanation for
the overabundance of C and O, although it is unclear how much this conclusion is affected by the simplifications made. More stringent
constraints on the spatial distribution will be available from ALMA observations of C i emission at 609 µm.

Key words. circumstellar matter – protoplanetary disks – planetary systems – stars: individual: β Pictoris – methods: observational
– infrared: general

1. Introduction

Gas-rich and dense protoplanetary disks around young stars are
thought to be the birthplaces of planetary systems. Planet for-
mation goes together with various processes gradually clearing
the disk from gas on a timescale of ∼10 Myr (see, e.g., Haisch
et al. 2001; Hillenbrand 2008; Jayawardhana et al. 2006; Mama-
jek 2009). The removal of the gas results in an optically thin
debris disk consisting mostly of dust and the planetesimals re-
maining from the protoplanetary phase. These objects can be
seen as analogues to the Kuiper belt or the asteroid belt in the so-

? Herschel is an ESA space observatory with science instruments pro-
vided by European-led Principal Investigator consortia and with impor-
tant participation from NASA.

lar system. Although gas giant formation ceases in debris disks
because of the lack of gas, models suggest that terrestrial planet
formation may still be ongoing for several 100 Myr (Kenyon &
Bromley 2006). In addition, planet migration can still change
the architecture of the system.

Debris disks are typically detected by an excess in infrared
emission above the photosphere of the hosting star. Aumann
et al. (1984) were the first to report excess emission observed
with IRAS around α Lyrae (Vega), interpreted as thermal emis-
sion from solid particles around the star. Later, this “Vega-
phenomenon” was also discovered for β Pictoris and other stars
(Aumann 1985), with the first image of a disk observed by Smith
& Terrile (1984) around β Pic. Today, it is estimated that ∼15%
of all stars are surrounded by a debris disk (Wyatt 2008). The
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dust particles in debris disks are blown out of the system by ra-
diation pressure or fall onto the star by Poynting-Robertson drag
on timescales much shorter than the lifetime of the system. Thus,
a reproduction mechanism is needed, likely collisions of larger
bodies (Backman & Paresce 1993). The observed quantity of
dust in a system can thus give a clue about the total mass resid-
ing in larger solid bodies (leftover planetesimals or comets).

A few debris disks show observable amounts of gas besides
the dust. Examples of gaseous debris disks include HD 172555
(see e.g. Riviere-Marichalar et al. 2012), HD 32297 (Donald-
son et al. 2013; Redfield 2007), HD 21997 (Moór et al. 2011),
49 Ceti (Roberge et al. 2013) and β Pic, the object of interest in
this work. Atomic carbon has so far only been detected around
a few systems, including β Pic, 49 Cet and HD 32297. The un-
expected presence of gas at these late stages of disk evolution
makes such systems particularly interesting. The gas could ei-
ther be primordial, i.e. a remnant from the protoplanetary phase,
or of secondary origin.

In this work, we present observations of the gaseous de-
bris disk around β Pic, a young (10–20 Myr, Binks & Jeffries
(2013); Zuckerman et al. (2001)) A6V star (Gray et al. 2006) at
a distance of 19.44 ± 0.05 pc (van Leeuwen 2007). β Pic hosts
an outstanding debris disk which has been subject to intensive
studies during the last decades. The discovery of a giant planet
(β Pic b) at an orbit of 10 AU by Lagrange et al. (2010) further in-
creased the interest in the system. Observations of sharp absorp-
tion lines suggested the presence of circumstellar gas early on
(Hobbs et al. 1985; Kondo & Bruhweiler 1985; Slettebak 1975;
Slettebak & Carpenter 1983) and led to the classification of β Pic
as a shell star. Later observations showed that the gas is spatially
extended in the disk and in Keplerian rotation (Brandeker et al.
2004; Olofsson et al. 2001). The lifetime of the gas in the disk
is much shorter than the age of the system. Therefore, the gas
is probably not a direct remnant from the protoplanetary phase.
Rather, it is thought to be of secondary origin, i.e. steadily pro-
duced in the disk, probably from the dust itself (Fernández et al.
2006). Different gas producing mechanisms like falling evap-
orating bodies (FEBs, planetesimals evaporating in immediate
vicinity to the star, Beust & Valiron (2007)), photon-stimulated
desorption of dust (Chen et al. 2007) or collisional vaporisation
of dust (Czechowski & Mann 2007) have been proposed as the
origin of the gas. Colliding comets can potentially produce large
amounts of CO (Zuckerman & Song 2012), which in turn could
be the origin of the C and O gas in the disk. If the gas pro-
duction is indeed linked to the destruction of dusty or cometary
material, one could study the dust composition by observing the
gas derived from it. This would however require a precise under-
standing of the gas production mechanisms and it is one of the
aims of this work to help discriminate between different possible
production scenarios.

The composition of β Pic’s circumstellar gas is quite varied.
Brandeker et al. (2004) reported the detection of Na, Fe, Ca, Cr,
Ti and Ni in emission and resolved their spatial distribution in
the disk. Given that radiation pressure largely dominates over
gravitation for some of the observed species, the question arose
why the gas is seen in Keplerian rotation around the star and not
blown out. Fernández et al. (2006) noticed that species affected
by radiation pressure are ionised and concluded that Coulomb
interactions could brake the gas provided that carbon is over-
abundant. Observations by Roberge et al. (2006) show that the
gas is indeed enhanced in carbon. Subsequent absorption data
of Fe and Na obtained by HARPS at the ESO 3.6m telescope
(Brandeker 2011) and Herschel/PACS observations of the C ii
emission at 158 µm (Brandeker et al. 2013) show that the car-

bon overabundance is even higher than previously inferred, pro-
viding thus an explanation for the observed gas dynamics, but
rising the question about the origin of such a carbon rich gas
disk. Xie et al. (2013) theoretically studied preferential pro-
duction of carbon (and oxygen) and preferential depletion of
the other elements as possible mechanism causing the carbon
overabundance. They concluded that information about the spa-
tial distribution of the carbon gas would be useful to discrimi-
nate between these possibilities. Contrary to other species that
have been spatially mapped (see Brandeker et al. 2004; Nilsson
et al. 2012), the spatial profile of the C ii gas is unconstrained,
although carbon is a dominant component by mass. With cur-
rent instrumentation it is indeed not possible to resolve the C ii
emission. In this work, we thus opt for an alternative approach
and try to constrain the spatial profile using spatially unresolved,
but spectrally resolved data. We observed the β Pic disk in C ii
158 µm emission with Herschel/HIFI. This line was already de-
tected with PACS (Brandeker et al. 2013), but only HIFI is able
to spectrally resolve it, thus allowing us to extract spatial infor-
mation. By giving clues about the location of the carbon gas, our
work should also help to constrain the C/O ratio, a fundamental
parameter for planet formation.

The paper is organised as follows: we describe the data re-
duction in Sect. 2 and the results of the observations in Sect. 3.
We then test whether the data are consistent with a well-mixed
gas or an accretion profile, constrain the density profile of the
carbon gas and assess a possible asymmetry of the disk (Sect. 4).
In Sect. 5, we discuss the implications on the nature of the gas
producing mechanism, compare our data with previous obser-
vations of C ii in the β Pic disk and with gaseous debris disks
around A-type stars in general. In addition, we present a predic-
tion for the detectability of C i emission at 609 µm with ALMA.
Our results are summarised in Sect. 6.

2. Observations and data reduction

We used the Heterodyne Instrument for the Far Infrared (HIFI,
de Graauw et al. 2010; Roelfsema et al. 2012) aboard the Her-
schel Space Observatory (Pilbratt et al. 2010) to observe C ii
158 µm emission from the β Pic disk. The observations were
carried out on operating day OD 985 (2012 January 24; obser-
vation ID 1342238190) in dual beam switch mode (nod of 3′)
with continuum optimisation and fast chopping in order to re-
duce the effects of standing waves as much as possible. We used
the Wide Band Spectrometer (WBS) with a spectral resolution of
0.17 km s−1 for HIFI band 7, covering the wavelength range 157–
176 µm. The total observing time was 8.33 h. The horizontal
(H) and vertical (V) polarisation beams were pointed at slightly
different locations (Fig. 1), with the idea of potentially extract-
ing additional spatial information. The data were calibrated in
a standard way using the Herschel Interactive Processing Envi-
ronment (HIPE) version 11 (Ott 2010). A main beam efficiency
of 0.69 was adopted. An additional reduction step included the
removal of ripples in the data. For the analysis and fitting, we
oversampled the data and chose a bin size of 0.08 km s−1. The
oversampling is the reason for the apparent correlations in the
data, discussed in Appendix A. Fig. 2 shows the calibrated spec-
tra in units of main beam brightness temperature Tmb. For bet-
ter visualisation, the data have been plotted with a bin width of
0.63 km s−1. The half power beam width (HPBW) at the wave-
length of the C ii emission line is ∼11′′ (Roelfsema et al. 2012),
corresponding to ∼200 AU at the distance of β Pic.
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Fig. 2. Herschel/HIFI spectra of the C ii 158 µm emission from the β Pic debris disk and different fits. The two columns show horizontal (H) and
vertical (V) polarisation. The Keplerian radius r (related to the velocity axis by v = (GM∗r−1)0.5) is plotted on the upper x-axis of each data set.
It corresponds to the largest radius where the corresponding projected velocity on the lower x-axis can be reached. If there is gas inside a certain
Keplerian radius, we should see emission at the corresponding velocity (assuming a non-clumpy disk). The vertical dashed line indicates β Pic’s
systematic velocity of 20.5 km s−1 (Brandeker 2011). For better visualisation the data have been rebinned to a bin size of 0.63 km s−1. All fits have
used the original data with a resolution of 0.17 km s−1, oversampled to bin sizes of 0.08 km s−1. Panel (a) compares the data to C ii profiles derived
from observations of Fe i by Nilsson et al. (2012). Assuming a well-mixed gas, a reasonable fit can be found. If the assumption is dropped, the
fit can be improved. See the text (Sect. 4.1) for more details. Panel (b) shows the best ring fit profile and the contribution of individual rings.
Emission coming from the two inner rings is minor. Panel (c) shows the fitted profile for an accretion surface density, Σ ∝ r−1. It is difficult to
bring such a model into agreement with the observations, because the gas close to the star produces extended wings in the profile. A profile with
the same underlying surface density, but truncated at 30 AU, gives a significantly better fit and demonstrates the problem.
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Fig. 1. Pointing of H- and V-polarisation beams. The diameter of the
circles corresponds to the half power beam width (HPBW). Background
image of the β Pic disk from Wilner et al. (2011).

3. Results

Table 1 shows the C ii line emission strengths detected by Her-
schel/HIFI. Statistical errors on the emission were calculated in
the following manner. We first fit a Gaussian to the line and de-
termine its full width half maximum (FWHM). The data are then
rebinned with a bin size corresponding to twice the measured
FWHM. The bins are arranged such that the peak of the fitted
Gaussian falls on the centre of one of the bins. The flux stated
in Table 1 is the flux contained in this bin; the stated statistical
errors are calculated as the rms of the fluxes contained in the
bins outside the line. Note that the flux calibration uncertainty
of HIFI is ∼10% (Roelfsema et al. 2012).

Visual inspection of the data in Fig. 2 already suggests an
asymmetric distribution of C ii in the disk. There is slightly more
flux for velocities smaller than the systematic velocity of β Pic,
indicating emission preferentially from the SW of the disk. We
assess the significance of this feature in section 4.5.

4. Analysis

The aim of the this work is to put constraints on the radial density
profile of C using the emission spectrum from HIFI. To model
the disk, we assume perfect edge-on geometry and Keplerian ro-
tation of the gas. Although the velocity pattern of C ii has never
been measured directly, Keplerian motion has been observed for
other species, like Na i (Brandeker et al. 2004; Olofsson et al.
2001). Also, C ii is not affected by radiation pressure, making
Keplerian rotation a reasonable hypothesis. We wrote a code
that, given a hypothetical radial gas density profile as input, cal-
culates the resulting HIFI spectrum. To do so, we first invoke
the ontario code to calculate the C ii emission in every point
of the disk. ontario was specifically designed to address gas
emission from debris disks around A and F stars (Zagorovsky

et al. 2010). It calculates the gas ionisation and thermal balance
self-consistently, and computes the level populations of species
of interest using statistical equilibrium. The end product from
ontario is a two-dimensional grid (radius and height in disk)
of line luminosity densities. The second step is then to project
the line luminosities along the line of sight, taking the rotation
into account. Finally the projected map is multiplied with the
HIFI beam, and integrated to provide synthetic observations of
the disk.

From initial estimates of the C ii spatial distribution, we
found that the 158 µm mid-plane optical depth was of the or-
der of 1, violating the optical thin assumption of ontario. This
prompted us to extend ontario to take into account radiative
transfer effects, as described in more detail by Brandeker et al.
(2013). In summary, we compute the level populations of the
innermost grid points first, followed by the grid points second
closest to the star, going outwards. The intensity from the star
seen at each grid point is adjusted by the line extinction towards
the star. As a second order correction, the intensity from pho-
tons scattered locally is taken into account by using a photon
escape formulation, following Appendix B of Tielens & Hollen-
bach (1985). The escape probability of photons was computed
iteratively, starting with an assumption of complete escape (first
iteration), and then using the computed levels from the first it-
eration to approximate the photon escape probability from the
average of four directions (in, out, up, down) as done by Gorti &
Hollenbach (2004). Since the vertical optical depth of the disk
in the dominant cooling line C ii 158 µm generally is .0.1, and
the excitation is mainly due to colliding electrons, the change
in luminosity density distribution compared to the optically thin
approximation is minor (.10 %).

Once the luminosity density distribution of the disk is deter-
mined, we integrate the wavelength-dependent intensity along
the line of sight, taking into account Doppler shifts from the Ke-
plerian velocity field and assuming a two level system for the C ii
158 µm line, where the levels are also known from the ontario
output. In this case, the optical depth is given by (e.g. Rybicki &
Lightman 2004)

τν =
c2

8πν2 A21φν

(
g2

g1
N1 − N2

)
(1)

with A21 = 2.29 · 10−6 s−1 the Einstein coefficient for sponta-
neous emission, φν the line profile (assumed to be Gaussian with
a broadening parameter b = 1.5 km s−1 and a central frequency
ν0 = 1900.7 GHz), and g2 = 4 and g1 = 2 the statistical weights
of the upper and the lower level respectively (numerical values
from the NIST database (Kramida et al. 2013)). N2 and N1 are
the column densities of ions in the upper and lower state respec-
tively. To take into account the extinction, we divide the disk
into slices perpendicular to the line of sight and consider the slice
closest to the observer first. Beside the emission from the first
slice, we also compute its optical depth τν,1 using equation 1. We
then compute the emission from the second slice, adjust it by a
factor exp(−τν,1), and compute its optical depth τν,2. The emis-
sion of the third slice is then extinct by a factor exp(−τν,1 − τν,2),
and so on until the end of the disk at the far side of the star is
reached.

Table 2 shows the values of general parameters used in our
disk model: the mass of β Pic, its distance, the position angle
of the disk, β Pic’s systematic velocity and the broadening pa-
rameter b of the intrinsic line profile, assumed to be Gaussian.
The value for b = 1.5 km s−1 was adapted in line with Nilsson
et al. (2012), and thus slightly lower than the measurement by
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Table 1. HIFI detected C ii 158 µm emission from the β Pic disk. Quoted uncertainties represent 1σ statistical errors estimated as described in the
text (Sect. 3). The flux calibration uncertainty of HIFI is ∼10% (Roelfsema et al. 2012).

Beam
∫

Tmb dv Flux/beam
(K km s−1) (erg s−1 cm−2 beam−1)

H 1.01 ± 0.02 (2.36 ± 0.06) × 10−14

V 1.07 ± 0.02 (2.50 ± 0.05) × 10−14

Table 2. Fixed disk model parameters adapted for fitting the HIFI data.

Parameter Value Unit Reference
stellar mass M∗ 1.75 M� (1)

distance d 19.44 pc (2)
postion angle PA 29.2 ◦ (3)

barycentric systematic velocity v∗ 20.5 km s−1 (4)
broadening parameter b 1.5 km s−1 (5), (6)

opening angle α 0.2 rad (7)

References. (1) Crifo et al. (1997); (2) van Leeuwen (2007); (3) Lagrange et al. (2012); (4) Brandeker (2011); (5) Crawford et al. (1994);
(6) Nilsson et al. (2012); (7) Brandeker et al. (2004).

Crawford et al. (1994). The value we used for the opening angle
of the disk, α = 0.2, is close to the one adapted by Brandeker
et al. (2004). We also corrected for the proper motion of β Pic as
measured by van Leeuwen (2007).

4.1. Is the observed line profile consistent with a well-mixed
gas?

We test whether our observations are consistent with the hypoth-
esis of a well-mixed gas. Spatially resolved observations of Fe i
by Nilsson et al. (2012) and ontario are used to test this assump-
tion by finding the spatial distribution of Fe and the C/Fe ratio
that best reproduce both the observed Fe i spatial profile and the
observed C ii spectrally resolved line. This is done iteratively by
first fixing a C/Fe ratio and computing the gas distribution that
precisely corresponds to the Fe i profile by Nilsson et al. (2012),
and then project the C ii emission for comparison with the ob-
served spectral profile. The C/Fe ratio is then adjusted until a
best fit (in a χ2 sense) is achieved. We find the best ratio to be
C/Fe=300. The fit is shown in Fig. 2a and consistent with the
profile within the noise of the observations.

By dropping the assumption of a well-mixed gas, a better
fit can be achieved (Fig. 2a). In this case, the C/Fe ratio can
be different for the northeast (NE) and the southwest (SW). In
addition, the C gas disk is allowed to be truncated inside at a
certain radius even if Fe i is known to extend further inward.
The introduction of an inner hole reduces the emission in the
wings of the profile which seem too broad in the case of a well-
mixed gas. Under this conditions we find best fit C/Fe ratios of
225 (NE) and 2900 (SW) and truncation radii of 30 AU (NE)
and 97 AU (SW). The improvement of the fit is marginal, but is
indicative of a possible elemental separation between C and Fe,
where proportionally more C is located in the SW and at larger
radii.

4.2. Is the observed line profile consistent with an accretion
disk?

The origin of the gas in the β Pic debris disk is still unclear. Xie
et al. (2013) studied a model of the temporal evolution in ele-
mental composition of the gas in order to explain the extreme
overabundance of carbon and oxygen. Two competing scenar-

ios are considered: preferential production (the gas is produced
at the unusual composition) and preferential depletion (the gas
is produced at normal abundances, but some elements are pref-
erentially removed from the system). For the first case to be
dominant, accretion of the gas has to be stronger than the differ-
ential separation of elements due to radiation pressure, imply-
ing an accretion disk profile. To test if the accretion scenario
is compatible with the observed spectral profile, we compute a
simplified accretion disk profile by assuming that the accretion
rate is constant and that the disk is passively heated (T ∝ r−1/2),
giving a surface density Σ ∝ r−1, as can be derived from the
equations given by Lynden-Bell & Pringle (1974). The propor-
tionality constant is then fit separately for the two sides of the
disk.

The result of the fit is shown in Fig. 2c. As can be seen, an
accretion disk produces too much emission from the inner re-
gions of the disk, resulting in broad wings not seen in the data.
Truncating the disk inside 30 AU removes the wings and pro-
duces a better match to the observed profile and illustrates the
paucity of C gas in the inner regions. Our conclusion is that a
simplified accretion disk model like the one we present here is
not able to reproduce the observed C ii line profile.

4.3. Constraints on the C ii radial density profile

As a next step, we constrain where the carbon gas is located
in the disk by using information contained in the spectrally re-
solved HIFI observation of the C ii 158 µm emission line. We
produce a simplified model where each side of the disk is mod-
eled as a series of concentric half rings of constant density within
the mid-plane of each half ring. Since other species have been
observed to show strong asymmetries between the NE and SW
side of the disk (see e.g. Brandeker et al. 2004), our disk models
have independent density profiles for each side. If we consider
m rings, the density n of such a profile in function of radius r and
height above the mid-plane z can be written

n(r, z) =

m∑

i=1

Πi(r)ni exp
(
− z2

(αr)2

)
(2)
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Fig. 3. Ionisation fraction in the mid-plane for the best ring fit. Discon-
tinuities indicate the borders between different rings. For this particular
fit, the innermost ring (1–10 AU) is empty, thus the ionisation fraction
is not defined there.

with Πi a rectangular function defined by

Πi(r) =

{
1 if r within ring i
0 otherwise

ni is the number density of carbon gas (neutral and ionised) in the
mid-plane for ring i and α denotes the opening angle of the disk.
Only the ni parameters are subject to fitting, α is kept constant as
α = 0.2. The dependence of the derived spectral profile on α is
very weak, as its principle influence is through the positioning of
the emission in the beam, and optical depth effects for this mod-
erately thick line. We choose four half rings for each side of the
disk, making a total of eight free parameters. The boundaries of
the rings are chosen to be at 1, 10, 30, 150, and 300 AU. These
boundaries were chosen so that they produce spectrally resolv-
able contributions and at the same time trace sufficient signal
to be meaningfully constrained. From the observed line profile
we can see that the contribution to emission from the region in-
side 1 AU is insignificant; most of the flux would show up in the
far wings of the line, where no signal is detected. Gas outside
300 AU, on the other hand, would give rise to emission spectrally
unresolved from the region 150–300 AU, since the velocity dis-
persion decreases with radial distance. But we know from earlier
PACS observations (Brandeker et al. 2013) that C ii emission was
only detected in the central spaxel, so there cannot be significant
emission outside 300 AU.

Our best fit suggests a total C imass of 7.15× 10−3 M⊕ and a
total C ii mass of 5.46 × 10−3 M⊕. In Table 3 we present the best
fit values of the half ring masses and densities (for total C, i.e.
neutral and singly ionised). Errors on these values are estimated
in Sect. 4.4. Fig. 2b shows the best fit and the contribution of
each ring to the fit. The ionisation fraction (in the mid-plane) is
roughly 50% in most parts of the disk, as shown in Fig. 3.

4.4. Upper limits on the carbon gas content

We used a Monte Carlo method to find upper limits respectively
error bars on the gas content of each half ring described in the
previous section. To test how sensitive our fit to the data is
to the estimated noise, we fit our models to artificial data sets
produced by adding synthetic noise. Since correlations between
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Fig. 4. C gas content of half rings and the total content of each side of
the disk.

adjacent pixels are present in the data, adding simply Gaussian
white noise is not appropriate; instead, we constructed correlated
noise in a way described in Appendix A.

As additional error sources, we included (i) the telescope
pointing uncertainty by randomly varying the positions of the
HIFI beams for each fit according to Herschel’s 1σ pointing ac-
curacy of ∼2′′ (Pilbratt et al. 2010) and (ii) the uncertainty in
the systematic velocity of β Pic by randomly varying its value
for each fit according to the 1σ error of 0.2 km s−1 quoted by
Brandeker (2011).

As initial conditions for the fits, we used the best fit values
presented in Table 3, except when the best fit value was 0, as
is the case for the innermost ring. In order to assure that the
content of the innermost ring is not underestimated, we used
2.5 × 104 cm−3 as an initial value for the mid-plane density.

In Fig. 4 we present 90 % confidence intervals for the mass
in a given half ring. The results are summarised in Table 3.
The best constraints can be put on the ring spanning from 30
to 150 AU. As can be seen from the figure, the two innermost
rings contain much less gas compared to the outer rings. Most
of the C gas mass is located beyond 30 AU. However, this does
not mean that the density in the inner rings is necessarily low.
In fact, the inner rings can have much higher densities than the
outer rings, since their volume is much smaller.

4.5. Asymmetry between the NE and the SW side of the disk

Especially the line profile observed with the V polarisation beam
shows more emission for velocities smaller than the systematic
velocity of β Pic, indicating emission preferentially from the
SW (Fig. 2). We used the fits to artificial data sets presented
in Sect. 4.4 to assess the significance of this asymmetry by com-
puting the mass ratio MSW/MNE for each fit. Fig. 5 shows the
histogram and the cumulative probability distribution derived.
83% of the fits have MSW/MNE > 1. Whereas this is certainly
suggestive for a real asymmetry in the gas disk, the HIFI data are

Article number, page 6 of 9



G. Cataldi et al.: Herschel HIFI observations of ionised carbon in the β Pictoris debris disk

Table 3. Best fit values and 90% confidence intervals for the masses and the densities in the mid plane of the C gas (neutral and ionised) for each
half ring.

Ring NE SW
best-fit value

(AU) mass (M⊕)
1–10 0.0+4.6

−0.0 × 10−5 0.0+5.7
−0.0 × 10−5

10–30 4.4+5.9
−4.4 × 10−5 5.0+6.3

−5.0 × 10−5

30–150 1.1+1.3
−0.5 × 10−3 1.4+1.6

−0.5 × 10−3

150–300 2.0+6.9
−2.0 × 10−3 8.2+14.1

−8.2 × 10−3

total 3.1+6.9
−2.0 × 10−3 9.7+14.4

−7.6 × 10−3

mid-plane density ni (cm−3)
1–10 0.0+1.1

−0.0 × 104 0.0+1.4
−0.0 × 104

10–30 4.0+5.4
−4.0 × 102 4.6+5.9

−4.6 × 102

30–150 7.6+9.4
−3.7 × 101 1.0+1.1

−0.4 × 102

150–300 2.0+7.1
−2.0 × 101 8.4+14.3

−8.4 × 101
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Fig. 5. Cumulative probability distribution of the SW to NE mass ratio
and corresponding histogram (counts of fits falling into a specific bin).
The edges of the bins are shown on the x-axis. 83% of the fits have
MSW/MNE > 1.

too noisy to firmly exclude a symmetric or even NE dominated
disk. Spatially resolved data e.g. from ALMA (Sect. 5.4) could
address this issue more directly.

5. Discussion

5.1. Implications on the nature of the gas producing
mechanism

Both the origin of the gas around β Pic as well as the reason for
its peculiar composition (C and O overabundance) are unknown.
If the gas is produced from the dust rather than being primordial
(Fernández et al. 2006), it should be produced where most of the
dust resides, i.e. at ∼100 AU (Xie et al. 2013). The peculiar com-

position can then be explained by two different pathways. In the
first, if the gas is produced at the observed composition, inward
accretion is necessary and one expects to observe an accretion
disk inward of 100 AU. In the second, if the gas could be pro-
duced at normal abundances and certain elements preferentially
removed by radiation pressure, no accretion disk that extends
inward would be observed.

If we assume a disk surface density profile of Σ ∝ r−γ, the
mass measurements in Table 3 (taking lower limit for 30–150 AU
and upper limit for 10–30 AU) require that γ ≤ 1. This conclu-
sion is supported by studying the velocity profile (Fig. 2c) where
a disk with γ = 1 generates too much emission at high velocities.
Such a shallow profile (low surface density in the inner region) is
inconsistent with a standard α-accretion disk. However, we com-
ment that β Pic b, the massive giant planet observed at r ∼ 8 AU
may perturb such a disk and give rise to a wide gap in the ac-
cretion disk. This could then explain the shallow density profile
that our data suggest.

Inside of 30 AU, noise in our data prevents us from deriving
a more stringent upper-limit on the gas content. Further observa-
tions where the gas disk can be better resolved, e.g. with ALMA
(Sect. 5.4), are needed to constrain both the accretion disk pro-
file and the effect of the giant planet, leading to final clarification
on the gas production mechanism in the β Pic disk.

Falling Evaporation Bodies (FEBs), essentially comets evap-
orating in immediate vicinity to the star, have also been sug-
gested as a possible gas source. FEBs likely contribute gas near
the star, and it has been suggested that the presence of Ca ii at
high latitudes is a result of gas released from inclined FEBs be-
ing pushed out by strong radiation pressure (Beust & Valiron
2007). However, our results show that most of the C gas mass
is located beyond 30 AU, strongly suggesting that FEBs cannot
be the source of the bulk of the circumstellar gas. With FEB
gas production occurring close to the star, the gas would have to
be effectively transported outwards. Whereas radiation pressure
can induce an outward drift for some elements (see Xie et al.
2013), the radiation pressure on carbon is negligible. In addi-
tion, carbon is believed to be the braking agent preventing other
species like Na i from quickly being blown out by radiation pres-
sure (Fernández et al. 2006).
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5.2. Comparison with previous observations

Our results can be compared to previous observations by
Roberge et al. (2006). They observed C ii absorption in the far
UV and measured at total C gas column density of ∼ 5 × 1016

cm−2. Our best ring fit suggests a column density of 3.0+15.4
−1.4 ×

1017 cm−2 (NE) respectively 5.1+18.0
−2.0 × 1017 cm−2 (SW), where

the 90% confidence intervals derived from our Monte Carlo sim-
ulations (Sect. 4.4) are stated. The higher upper boundary of the
confidence interval is due to the two innermost rings, which can
have very large column densities, though making little contribu-
tion to the total emission because of their small volume com-
pared to the two outer rings (Fig. 2b and Table 3). Omitting
these two rings in the calculation of the confidence interval sig-
nificantly reduces the upper boundary. Comparing our results
to the Roberge et al. (2006) observations, we conclude that our
modelling suggests more C gas than derived from the UV lines,
in line with the results derived from the expected efficiency of C
as a braking agent for neutral species (Brandeker 2011) and re-
cent Herschel PACS observations of C ii (Brandeker et al. 2013).

5.3. Comparison with other gaseous debris disks around
A-type stars

There have recently been new detections, mainly thanks to Her-
schel’s great sensitivity, of carbon gas emission from debris disks
around A-stars. Donaldson et al. (2013) observed HD 32297
with Herschel PACS and report a 3.7σ detection of C ii 158 µm
emission. Assuming local thermodynamic equilibrium and op-
tically thin emission, they derive a lower limit on the C ii disk
mass of MC ii > 1.7 × 10−4 M⊕. Similarly, Roberge et al. (2013)
derive MC ii > 2.15 × 10−4 M⊕ for the 49 Ceti debris disk. If the
same processes are producing the circumstellar gas in the β Pic
disk as well as in these two disks, one would expect similar gas
masses. Our results indicate MC ii ∼ 5.5 × 10−3 M⊕ for β Pic,
well above the lower limits for HD 32297 and 49 Cet, implying
that the systems could in principle have a similar C ii gas mass.
However, although the systems are potentially similar in this re-
spect, there are other important differences. Both HD 32297 and
49 Cet lack a detection of O i, in contrast to β Pic. HD 32297
also shows unusually high abundance of Na, which could how-
ever be due to contamination along the line of sight (Donaldson
et al. 2013).

5.4. Future prospects with ALMA

Since ontario calculates the gas ionisation in the disk, our mod-
elling of the C ii emission automatically results in a prediction of
the luminosity of C i at 609 µm as well as its spatial distribution.
The Atacama Large Millimeter/sub-millimeter Array (ALMA)
has the sensitivity as well as the spatial and spectral resolution
to test such a prediction. ALMA observations are highly desir-
able, since in combination with the HIFI data, they would give us
a more robust estimate of the total amount of carbon in the disk
and strongly constrain parameters such as the electron density
and temperature, critical parameters for any gas disk modeling
(like ontario). ALMA observations of C i would also be inter-
esting in the context of the recent ALMA observations of CO
(project code 2012.1.00142.S).

We used the C i distribution and luminosity prediction asso-
ciated with our best fit ring model to address the possibility of
detecting C i emission at 609 µm with ALMA. Fig. 6 shows a
map of the expected C i 609 µm emission. The model predicts
a total flux of 2.8 × 10−15 erg s−1 cm−2. For the model derived

Fig. 6. Expected integrated C i 609 µm emission derived from the best
fit ring model.

from observations of Fe i under the assumption of a well-mixed
gas, this flux is reduced by a factor of ∼3. In this case, the disk
extent is reduced compared to the ring fit, since the C density
profile is forced to follow the observed Fe i profile. The HIFI
beam has a HPBW of ∼200 AU and is thus not very sensitive to
the additional gas present far out in the ring model. The ring
model and the Fe i derived model have therefor similar projected
spectra (Fig. 2a,b), but differ in flux when observed with a suffi-
ciently large beam.

The line peak brightness temperature in the outer parts of the
NE side of the disk is typically 1 K. We use the ALMA observ-
ing tool to estimate the observing time needed to detect the C i
emission. As an example, requesting an rms sensitivity of 0.3 K,
a spectral resolution of 90 m s−1 and a spatial resolution of 0.8′′,
the C i emission could be mapped in ∼6 h with the ALMA main
array and cycle 2 capabilities. Additional observing time might
be required with the Atacama Compact Array (ACA) in order
to avoid missing flux problems. Simulated observations can be
used to asses whether ACA is needed or not.

6. Summary

Our results are summarised as follows:

1. We detected and spectrally resolved C ii 158 µm emission
from the β Pic debris disk using Herschel HIFI.

2. We constrain the spatial distribution of the C gas in the disk
by using the shape of the emission line. We estimate a total
C gas mass of 1.3+1.3

−0.5 × 10−2 M⊕ (90% confidence interval).
3. The observed line profile is consistent with the hypothesis of

a well-mixed gas.
4. Our observations argue in favour of a preferential depletion

explanation for the overabundance of C and O, since the line
profile is inconsistent with a simplified accretion disk model.

5. We find that most of the gas is located beyond 30 AU, making
FEBs an improbable source for the bulk of the β Pic circum-
stellar gas.

6. The HIFI data suggest of an asymmetry in the C gas disk
with the SW side being more massive than the NE side.

7. It should be possible to detect and resolve C i emission using
ALMA.
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Appendix A: Details of the error analysis

Adjacent channels in our oversampled HIFI data used for fitting
are correlated in a non-negligible way. This is seen in Fig. A.1,
showing the autocorrelation of the HIFI noise. When generating
synthetic noise, used to add to the data for repeated fitting, we
need to take the correlations into account. In other words, the
generated synthetic noise should show the same correlation pat-
tern (i.e. the same autocorrelation) as the HIFI data. One way to
achieve this is by convolving Gaussian noise g with an appropri-
ate function f . The condition allowing us to determine f reads

( f ∗ g) ? ( f ∗ g) = a (A.1)

where x ∗ y denotes the convolution, x ? y the cross-correlation
and a is the autocorrelation of the HIFI data. This simplifies to

f ? f = a (A.2)

using properties of the cross-correlation and the convolution and
the fact that g is a Gaussian. It is then straightforward to show
that f is given by

f = F −1
( √

F (a)
)

(A.3)

with F (x) the Fourier transform. Modeling a as a Gaussian
with standard deviation σa, fitted to the measured autocorrela-
tion shown in Fig. A.1, we find that f is a Gaussian as well, with
standard deviation

σ f =
σa√

2
(A.4)

Fig. A.1 shows that synthetic noise generated in this way well
represents the correlated noise observed in the HIFI data.
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