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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 with solar
abundances of metallic elements such as 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 on board the Herschel Space Observatory to observe and spectrally resolve C  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 used
the spectrally resolved line profile to constrain the spatial distribution of the gas.
Results. We detect the C  158 µm emission. Modelling the shape of the emission line shows that most of the gas is located at
about ∼100 AU or beyond. We estimate a total C gas mass of 1.3+1.3

−0.5 × 10−2 M⊕ (central 90% confidence interval). The data suggest
that more gas is located on the south-west side of the disk than on the north-east side. The shape of the emission line is consistent
with the hypothesis of a well mixed gas (constant C/Fe ratio throughout the disk). Assuming instead a spatial profile expected from a
simplified accretion disk model, we found it to give a significantly poorer 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 probably not 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 might 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  emission at 609 µm.

Key words. protoplanetary disks – stars: individual: beta Pictoris – planetary systems – methods: observational – circumstellar
matter – 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 occurs together with various processes that gradually
clear the disk from gas on a timescale of ∼10 Myr (see, e.g.,
Haisch et al. 2001; Jayawardhana et al. 2006; Hillenbrand 2008;
Mamajek 2009). The removal of the gas results in an optically
thin debris disk consisting mostly of dust and the planetesimals
remaining from the protoplanetary phase. These objects can be
seen as analogues to the Kuiper belt or the asteroid belt in the so-
lar system. Although the formation of gas giants ceases in debris

? Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with im-
portant participation from NASA.

disks because of the lack of gas, models suggest that terres-
trial 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
dust particles in debris disks are blown out of the system by
radiation pressure or fall onto the star by Poynting-Robertson
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drag on timescales much shorter than the lifetime of the system.
Therefore one needs a mechanism to replenish the grain con-
centration, most 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 residing in larger solid bod-
ies (planetesimals or comets not incorporated into planets).

A few debris disks show observable amounts of gas in ad-
dition to the dust. Examples of gaseous debris disks include
HD 172555 (see e.g. Riviere-Marichalar et al. 2012), HD 32297
(Redfield 2007; Donaldson et al. 2013), HD 21997 (Moór et al.
2011), 49 Ceti (Roberge et al. 2013), and β Pic, the object of in-
terest in this work. Atomic carbon has so far only been detected
around a few systems, including β Pic, 49 Cet and HD 32297.
The unexpected presence of gas at these late stages of disk evolu-
tion makes such systems particularly interesting. The gas could
either be primordial, that is, a remnant from the protoplanetary
phase, or be of secondary origin.

In this work, we present observations of the gaseous debris
disk around β Pic, a young (10–20 Myr, Zuckerman et al. 2001;
Binks & Jeffries 2014) A6V star (Gray et al. 2006) at a distance
of 19.44± 0.05 pc (van Leeuwen 2007). β Pic hosts an outstand-
ing debris disk that has been subject to intensive studies during
the past decades. The discovery of a giant planet (β Pic b) on
an orbit of 10 AU by Lagrange et al. (2010) further increased
the interest in the system. Observations of sharp absorption lines
suggested the presence of circumstellar gas early on (Slettebak
1975; Slettebak & Carpenter 1983; Kondo & Bruhweiler 1985;
Hobbs et al. 1985) and led to the classification of β Pic as a
shell star. More recent observations showed that the gas is spa-
tially extended in the disk and in Keplerian rotation (Olofsson
et al. 2001; Brandeker et al. 2004). The gas is probably not
a direct remnant from the protoplanetary phase. Rather, it is
thought to be of secondary origin, that is, steadily produced in
the disk, probably from the dust itself (Fernández et al. 2006).
Different gas-producing mechanisms such as falling evaporating
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 production is in-
deed linked to the destruction of dusty or cometary material, one
could study the dust composition by observing the gas derived
from it. This would require a precise understanding of the gas-
production mechanisms, however, and it is one of the aims of this
work to help distinguish between different possible production
scenarios.

The composition of β Pic’s circumstellar gas is quite var-
ied. Brandeker et al. (2004) reported the detection of Na, Fe, Ca,
Cr, Ti, and Ni in emission and resolved their spatial distribu-
tion in the disk. Given that radiation pressure largely dominates
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) showed that
the gas is indeed enhanced in carbon. Subsequent absorption
data of Fe and Na obtained by HARPS at the ESO 3.6 m tele-
scope (Brandeker 2011) and Herschel/PACS observations of the
C  emission at 158 µm (Brandeker et al. 2014) show that the
carbon overabundance is even higher than previously inferred,
providing thus an explanation for the observed gas dynamics,

but posing 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 a possible mechanism causing the carbon over-
abundance. They concluded that information about the spatial
distribution of the carbon gas would be useful to distinguish be-
tween these possibilities. In contrast to other species that have
been spatially mapped (see Brandeker et al. 2004; Nilsson et al.
2012), the spatial profile of the C  gas is unconstrained, al-
though carbon is a dominant component by mass. With current
instrumentation it is indeed not possible to resolve the C  emis-
sion. In this work, we thus opted for an alternative approach
and tried to constrain the spatial profile using spatially unre-
solved, but spectrally resolved data. We observed the β Pic disk
in C  158 µm emission with Herschel/HIFI. This line was al-
ready detected with PACS (Brandeker et al. 2014), but only HIFI
is able to spectrally resolve it, thus allowing us to extract spatial
information. By giving clues about the location of the carbon
gas, our work is also expected to help constrain the C/O ratio, a
fundamental parameter for planet formation. Indeed, conversion
of an observed O flux into an O mass is only possible when the
excitation of the gas can be estimated. This requires knowledge
of the location of the O gas in the disk. Assuming that C and O
are well mixed, constraints on the location of C can be used to
derive an O mass from spatially unresolved observations of O
like those by Brandeker et al. (2014).

This 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  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  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) onboard the
Herschel Space Observatory (Pilbratt et al. 2010) to observe
C  158 µm emission from the β Pic disk. The observations were
carried out on operating day OD 985 (2012 January 24; observa-
tion ID 1342238190) in dual beam-switch mode (nod of 3′) with
continuum optimisation and fast chopping to reduce 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 dif-
ferent locations (distance between the beam centres 1.3′′, see
Fig. 1), with the idea of potentially extracting additional spatial
information. The data were calibrated in a standard way using
the Herschel interactive processing environment (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. Figure 2 shows the calibrated spectra in units
of main-beam brightness temperature Tmb. For better visualisa-
tion, the data have been plotted with a bin width of 0.63 km s−1.
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Fig. 1. Pointing of H- and V-polarisation beams. The beam centres
are 1.3′′ apart. The diameter of the circles corresponds to the HPBW.
The background image of the β Pic disk shows contours of the millime-
tre emission and a grey scale of optical scattered light (Wilner et al.
2011).

The half power beam width (HPBW) at the wavelength of the
C  emission line is ∼11′′ (Roelfsema et al. 2012), correspond-
ing to ∼200 AU at the distance of β Pic.

3. Results

Table 1 shows the C  line emission strengths detected by
Herschel/HIFI. Statistical errors on the emission were calculated
in the following manner: we first fitted a Gaussian to the line and
determined its full width at half maximum (FWHM). The data
were then rebinned with a bin size corresponding to twice the
measured FWHM. The bins were arranged such that the peak
of the fitted Gaussian fell 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 were calculated as the root mean square (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).

Although the two polarisation beams were pointed at slightly
different locations (Fig. 1), the two resulting spectra are statisti-
cally indistinguishable. We nevertheless took the different beam
positions into account in our analysis. The effect of the different
beam positions shows up more clearly when calculating model
profiles (Fig. 2).

Visual inspection of the data in Fig. 2 already suggests an
asymmetric distribution of C  in the disk. There is slightly more
flux for velocities lower than the systematic velocity of β Pic,
indicating emission preferentially from the SW of the disk (the
sense of rotation was determined by Olofsson et al. 2001; the
disk rotates towards us in the SW). We assess the significance of
this feature in Sect. 4.5.

Table 1. HIFI detected C  158 µm emission from the β Pic disk.

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

Notes. 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).

4. Analysis

The aim of the this work is to set constraints on the radial density
profile of C using the emission spectrum from HIFI. To model
the disk, we assumed perfect edge-on geometry and Keplerian
rotation of the gas. Although the velocity pattern of C  has never
been measured directly, Keplerian motion has been observed for
other species such as Na  (Olofsson et al. 2001; Brandeker et al.
2004). Moreover, C  is not affected by radiation pressure, mak-
ing 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 invoked
the  code to calculate the C  emission in every point of
the disk.  was specifically designed to address gas emis-
sion 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 in-
terest using statistical equilibrium. For the models we consider
in this work, the calculated gas temperature peaks at ∼60 K in
the region where most of the gas is located (around 100 AU).
The end product of  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, tak-
ing the rotation into account. Finally the projected map is mul-
tiplied with the HIFI beam, and integrated to provide synthetic
observations of the disk.

From initial estimates of the C  spatial distribution, we
found that the 158 µm mid-plane optical depth was of the or-
der of 1, violating the assumption of optically thin emission of
. This prompted us to extend  to take into ac-
count radiative transfer effects, as described in more detail by
Brandeker et al. (2014). In summary, we computed the level pop-
ulations 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 extinc-
tion towards the star. As a second-order correction, the intensity
from photons scattered locally was taken into account by using
a photon escape formulation, following Appendix B of Tielens
& Hollenbach (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 iteration to approximate the photon escape probability
from the average of four directions (in, out, up, down) as de-
scribed in Gorti & Hollenbach (2004). Since the vertical optical
depth of the disk in the dominant cooling line C  158 µm gen-
erally is .0.1, and the excitation is mainly due to colliding elec-
trons, the change in luminosity density distribution compared
with the optically thin approximation is minor (.10%).

After determining the luminosity density distribution of the
disk, we integrated the wavelength-dependent intensity along
the line of sight, taking into account Doppler shifts from the
Keplerian velocity field and assuming a two-level system for
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Fig. 2. Herschel/HIFI spectra of the C  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. The original
data have a resolution of 0.17 km s−1. For all fits, we oversampled the data to bin sizes of 0.08 km s−1. Note that the difference between the fitted
H and V beam profiles comes from the different positioning of the beams (Fig. 1). Panels a) compare the data with C  profiles derived from
observations of Fe  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 text (Sect. 4.1) for more details. Panels b) show the best ring fit profile and the contribution of individual rings. Emission coming
from the two inner rings is minor. Panels c) show the fitted profile for an accretion surface density, Σ ∝ r−1. It is difficult to bring this 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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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)
Position 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 (6), (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).

the C  158 µm line, where the levels are also known from the
 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 spon-
taneous emission, φν the line profile (assumed to be Gaussian
with a broadening parameter b = 1.5 km s−1 and a central fre-
quency 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,
respectively. We implemented a standard ray-tracing method to
determine the extinction along the line of sight in the following
way: we divided the disk into slices perpendicular to the line
of sight and considered the slice closest to the observer first. In
addition to the emission from the first slice, we also computed
its optical depth τν,1 using Eq. (1). We then computed the emis-
sion from the second slice, adjusted it by a factor exp(−τν,1), and
computed its optical depth τν,2. The emission 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 is slightly lower than the measurement by
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 tested whether our observations are consistent with the hy-
pothesis of a well mixed gas. Spatially resolved observations of
Fe  by Nilsson et al. (2012) and  were used to test this
assumption by finding the spatial distribution of Fe and the C/Fe
ratio that best reproduced both the observed Fe  spatial profile
and the observed C  spectrally resolved line. This was done it-
eratively by first fixing a C/Fe ratio and computing the gas dis-
tribution that precisely corresponds to the Fe  profile by Nilsson
et al. (2012), and by then projecting the C  emission for compar-
ison with the observed spectral profile. The C/Fe ratio was then
adjusted until a best fit (in a χ2 sense) was achieved. We found

the best ratio to be C/Fe = 300. The fit is shown in Fig. 2a and is
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 north-east (NE) and the south-west (SW). In ad-
dition, the C gas disk was allowed to be truncated inside at a cer-
tain radius even when Fe  was known to extend farther inward.
The introduction of an inner hole reduces the emission in the
wings of the profile, which seem too broad for a well mixed gas.
Under this conditions we found 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 pro-
portionally 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
elemental composition of the gas to explain the extreme over-
abundance of carbon and oxygen compared with metallic ele-
ments, for example, Na and Fe. Two competing scenarios were
considered: preferential production (the gas is produced at the
unusual composition) and preferential depletion (the gas is pro-
duced at normal abundances, but some elements are preferen-
tially removed from the system). For the first case to be domi-
nant, accretion of the gas has to be stronger than the differential
separation of elements due to radiation pressure, implying an
accretion-disk profile. To test whether the accretion scenario is
compatible with the observed spectral profile, we computed 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 was then fitted separately for the two sides of
the disk. As for all our models, the temperature profile was cal-
culated by  and was not imposed. Thus, our accretion
model is not entirely self-consistent. However, we checked that
the computed temperature profile can be reasonably well approx-
imated by T ∝ r−1/2.

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  line profile.

4.3. Constraints on the C  radial density profile

As a next step, we constrained the place where the carbon gas is
located in the disk by using information contained in the spec-
trally resolved HIFI observation of the C  158 µm emission line.
We produced a simplified model where each side of the disk was
modelled 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 as a function of
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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)

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.
We used α = 0.2, in line with the values derived by Brandeker
et al. (2004) and Nilsson et al. (2012). The dependence of the
derived spectral profile on α is very weak because its principle
influence is through the positioning of the emission in the beam,
and optical depth effects for this moderately thick line. We chose
four half-rings for each side of the disk, making a total of eight
free parameters. The boundaries of the rings were chosen to be
at 1, 10, 30, 150, and 300 AU. These boundaries were chosen so
that they produce spectrally resolvable contributions and at the
same time trace sufficient signal to be meaningfully constrained.

From the observed line profile we can see that the contri-
bution to emission from the region inside 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 dispersion decreases with
radial distance. But we know from earlier PACS observations
(Brandeker et al. 2014) that C  emission was only detected in
the central spaxel, so there cannot be significant emission out-
side 300 AU.

Our best fit suggests a total C  mass of 7.1 × 10−3 M⊕ and a
total C  mass of 5.5 × 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. Figure 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.

If we assume that the gas mass is dominated by C and O
(Brandeker et al. 2014), with solar mC/mO = 0.38 (Lodders
2003), the implied gas-to-dust mass ratio is found to be 0.8,
where the millimetre dust mass 0.06 M⊕ (Nilsson et al. 2009)
was used.

4.4. Error analysis

To test how sensitive our fit to the data is to the estimated noise,
we used a Monte Carlo approach and fitted our models to arti-
ficial data sets produced by adding synthetic noise. Since corre-
lations between adjacent pixels are present in the data, simply
adding Gaussian white noise is not appropriate; instead, we con-
structed 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. To ensure that the content of the

Fig. 3. Ionisation fraction in the mid-plane for the best ring fit.
Discontinuities 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. The difference in ionisation for the outer-
most ring (150–300 AU) is due to the four times higher best-fit density
in the SW for this ring (see Table 3).

Table 3. Best-fit values and central 90% confidence intervals for the
masses and 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+4.9

−0.0 × 10−5 0.0+5.6
−0.0 × 10−5

10–30 4.4+5.6
−4.4 × 10−5 5.0+6.1

−5.0 × 10−5

30–150 1.1+1.4
−0.5 × 10−3 1.4+1.5

−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+7.0
−2.0 × 10−3 9.7+14.4

−7.6 × 10−3

Mid-plane density ni (cm−3)
1–10 0.0+1.2

−0.0 × 104 0.0+1.4
−0.0 × 104

10–30 4.0+5.2
−4.0 × 102 4.6+5.6

−4.6 × 102

30–150 7.6+9.7
−3.6 × 101 1.0+1.1

−0.3 × 102

150–300 2.0+7.1
−2.0 × 101 8.4+14.3

−8.4 × 101

innermost ring was not underestimated, we used 2.5 × 104 cm−3

as an initial value for the mid-plane density.
In Fig. 4 we present central 90% confidence intervals for the

mass in a given half-ring derived from a total of 837 fits. The
results are summarised in Table 3. The best constraints can be
set on the ring spanning from 30 to 150 AU. As can be seen
from the figure, the two innermost rings contain much less gas
than 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 SW sides of the disk

Especially the line profile observed with the V-polarisation beam
shows more emission for velocities lower 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
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Fig. 4. C gas content of half-rings and total content of each side of the
disk.

Fig. 5. Histogram (probability distribution) and cumulative probability
distribution (overlaid curve) of the SW-to-NE mass ratio derived from
fits to artificial data sets. The edges of the bins are shown on the x-axis.
83% of the fits have MSW/MNE > 1.

computing the mass ratio MSW/MNE for each fit. Figure 5 shows
the histogram and the cumulative probability distribution de-
rived. 83% of the fits have MSW/MNE > 1. While this is cer-
tainly suggestive of a real asymmetry in the gas disk, the HIFI
data are too noisy to firmly exclude a symmetric or even an
NE-dominated disk. Spatially resolved data for instance from
ALMA (Sect. 5.4) might be able to address this issue more di-
rectly.

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 un-
known. If the gas is produced from the dust and is not primordial
(Fernández et al. 2006), it should be produced where most of the
dust resides, that is, at ∼100 AU. The peculiar composition can
then be explained by two different pathways (Xie et al. 2013). In

the first, if the gas is produced at the observed composition (e.g.
photodesorption from C/O-rich icy grains), inward accretion is
necessary and one expects to observe an accretion disk inward
of 100 AU. In the second, if the gas could be produced at normal
abundances (e.g. collisional vaporisation) 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 the lower limit
for 30–150 AU and the upper limit for 10–30 AU) require
that γ ≤ 1. This conclusion is supported by studying the ve-
locity 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 stan-
dard α-accretion disk. However, we comment 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 accretion 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. More observa-
tions where the gas disk can be better resolved, for instance, with
ALMA (Sect. 5.4), are needed to constrain both the accretion
disk profile and the effect of the giant planet; this will lead to a
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. They most likely contribute
gas near the star, and it has been suggested that Ca  at high
latitudes is a result of gas released from inclined FEBs being
pushed out by strong radiation pressure (Beust & Valiron 2007).
However, our results show that most of the C gas mass is lo-
cated 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. While radiation pressure can
induce an outward drift for some elements (see Xie et al. 2013),
the radiation pressure on carbon is negligible. In addition, carbon
is believed to be the braking agent that prevents other species
such as Na  from quickly being blown out by radiation pressure
(Fernández et al. 2006).

5.2. Comparison with previous observations

Our results can be compared with previous observations by
Roberge et al. (2006). They observed C  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 ∼10 times
higher: 3.0+16.1

−1.4 ×1017 cm−2 (NE) and 5.1+17.9
−2.0 ×1017 cm−2 (SW),

respectively, where the 90% confidence intervals derived from
our Monte Carlo simulations (Sect. 4.4) are stated. The high
upper boundaries of the confidence intervals is due to the two
innermost rings, which can have very high column densities, al-
though they contribute little to the total emission because of their
small volume compared with the two outer rings (Fig. 2b and
Table 3). Omitting these two rings in the calculation of the con-
fidence intervals significantly reduces the upper boundary: we
derive 1.8+2.1

−0.6 × 1017 cm−2 (NE) and 3.7+4.3
−1.3 × 1017 cm−2 (SW).

Comparing our results with the observations of Roberge et al.
(2006), we conclude that our modelling suggests a C colum den-
sity ∼10 times higher 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 recent
Herschel/PACS observations of C  (Brandeker et al. 2014).
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5.3. Comparison with other gaseous debris disks
around A-type stars

There have recently been new detections, mainly thanks to
Herschel’s high sensitivity, of carbon gas emission from de-
bris disks around A-stars. Donaldson et al. (2013) observed
HD 32297 with Herschel/PACS and reported a 3.7σ detection
of C  158 µm emission. Assuming local thermodynamic equi-
librium and optically thin emission, they derived a lower limit on
the C  disk mass of MC  > 1.7 × 10−4 M⊕. Similarly, Roberge
et al. (2013) derived MC  > 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  ≈ 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  gas mass. However, although the systems are potentially
similar in this respect, there are other important differences. Both
HD 32297 and 49 Cet lack a detection of O , in contrast to β Pic.
HD 32297 also shows unusually high abundance of Na, which
might be due to contamination along the line of sight, however
(Donaldson et al. 2013).

5.4. Future prospects with ALMA

Because  calculates the gas ionisation in the disk, our
modelling of the C  emission automatically results in a predic-
tion of the luminosity of C  at 609 µm as well as its spatial dis-
tribution. The Atacama Large Millimeter/sub-millimeter Array
(ALMA) has the sensitivity as well as the spatial and spectral
resolution to test this prediction. ALMA observations are highly
desirable, 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 elec-
tron density and temperature, critical parameters for any gas-
disk modelling (like ). ALMA observations of C  would
also be interesting in the context of the recent ALMA observa-
tions of CO (Dent et al. 2014).

Our best-fit ring model predicts a total C  609 µm flux
of 2.8×10−15 erg s−1 cm−2. For the model derived from observa-
tions of Fe  under the assumption of a well mixed gas, this flux is
reduced by a factor of ∼3. In this latter case, the disk extent is
reduced compared with the ring fit, since the C density profile
is forced to follow the observed Fe  profile. The HIFI beam has
a HPBW of ∼200 AU and is thus not very sensitive to the addi-
tional gas present far out in the ring model. The ring model and
the Fe -derived model have therefore similar projected spectra
(Fig. 2a,b), but differ in flux when observed with a sufficiently
large beam.

We can assess the possibility of detecting C  609 µm emis-
sion with ALMA by simulating observations using the Common
Astronomy Software Applications package (CASA, McMullin
et al. 2007). As input, we used our Fe -derived model (assum-
ing well mixed gas), which is more conservative in terms of ex-
pected flux. In Fig. 6 we present an emission map from simulated
ALMA observations which clearly shows that ALMA is capable
of detecting C  609 µm emission from β Pic. Thanks to the high
spectral resolution of ALMA, the Keplerian velocity field can
be used to distinguish emission location along the line of sight,
producing a 3D map of the gas distribution. With ALMA obser-
vations, it would thus be possible for example to assess whether
there is an inner hole in the gas disk and distinguish between the
two models presented in Fig. 2a.

Fig. 6. Simulated ALMA cycle 2 observation (using CASA) of the pre-
dicted C  609 µm emission from the β Pic disk, integrated over the
spectral axis. With a primary beam of 12.6′′, a mosaic of three point-
ings with a spacing of 6′′ (Nyquist sampling) was sufficient to cover
the disk. Contours denote 3, 6, 9, 12, and 15 times the rms noise level.
The simulated observation time (on source) is 1.24 h. We simulated the
most compact cycle 2 configuration (thirty-two 12 m-antennas, longest
baseline ∼160 m) and a precipitable water vapor column of 0.472 mm
(first octile). The synthesized beam (0.76′′, corresponding to 15 AU at
the distance of β Pic) is illustrated in the lower left corner.

6. Summary

Our results are summarised as follows:

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

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

−0.5 × 10−2 M⊕ (central 90% confi-
dence interval).

3. The observed line profile is consistent with the hypothesis of
a well mixed gas (C/Fe = 300 throughout the disk).

4. Our observations argue in favour of a preferential deple-
tion explanation for the overabundance of C and O (com-
pared with solar abundances of metallic elements, e.g. Na
and Fe), since the line profile is inconsistent with a simpli-
fied accretion-disk model.

5. We found that most of the gas is located beyond 30 AU, mak-
ing FEBs an unlikely source for the bulk of the β Pic circum-
stellar gas.

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

7. It is expected that it will be possible to detect and resolve
C  609 µm 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,
which shows the autocorrelation of the HIFI noise. When gener-
ating synthetic noise, used to add to the data for repeated fitting,
we need to take the correlations into account. In other words,
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Fig. A.1. Autocorrelation of the HIFI noise (for the H beam; the figure
for the V beam looks very similar) and of Gaussian noise for compar-
ison. Clearly, adjacent pixels in the oversampled HIFI data used for
fitting are correlated. Also shown is the autocorrelation of our synthetic
noise, which well represents the correlation pattern observed in the data.
The negative autocorrelation of the data is of random nature and due
to the limited number of data points. The analysed HIFI noise comes
from the data interval [−53, 10] ∪ [50, 100] km s−1, i.e. well outside the
C  line (Fig. 2).

the generated synthetic noise needs to show the same correlation
pattern (i.e. the same autocorrelation) as the HIFI data. One way
to achieve this is by convolving Gaussian noise g with an ap-
propriate 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 Gaussian noise. It is then straightforward to
show that f is given by

f = F −1
( √

F (a)
)
, (A.3)

with F (x) the Fourier transform. Modelling 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)

Figure A.1 shows that synthetic noise generated in this way
well represents the correlated noise observed in the HIFI data.
Note that the negative autocorrelation of the HIFI data (H po-
larisation) for shifts larger than five pixels is of random nature
due to the limited number of data points available. Indeed, the
autocorrelation of the V-polarisation data is negative as well
for shifts larger than five pixels, but becomes positive for shifts
larger than 14 pixels. Additional evidence for a random nature of

the feature comes from the synthetic noise, which shows similar
oscillations (Fig. A.1). If constructed from a sufficiently large
data set, these oscillations disappear.
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