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R. Liseau19, C. Martin-Zaidi4, G. Mathews3, G. Meeus14, I. Mendigut́ıa7, B. Montesinos7,
M. Morales-Calderon7, A. Mora20 H. Nomura21, E. Pantin31, I. Pascucci22, N. Phillips1, C.

Pinte4, L. Podio1, S.K. Ramsay23, B. Riaz24, P. Riviere-Marichalar7, A. Roberge11, G.
Sandell17, E. Solano7, I. Tilling25, J.M. Torrelles26, B. Vandenbusche27, S. Vicente2, G.J.

White28,29, P. Woitke30

ABSTRACT

We describe a large-scale far-infrared line and continuum survey of protoplanetary disk
through to young debris disk systems carried out using the PACS instrument on the Herschel
Space Observatory. This Open Time Key Program, known as GASPS (Gas Survey of Protoplan-
etary Systems), targeted ∼250 young stars in narrow wavelength regions covering the [OI] fine
structure line at 63µm, the brightest far-infrared line in such objects. A subset of the bright-
est targets were also surveyed in [OI] 145µm, [CII] at 157µm, as well as several transitions of
H2O and high-excitation CO lines at selected wavelengths between 78 and 180µm. Additionally,
GASPS included continuum photometry at 70, 100 and 160µm, around the peak of the dust
emission. The targets were SED Class II-III T Tauri stars and debris disks from 7 nearby young
associations, along with a comparable sample of isolated Herbig AeBe stars. The aim was to
study the global gas and dust content in a wide sample of circumstellar disks, combining the
results with models in a systematic way. In this overview paper we review the scientific aims,
target selection and observing strategy. We summarise some of the initial results, showing line
identifications, listing the detections, and giving a first statistical study of line detectability.

The [OI] line at 63µm was the brightest line seen in almost all objects, by a factor of ∼ 10.
Overall [OI]63µm detection rates were 49%, with 100% of HAeBe stars and 43% of T Tauri
stars detected. A comparison with published disk dust masses (derived mainly from sub-mm
continuum, assuming standard values of the mm mass opacity) shows a dust mass threshold for
[OI]63µm detection of ∼ 10−5M�. Normalising to a distance of 140pc, 84% of objects with dust
masses ≥ 10−5M� can be detected in this line in the present survey, along with 32% of those of
mass 10−6 − 10−5M�, and only a very small number of unusual objects with lower masses. This
is consistent with models with a moderate UV excess and disk flaring. For a given disk mass, [OI]
detectability is lower for M stars compared with earlier spectral types. Both the continuum and
line emission was, in most systems, spatially and spectrally unresolved and centred on the star,
suggesting emission in most cases was from the disk. Approximately 10 objects showed resolved
emission, most likely from outflows.

In the GASPS sample, [OI] detection rates in T Tauri associations in the 0.3-4Myr age range
were ∼50%. For each association in the 5-20Myr age range, ∼2 stars remain detectable in
[OI]63µm, and no systems were detected in associations with age >20Myr. Comparing with the
total number of young stars in each association, and assuming a ISM-like gas/dust ratio, this
indicates that ∼18% of stars retain a gas-rich disk of total mass 1MJupiter for 1-4Myr, 1-7% keep
such disks for 5-10Myr, but none are detected beyond 10-20Myr.

The brightest [OI] objects from GASPS were also observed in [OI]145µm, [CII]157µm and
CO J=18-17, with detection rates of 20-40%. Detection of the [CII] line was not correlated with
disk mass, suggesting it arises more commonly from a compact remnant envelope.

Subject headings: Stars, ISM
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la Cañada, Spain

8Calar Alto Observatory, Centro Astronómico Hispano
Alemán, C/Jesús Durbán Remón, E-04004 Almeŕıa, Spain
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1. Introduction

One of the most significant astronomical dis-
coveries of the past decade has been the realisa-
tion that roughly 20% of main-sequence FGK stars
harbour planets (Fischer & Valenti 2005; Borucki
et al. 2011). Moreover, at least 16% of FGK main-
sequence stars are found to have a debris disk more
massive than the dust in our own Solar System,
indicating an unseen population of colliding plan-
etesimals (Trilling et al. 2008; Wyatt 2008). These
two independent results imply that the planet and
planetesimal formation process is common and ro-
bust, and can lead to a wide diversity of systems.
However, it is not clear how young gas-rich disks
- where planet formation is either still occuring or
has recently completed - evolve into mature plan-
etary and/or debris disk systems.

Both debris disks and main sequence planetary
systems are gas-poor. Debris systems, composed
of grains in a collisional cascade, have dust masses
of ≤ 10−7M�, although the mass of planetesimals
- thought to be the starting point of the cascade -
may be 10−4M� or more (Wyatt & Dent 2002). In
most cases, no molecular gas is detected (Dent et
al. 1995); however, in a very few nearby young de-
bris systems such as β Pic, a small mass of mostly
atomic gas is seen (Lagrange et al. 1998; Olofsson
et al. 2001; Roberge et al. 2006). Possible gas for-
mation mechanisms in such systems are secondary
release during grain-grain collisions (Thébault &
Augereau 2005), photodesorption from dust grains
(Chen et al. 2007), or sublimation from comets
(Zuckerman & Song 2012).

By contrast, the material around young, pre-
main-sequence (but optically-visible) stars is gas-
rich. Such so-called protoplanetary disks are
found towards ∼10% of stars aged 5 Myr, and
at least 80% of stars aged < 1 Myr (Haisch et al.
2001). Similar in size to debris disks, their dust
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masses are typically 10−5−10−3M�. The assump-
tion normally made is that 99% of the disk mass
is gas, the same as that of the natant interstellar
cloud, leading to these disks being described as
‘primordial’. Their total masses would then be
similar to that of the minimum mass Solar Nebula
(Williams & Cieza 2011). In the even younger,
so-called ‘protostellar’ stage (typically ≤ 0.1Myr),
disk masses may be still larger, approaching that
of the protostar itself. Systems at this phase are
usually optically obscured, as the remnant cloud
and infalling envelope have not yet dispersed.

Dissipation of the primordial disk gas limits the
timescale for giant planet formation, affects the
dynamics of planetary bodies of all sizes during
their formation, and determines the final architec-
ture and constitution of planetary systems. No
planet formation will take place without gas to
damp the particle velocities. The methods for re-
moval of the gas and dust components are gener-
ally different. Photoevaporation is thought to be
important in gas dissipation (Gorti & Hollenbach
2004, 2009), and bipolar outflow jets may also play
a role. Molecular species will also be depleted in
regions exposed to the photodestructive effects of
UV (Kamp & Sammar 2004). Selective removal
of the dust can be caused by the interaction with
a planet (Rice et al. 2006), ice or refractory grain
sublimation (Thi et al. 2005), or by grain growth
and settling (Dullemond & Dominik 2005). As
noted by these authors, these effects can be very
rapid, occuring on timescales ∼ 104yrs - signifi-
cantly shorter than the disk ages.

Statistical studies show that the presence of
Jupiter-mass planets in mature systems is strongly
influenced by stellar metallicity, mass, and binary
companions (Fischer & Valenti 2005; Johnson et
al. 2007). But do the stellar characteristics also af-
fect disks? Age clearly affects the fraction of stars
with primordial disks (Haisch et al. 2001) and, on
a longer timescale, debris disks (Carpenter et al.
2009). Disks may be affected by binary compan-
ions in debris systems (Trilling et al. 2007) but
not substantially by stellar metallicity in debris
or protoplanetary systems (Greaves et al. 2006;
D’Orazi et al. 2011; Maldonado et al. 2012). And
although there appears to be no direct correlation
between debris disks and planets (Bryden et al.
2009), there are clearly some systems which have
both, and where the planet creates a gap or affects

the disk shape (Kalas et al. 2008; Thalmann et al.
2010; Hughes et al. 2011). At present, there is no
clear observational evidence that primordial disk
lifetimes are significantly affected by the stellar
mass (Boissier et al. 2011; Ercolano et al. 2011).

To study disk evolution and look for general
trends, many large and unbiased dust continuum
surveys have been carried out, in the near-infrared
(Kenyon & Hartmann 1995; Haisch et al. 2001),
the mid to far-infrared (most complete out to a
wavelength of 70µm in the Spitzer projects FEPS
(Hillenbrand et al. 2008) and c2d (Evans et al.
2009)), and in the sub-mm (Andrews & Williams
2005). They indicate primordial disk lifetimes of a
few Myr, but there is a broad distribution of dust
mass at any particular age, with notable outliers.
For example, although the fraction of disk-bearing
stars in the ∼1Myr-old Taurus star-forming re-
gion is as high as 75%, a significant minority of
its stars have no detectable dust excess (Luhman
et al. 2010).

Dust emission is ostensibly easy to interpret,
as the normally optically-thin sub-mm continuum
can be used to directly estimate the dust mass,
Md, by employing a mass opacity, κν and emissiv-
ity power law, β. Typical values adopted in the lit-
erature are κν = 1.7gcm−2 and β = 1.0 (Andrews
& Williams 2005). However, κν depends on the
grain size distribution (D’Alessio et al. 2006), and
most of the solid body mass may be in large grains
contributing little to the observed flux (Wyatt &
Dent 2002; Krivov et al. 2008). One option is to
define a dust mass which only includes solid ma-
terial smaller than 1mm (Thi et al. 2010); this is
reasonably consistent with the standard literature
value of κν . Deriving the total disk mass requires
an assumption of the gas:dust ratio; normally the
interstellar medium value of 100 is used, but it is
unclear whether this value is maintained in disks
(and it is certainly not valid for debris-dominated
systems). Throughout most of this current work,
we have quoted disk masses in terms of the dust
mass, Md, allowing comparisons to be made inde-
pendently of the gas/dust ratio.

Although gas dominates the mass (at least for
protoplanetary disks), emission lines are generally
more difficult than the continuum to both observe
and interpret. The bulk of the gas is in H2 which
has no dipolar moment. The observed intensity is
affected by abundance variations due to complex
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chemistry, molecular photodissociation, or freeze-
out in the cool disk midplane, as well as high
optical depths and uncertain excitation processes.
Unlike the continuum, a more limited number of
gas surveys have been carried out. Mid-IR stud-
ies of H2O show emission from the inner 10AU in
many T Tauri but few HAeBe stars (Pontoppidan
et al. 2010). Spitzer surveys of [NeII] at 12.8µm
show warm gas in many systems, thought to arise
from winds from the disk surface at radii up to
∼10AU (Lahuis et al. 2007; Pascucci & Sterzik
2009). At sub-mm wavelengths, limited surveys
of low-J rotational lines of CO have been carried
out, both with single-dish telescopes (Zuckerman
et al. 1995; Dent et al. 2005), and with interfer-
ometers (Öberg et al. 2010). Most of this emis-
sion arises from 30-300AU radii. In the far-IR,
scans of a few bright embedded Class 0 YSOs
(e.g. L1448-mm) and massive young stars (e.g.
Orion-KL) with the long-wavelength spectrometer
(LWS) on ISO showed rich spectra, including fine
structure lines of [OI] and [CII], and many tran-
sitions of H2O and CO (Benedettini et al. 2002;
van Dishoeck 2004). Class I YSOs also show sim-
ilar lines, albeit fainter than the Class 0s. Among
less embedded systems, the bright ‘prototypical’
Class I-II object T Tauri1 also has many FIR lines
(Spinoglio et al. 2000). However, more typical
optically-visible Class II-III objects were not de-
tected in FIR lines due to the relatively low sensi-
tivity and large beams.

Both gas and dust observations suffer from
problems in interpretation, and both are needed
for the best understanding of disks. The mo-
tivation for GASPS was to conduct a relatively
large, systematic study of gas and dust in the
far-infrared, utilising the sensitivity improvements
available with the Herschel Space Observatory2.
The survey covers a broad sample of optically-
visible young systems, from Class II gas-rich pro-
toplanetary disks, through to Class III objects and
gas-poor debris disks. It focusses on the brightest
lines and the FIR peak of the continuum emis-

1There is some discussion as to whether T Tauri should actu-
ally be classified as a Class I YSO with a massive envelope:
typically, the prototypical object in a class actually turns
out to be rather unusual!

2Herschel is an ESA space observatory with science in-
struments provided by European-led Principal Investigator
consortia and with important participation from NASA.

sion, and is complemented by data at other wave-
lengths. In this paper, we describe the survey and
observing techniques (§2), discuss the target se-
lection criteria and give the complete target list
(§3 and Table A.1). §4 summarises the origins of
FIR line emission in these objects, and outlines
the modeling used by GASPS. In §5, we give an
overview of the results, with the lines detected and
the detection statistics.

2. The GASPS survey

GASPS (Gas Survey of Protoplanetary Sys-
tems) uses the Photodetector Array Camera &
Spectrophotometer (PACS) (Poglitsch et al. 2010)
on the Herschel spacecraft (Pilbratt et al. 2010)
to study a predefined set of the brightest lines
and dust continuum in the far-infrared from a
relatively large sample of targets. The aim was
to allow the detection of gas in systems with a
disk mass limit similar to, and possibly lower
than, existing sub-mm dust surveys. The wave-
length coverage of the spectroscopic observations
was tailored to include the [OI] 3P1-3P2 and 3P0-
3P1 lines at 63 and 145µm, [CII] 2P3/2-2P1/2 at
157µm, several H2O lines, particularly those at
78 and 180µm, along with adjacent transitions of
CO and OH observable without incurring a sig-
nificant penalty on the total required time. In
addition, GASPS provides accurate far-infrared
photometry at 70 and 160µm and, in most cases,
100µm3. The project was awarded 400 hours of
time to survey up to 250 young systems (in sev-
eral cases, multiple systems were covered in the
same observation), and observations were taken
at various times between Dec 2010 and July 2012.
The spectrometer was used with up to 4 settings
per target, each of which covered a relatively small
wavelength range (typically ∆λ/λ ∼ 5%) simulta-
neously in two PACS grating orders. Most objects
were observed in the setting covering the [OI]63µm
line, with a subset of the brighter ones observed in
the other settings, resulting in a two-phase survey
strategy (see §2.1.3).

To help maintain the unbiased nature of the
survey, targets were chosen with a wide range of

3FIR fluxes for the brighter objects are available from IRAS,
ISO or Spitzer, although in many cases the fluxes at λ >
70µm are unreliable because of the large beams and confu-
sion levels involved - particularly in star forming regions.
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spectral type, disk dust mass, age and other stel-
lar parameters (see §3). They were located in 7
well-studied young clusters and associations, with
a distance range of 40 - 200 pc (with the major-
ity around 150 pc). Assuming typical disk sizes
of 100-300AU (Williams & Cieza 2011) and with
the angular resolution of Herschel/PACS of 5 arc-
sec at the shortest wavelength, line and continuum
emission from the disk itself is unlikely to be spa-
tially resolved. With the highest spectral resolu-
tion of PACS (88 km s−1 at 63µm), disk emission
will also not be spectrally resolved (the Keplerian
rotation velocity of most of the disk mass is ∼10-
50 km s−1). However, non-disk components such
as outflow jets or ambient cloud emission may be
resolved (see §4). In most cases, all we have is a
single measurement of the line flux on each target,
yielding highly degenerate solutions to the under-
lying disk physics and chemistry. In the absence
of resolution, a survey covering a wide range of
target parameters is required, along with detailed
modeling and data from other wavelengths.

2.1. Observational technique and survey
strategy

2.1.1. PACS Spectroscopy

The PACS instrument (Poglitsch et al. 2010) of-
fers resolutions of 1500-3400 (200-88 km s−1) and
the ability to observe most of the 60-200µm wave-
length range. In spectroscopic mode, PACS pro-
vides an IFU with a 5×5 array of spaxels, and
a pixel size of 9.2 arcsec. By comparison the in-
strumental PSF ranges from 4.5 arcsec (FWHM)
at 63µm up to 13 arcsec at 180µm. For the
GASPS project, spectral observations were taken
using line-scan or range-scan modes, whereby the
grating is scanned over a small wavelength range,
taking data from all detector pixels simultane-
ously. Wavelengths around the central region of
the spectra are observed by all of the 16 detec-
tor pixels to minimise flat-fielding problems due
to inter-pixel variations. Line-scan observations
have small wavelength coverage, and are designed
to cover a single spectrally-unresolved line and im-
mediately adjacent continuum with the full sensi-
tivity. Range-scan observations have an arbitrary
wavelength coverage and for GASPS were set up
to include several close lines of interest by scanning
up to 2µm. Table 1 shows the settings of the four

wavelength scans A through D. Each has a pri-
mary line targetted in one of the grating orders;
the secondary simultaneous grating order (given
in brackets) was used to observe other useful lines
(the full list of lines detected during the course of
the survey is given in §5.1). For a few individ-
ual targets, integration times longer that given in
Table 1 were used for followup of marginal detec-
tions. Note that with the array spectral scanning
technique, not all wavelengths are being observed
by a detector at all times, so the noise level in-
creases towards the spectrum edges. However, the
rms values in the scan centre in Table 1 are in
good agreement with predictions. The observed
sensitivity at 63µm is equivalent to a 3σ line lu-
minosity sensitivity limit of 6×10−6(D/140)2 L�,
where D is the source distance in pc.

Observations were performed in chop-nod mode
with a small throw (1.5 arcmin), primarily to re-
move telescope and background variations. This
chops out smooth background emission from
around the source, but equally it may result in
confusion from chopping onto extended emission.
In some targets, this could be seen in the [CII]
line (§4.5).

2.1.2. PACS Photometry

Photometric data were obtained using the fast
scanning mode of the PACS imaging photometer,
operating at central wavelengths of 70 and 160µm
simultaneously (and repeated at 100 and 160µm
in most objects). This technique scans the tele-
scope over the source, using relatively short scan
lengths of 3.5 arcmin, and small (4 arcsec) orthog-
onal steps between each scan. Two scans were
performed, at 70 and 110 degrees to the array, to
improve the final image fidelity and avoid strip-
ing effects in the scan direction. The photome-
ter array field-of-view is 3.5×1.75 arcmin and, al-
though the resultant image does not have constant
signal:noise over the field, the noise level in the
central 180 × 80 arcsec region varied by less than
20%. The technique was found to be more sensi-
tive than the chop-nod method and in some cases,
several objects could be covered in the same field.
It also enabled searches for faint companions in the
radius range ∼1500-7000 AU. The required sensi-
tivity for the photometric observations was better
than 5mJy rms at 100 and 160µm, and a factor of
∼ 2 lower at 70µm. Although the FIR continuum
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Table 1: PACS wavelength settings and sensitivities in the primary grating order.

Grating Primary Primary λ Grating Time1 Predicted Observed Notes
setting line (µm) orders (s) rms2 rms2

A [OI]63.2 63.08-63.29 3 (1) 1760 4.6 2.5-3 LineScan
B [CII]157.7 157.10-158.90 1 (2) 1500 1.3 0.8-1.4 RangeScan
C H2O 180 178.90-181.00 1 (2) 2000 1.7 2.0 RangeScan
D [OI]145.5 144.00-146.10 1 (2) 1630 1.4 1.6 RangeScan

Phot (Blue) 60-85 3 180 2.3 2.6-3.0
Phot (Green) 85-130 3 180 2.7 2.6-3.0
Phot (Red) 130-210 1 360 3.6 4.7-9.0 (background)

(1) Approximate times for most targets in the main survey, not including overheads.
(2) Note that noise rms levels are given in units of 10−18Wm−2 for the spectroscopic observations, and in mJy for the continuum
photometry.

flux from disks is dependent on the stellar lumi-
nosity and mean disk temperature as well as the
dust mass (and may be optically thick), disks of
dust mass 10−5−10−3M� have IRAS 60µm fluxes
of typically 1Jy at the fiducial distance of 150 pc.
So the survey should detect dust in systems 1-2
orders of magnitude fainter than this. The noise
level of the observations was generally close to the
original prediction (see Table 1), although in some
cases it was limited by galactic background emis-
sion at 160µm.

Although the spectroscopic data could in prin-
ciple be used to give narrowband continuum fluxes
from the line-free parts of the spectra (albeit with
a factor of ∼30 less sensitivity than the full pho-
tometry), it was found that the photometric accu-
racy of these data was lower than the broad-band
photometry, and generally they were not used for
SED fitting.

2.1.3. Phased survey strategy and data reduction

The spectroscopic observations were carried out
in one or more of the wavelength settings in Table
1. Phase I of the project consisted of [OI]63µm
observations of most targets using grating set-
ting A, concatenated observations of the bright-
est ∼ 10% of targets in settings B-D (in order to
reduce spacecraft slew overheads), plus photome-
try4. Note that not all objects from the initial sur-
vey list were observed in the lines; based on early
survey results, a number of targets were dropped
as they were deemed too faint in continuum to
have likely emission in any line. In addition a

few Taurus objects were dropped from both con-
tinuum and line observing based on updated re-
classification as field stars (Luhman et al. 2009).
Phase II of the project consisted of flexible fol-
lowup of the brightest [OI] targets using grating
settings B, C and/or D, as well as some deeper
observations of a few individual sources.

During the course of the survey, GASPS pho-
tometric and spectroscopic data were reduced us-
ing prevailing versions of the standard Herschel
data processing pipeline, HIPE (Ott 2010). This
provides calibrated FITS images and datacubes;
further photometry and spectroscopic extraction
were performed with packages such as STARLINK
Gaia. However, the released version of HIPE
evolved during the course of the mission and differ-
ent versions were used to reduce GASPS datasets
in different publications, ranging from v2.3 in
early data (Meeus et al. 2010) to v7.0 (Riviere-
Marichalar et al. 2012a) and v9.0 (Howard et
al., submitted). Later HIPE releases generally
have improved calibration as well as better flat-
fielding, and the complete GASPS survey is to
be re-reduced using a single mature version before
being made publicly available as a systematically-
calibrated dataset. The current work makes use of
data extracted from the Herschel science archive
during 2012, but the detection statistics presented
here are unlikely to change significantly in the final

4Some bright targets were dropped from the photometric
list, as suitable data was available from other Herschel sur-
veys, e.g. some of the Taurus and ChaII objects were cov-
ered by the Goult Belt Survey.
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data release.

3. Target selection

GASPS targets were selected from the 7 well-
known nearby young star formation regions and
associations listed in Table 2 and described in §3.1.
The complete target list, with system parameters
from the literature, is given in Table A.1. For
completeness, we list all the initial targets in this
table, although some were not observed in spectral
lines in the final survey (see above). The criteria
used to select the targets were:

• Age range 0.3 to 30 Myr. As discussed
by several authors (e.g. Hartmann et al.
(2001)), stellar ages are uncertain - partic-
ularly for ≥ 10Myr - and in these cases
it may be better to take the ensemble age
for a cluster rather than ages of individual
stars. Systems of age ≤0.3 Myr were consid-
ered more likely to include non-disk emission
components such as remnant ambient mate-
rial, infalling envelopes, or energetic outflows
(see §4). Those older than ∼30Myr were ex-
pected to have very little circumstellar gas.

• Optically visible stars. This means mostly
SED Class II, III, Transition Objects or de-
bris disks. Targets have optical extinctions
less than ∼ 3m. We avoided embedded ob-
jects (i.e. Class 0 - I), because of potential
confusion from extended surrounding gas.

• Disk dust masses5 mostly in the range
10−3 ≤ Md ≤ 10−7M�. Also included were
a number of coeval stars with Class III SEDs,
or upper limits for Md of ∼ 10−6M�, where
the lack of continuum excesses in the IR or
sub-mm suggested negligible warm or cool
dust. Some of these still had gas accretion
signatures and were included as they po-
tentially could be associated with moderate
masses of gas. In addition a number of de-
bris disks in the young associations were also
observed, with Md as low as 10−11M�.

• Stellar spectral type A0 through M5. A sim-
ilar range of stellar spectral types was chosen

5Values of Md were mostly based on published mm wave-
length continuum observations, with estimates based on
shorter wavelength data in some cases.

in each region where possible, although to in-
crease the numbers of early spectral type ob-
jects, we also identified a sample of isolated
well-studied Herbig AeBe stars with a simi-
lar age spread to that of the clusters. The re-
sulting stellar mass range was ∼ 0.2− 3M�,
based on published HR diagrams.

• Nearby regions, with distances of < 180 pc
for low-mass and <200 pc for HAeBe stars.

• Low confusion level (from Herschel Confu-
sion Noise Estimator). Confusion noise was
<100mJy at 100µm. This meant that sev-
eral dense star-forming regions such as ρ
Ophiuchus were excluded from the survey.

• Extensive photometric and, in many cases,
spectroscopic datasets available at other
wavelengths.

• A range of accretion rates (based initially on
Hα equivalent width, EW), X-ray luminos-
ity, and binary separation.

3.1. Individual associations

3.1.1. Taurus

The Taurus star formation complex lies at
140 pc with a depth along the line of sight of
∼20pc (Torres et al. 2009). Taurus contains
mostly low-mass stars with an age range of < 0.1
up to ∼10Myr (Palla & Stahler 2002; Güdel et al.
2010). Stars in this region have been extensively
studied at many wavelengths, and the census of
Class 0-II YSOs is essentially complete, with a sig-
nificant fraction of the Class III YSOs also known
(Rebull et al. 2010). Stellar parameters in Ta-
ble A.1 are from Kenyon & Hartmann (1995) and
Kenyon et al. (1998), updated where appropri-
ate by values in Furlan et al. (2006), Güdel et
al. (2007) and Rebull et al. (2010), and with disk
masses from Andrews & Williams (2005) and Cur-
rie & Sicilia-Aguilar (2011).

3.1.2. Cha II

Chamaeleon II is a nearby (178 pc; Whittet et
al. (1997)) star forming region included in the
Spitzer Legacy cores-to-disks program (Evans et
al. 2009) and the Gould Belt key program (André
et al. 2010). It contains a lightly clustered distri-
bution of low mass YSOs in a range of evolutionary
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Table 2: Summary of Clusters and associations in GASPS

Group Distance Age Disk fraction1 GASPS Notes/Main population
(pc) (Myr) % targets

Taurus 140 0.3-4 90 106 Class I-III T Tauri stars
Cha II 178 2-3 75 19 Class II T Tauri stars
η Cha 97 5-9 56 17 T Tauri and debris disks
TW Hya 30-70 8-10 ≥30 13 T Tauri and debris disks
Upper Sco 145 5/11 20 44 Class II-III T Tauri stars.
β Pic 10-50 10-20 ≥37 18 Debris disks
Tuc Hor 20-60 30 ≥26 16 Debris disks
HAeBe stars 20-200 ∼0.5-30 100 24 Includes debris disks

(1) Note: disk fractions are based on published photometric excesses. They are the fraction of stars with any measured disk,
so include mostly debris disks in the older associations and protoplanetary disks in the younger star forming regions.

states with spectral types K–M and ages estimated
from protostellar evolutionary tracks of 4±2 Myr
(Spezzi et al. 2008). The GASPS subsample con-
sists of 19 targets from Cha II, generally with in-
frared colors of Class II objects and/or Hα equiv-
alent widths indicative of gas accretion. Although
there exists no deep sub-mm survey to give disk
mass estimates (the survey of Young et al. (2005)
only detected DK Cha and possibly IRAS12500-
7658, with a dust mass limit on the other objects of
2× 10−4M�), Alcalá et al. (2008) have estimated
masses based on SED fits to far-IR data, and so we
give these values (using their D01 models) in Table
A.1. However, it should be noted that these en-
tail higher uncertainties compared with estimates
from the sub-mm. Spectral types are from Spezzi
et al. (2008) (who cite Hartigan (1993) for SpT),
binarity is discussed in Alcalá et al. (2008) and
Lx comes from the ROSAT survey of Alcalá et al.
(2000).

3.1.3. Upper Sco

The mean cluster age and distance of Upper Sco
was estimated as 5 Myr and 145pc by de Zeeuw et
al. (1999) although more recent estimates suggest
it may be as old as 11Myr (Pecaut et al. 2012),
which is consistent with the rather low disk frac-
tion observed. The 8-70µm SED has been used
to identify disks as Class II, Class III or debris
(Carpenter et al. 2009) and these classifications
are given in Table A.1. The disk masses and sys-
tem parameters are from the sub-mm observations
of Mathews et al. (2012) and references therein.

3.1.4. η Cha

This is a compact grouping of ∼19 stars, first
identified as a young association through X-ray
observations (Mamajek et al. 1999). One of the
reasons for interest in this cluster is its’ age, at
an estimated 8 Myr, and relatively close distance
(97 pc). The disk fraction, based on Spitzer ob-
servations at 24 and 70µm (Gautier et al. 2008), is
56%, which is relatively large for the age of the as-
sociation (c.f. Haisch et al. (2001)). A number of
the stars are active accretors, and at least two are
identified as Class II T Tauri stars (Sicilia-Aguilar
et al. 2009). In Table A.1, spectral types, Hα EW,
and the presence of an infrared excess are based
on Sicilia-Aguilar et al. (2009), and information
on binarity is from Bouwman et al. (2006). X-ray
luminosities are taken from Mamajek et al. (1999)
and López-Santiago et al. (2010), and disk mass
estimates are mostly based on FIR measurements
(Currie & Sicilia-Aguilar 2011).

3.1.5. TW Hya association

First recognised as a group of nearby young
stars by Kastner et al. (1997), the number of
members in the TW Hya association (TWA) is
now at least 25 (Webb et al. 1999; Mamajek
2005). It is the closest association with accret-
ing T Tauri stars, and includes two classical T
Tauri stars (TW Hya itself, and Hen 3-600), and
two bright debris disks (HD 98800, a hierarchi-
cal multiple system, and HR4796A). Low et al.
(2005) used Spitzer to measure 24 and 70µm ex-
cesses around TWA members and found these four
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systems have a 24µm excess a factor of ∼100 larger
than the other members. However, several of
the other stars also have evidence of dust disks,
from weak excesses at longer wavelengths. The
age of this system is confirmed at ∼ 10Myr (Bar-
rado Y Navascués 2006). Parameters in Table A.1
are taken from de la Reza & Pinzón (2004) and
Scholz et al. (2007), with disk masses mostly from
Matthews et al. (2007). Note that TWA mem-
ber HR4796A (TWA11) is listed under the HAeBe
stars as A-12.

3.1.6. β Pic

The moving group associated with β Pic was
identified by Barrado y Navascués et al. (1999),
and membership extended by Zuckerman et al.
(2001) and others (see Torres et al. (2008) for a
summary). With a derived mean age of 12Myr,
and range in distance of 10-50 pc, many of its’
members have been extensively studied over a
wide range of wavelengths, including 24 and 70µm
with Spitzer (Rebull et al. 2008), as well as the
submm (Nilsson et al. 2009). The disk fraction is
≥ 37% (Rebull et al. 2008), and includes a num-
ber of debris disks in addition to β Pic itself6.
Data in Table A.1 are mostly from the above ref-
erences. Detailed results from GASPS, including
model fits to the photometry, have been presented
for HD 181327, one of the brightest debris disks in
this group, and HD 172555 (Lebreton et al. 2012;
Riviere-Marichalar et al. 2012b).

3.1.7. Tuc Hor

This stellar association was first recognised
by Zuckerman & Webb (2000) and Torres et al.
(2000), who derived an age of 20-40 Myr and dis-
tance range of 20-60 pc. No N-band excesses were
seen around any stars in Tuc Hor (Mamajek et al.
2004), however, a Spitzer study at 24 and 70µm
(Smith et al. 2006) showed 5/21 stars with a mea-
surable excess at 70µm. Zuckerman et al. (2011)
subsequently extended the search and found sev-
eral more stars with IR excesses. All such systems
in Tuc Hor are thought to be debris disks, and
this is the oldest association in GASPS. The pho-
tometric data have been presented in Donaldson
et al. (2012).

6β Pic was observed as part of the Herschel GT program
‘Stellar Disk Evolution’ (P.I. G.Olofsson).

3.1.8. Herbig Ae Be stars

The survey includes 25 IR-excess stars of spec-
tral types late B to F, improving the statistics at
the higher end of the stellar mass range (around
2-4M�)7. This sample also includes some A-
type stars with excesses where the classification
is less clear: the peculiar Be star 51 Oph (Thi
et al. 2005), and 5 systems which may be classi-
fied as debris or HAe (including 49 Cet, where the
age was recently revised to 40Myr (Zuckerman &
Song 2012)). Like the lower-mass counterparts,
the program HAeBe stars are biased toward iso-
lated systems which have published IR excesses
and ancilliary data (particularly UV spectra, re-
solved coronagraphic images and/or millimeter in-
terferometry). HD 97048 - one of the brightest
targets in our sample - had prior evidence from
ISO of [OI] and possibly [CII] emission (Loren-
zetti et al. 1999). The HAe sample includes sev-
eral disks with large gaps and/or cavities, as well
as 2-3 systems with jets. Unlike the T Tauri stars,
which are represented in sufficient number to per-
mit statistical evaluation of association ages, the
HAe stars represent extremes in stellar and disk
properties, and have more uncertain ages except
where there are common proper motion late-type
companions. Stellar parameters in Table A.1 are
mostly taken from Montesinos et al. (2009) and
Meeus et al. (2012), with disk masses from Acke
et al. (2004) and Sandell et al. (2011). Note that
the SED classifications in the Table are different
to the T Tauri class, and are based on the mid-IR
slope as suggested by Meeus et al. (2001): group
I has an SED rising to longer wavelengths in the
mid-IR, and group II has a falling SED. Results
from the GASPS HAeBe subsample have been pre-
sented in Meeus et al. (2012).

3.2. Ancilliary data

Many of the GASPS targets are well-known sys-
tems, with photometry in optical through to mid-
IR (including Spitzer fluxes at wavelengths as long
as 70µm), and sub-mm (mostly 850µm). In addi-
tion, Hα or Brγ line strengths are published for
many targets. Derived parameters such as stel-
lar spectral type, Teff , disk dust mass and SED
Class are also mostly available, and the most re-

7Note that the HAe star AB Aur is listed under the Taurus
subsample as T-101 in Table A.1.
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cent published estimates are given in Table A.1.
As part of the GASPS project, we have endeav-
oured to obtain such data in cases where it is miss-
ing, and to make the target sample uniform both
in data and in derived parameters. One additional
issue is that much of the published photometry is
not contemporaneous; in some cases, photomet-
ric points in the optical and NIR have been taken
20 years apart. For time-variable objects, SED
fitting under these circumstances may be signifi-
cantly affected, and more recent optical and near-
IR photometry is being obtained for a number of
the targets in order to improve the reliability of
SED fits.

4. Origins of far infrared lines from young
stars

At far-infrared wavelengths, common species
such as C, O and N have several prominent fine-
structure transitions. [OI] lines at 63 and 145µm
and the [CII] line at 157µm are important cloud
coolants, on a galactic scale (Stacey et al. 1991), in
photodissociation regions (Hollenbach et al. 1991),
and in circumstellar disks (Kamp et al. 2003;
Gorti & Hollenbach 2004). In star formation re-
gions, both models and observations indicate that
[OI]63µm is the single brightest emission line in
the FIR/sub-mm. Abundant molecules such as
CO and H2O also have numerous rotational lines
throughout the FIR with energy levels of a few
hundred K, and can trace the ‘warm’ gas com-
ponents. Other FIR-emitting species such as OH
are photodissociation products of H2O, and are
therefore predicted to be abundant (Najita et al.
2010). Around individual young stars, FIR lines
can arise from several different regions. For ex-
ample, CO and OH emission from young highly
luminous HAeBe stars was thought to arise from
dense regions of size ∼ 200 AU (Giannini et al.
1999), but it was unclear whether these were disks
or remnant envelopes. Lines are also seen from
high-velocity jets and low-velocity photoevaporat-
ing disk winds, and the relative contributions of
disk, outflow, disk wind, and envelope will depend
on the SED class, stellar radiation field, disk struc-
ture, mass loss rate and the environment.

The GASPS project involves both in-depth
studies of individual targets using multi-wavelength
data, as well as a statistical analysis of the full FIR

sample. Interpretation of the results generally re-
quires detailed comparison with models and in the
following sections, we outline methods of estimat-
ing the contributions to the FIR line emission,
focussing on Class II-III YSOs, which form the
bulk of our targets.

4.1. Disks

Fine structure atomic line emission arises from
the surface of disks at AV∼1 over a wide range
of radii, where the stellar UV or X-ray photons
ionise the exposed gas to produce a mainly atomic
extended disk atmosphere (Meijerink et al. 2008;
Gorti & Hollenbach 2008; Woitke et al. 2009a).
[OI]63µm is predicted to be the brightest line from
disks at any wavelength, with line luminosities as
high as ∼ 10−4L� from T Tauri systems (Gorti &
Hollenbach 2008). It becomes optically thick rela-
tively easily, and traces the mean gas temperature
on the disk surface rather than the mass directly.
FIR molecular lines such as CO and H2O also
arise from the warm heated surface of dense disks
(Woitke et al. 2009b). However, molecular pho-
todissociation in more tenuous debris disk systems
may mean the atomic fine structure lines will dom-
inate the FIR (Kamp et al. 2003; Zagorovsky et
al. 2010). Line fluxes depend strongly on the disk
structure (for example, a flared disk has a larger
exposed surface area, resulting in brighter lines -
Jonkheid et al. (2004)), the radiation field from
the central star, as well as the details of chem-
istry and gas/dust ratio in the disk atmosphere.
In the following we summarise the methods used
for modeling the emission.

4.1.1. Disk modeling

MCFOST and ProDiMo are the two main
codes used in GASPS to model the protoplane-
tary disk structure and appearance. MCFOST is
a three-dimensional Monte Carlo continuum and
line radiative transfer code (Pinte et al. 2006,
2009). The parametrized input disk density distri-
butions can accomodate structures such as holes,
gaps and dust settling. The calculation of the
dust temperature and radiation field takes into ac-
count non-isotropic scattering, absorption and re-
emission based on the local dust properties. The
code uses a large variety of grain size distribu-
tions and compositions, e.g. porous grains and
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icy grains. SEDs, thermal and scattered light im-
ages, visibilities as well as line emission are de-
rived by a Monte-Carlo method and ray-tracing
of the final physical disk structure. ProDiMo is
a two-dimensional thermo-chemical disk code that
calculates the vertical hydrostatic equilibrium, gas
phase (e.g. neutral-neutral, ion-molecule, photo-
chemistry, X-ray chemistry) and gas-grain chem-
istry (ad- and desorption processes), 2D contin-
uum radiative transfer (with isotropic scattering),
detailed gas heating/cooling processes (including
X-rays) using 2-directional escape probability, and
spatial decoupling of gas and dust (e.g. settling)
(Woitke et al. 2009a; Kamp et al. 2010; Aresu
et al. 2011; Woitke et al. 2011). The observ-
ables derived from the resulting chemo-physical
disk structure include SEDs, line fluxes, profiles
and images. For optically thin cases such as de-
bris disks, we also use GRaTer, a ray-tracing code
incorporating a large variety of grain composi-
tions which fits SEDs, images and interferometric
visibilities using parametrized optically thin disk
models (Augereau et al. 1999).

For modeling individual sources, grids of MC-
FOST or GRaTer models were run over a broad
parameter space to identify the best fitting dust
model, based on SEDs, images and interferomet-
ric data when available. MCFOST results were
passed to ProDiMo for detailed gas modeling.
Examples of this approach are Meeus et al. (2010)
and Thi et al. (2010) and for a debris disk, Le-
breton et al. (2012). Another approach employs a
genetic algorithm minimisation strategy with the
ProDiMo models to find local minima in the pa-
rameter space constrained by observations. Exam-
ples are found in Tilling et al. (2012) and Woitke
et al. (2011).

In Figure 1 we use ProDiMo to illustrate the
regions where most FIR line emission is expected
to arise in T Tauri and HAeBe disks, using the
model parameters given in Table 3. Note that
these are relatively massive disks - towards the
high end of the range of the GASPS sample. For
these models we have proscribed the disk verti-
cal struture by the scale height and flaring index.
The results indicate that the [OI] lines are seen
mostly from the disk surface at 20–200AU radius
around a T Tauri star, and a factor of 1.5 fur-
ther out in the more luminous HAeBe star. The
[CII] line comes from the tenuous outer atmo-

Fig. 1.— Cross-sections through ProDiMo mod-
els of a T Tauri disk (upper) and a HAeBe disk
(lower), with the density structure as a greyscale,
and the AV =10m surface shown as a dashed red
line. The primary emitting regions for GASPS
lines are given by the coloured boxes, and in-
dicate where 80% of the emission arises. The
lines are [OI]63µm (green), CO J=18-17 (or-
ange), [CII]157µm (black), OH79µm (blue) and
the 63.3µm H2O line (white). Also shown is the
CO J=3-2 emitting region (red). Model parame-
ters are given in Table 3. Note the larger outer
radius displayed in the HAeBe model.
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sphere at radii >100AU, whereas high-J CO emis-
sion (e.g. the J=18-17 line at 144.78µm) is pre-
dicted to arise only from within a few tens of AU
for T Tauri disks. The model predicts emission
from the 63.3µm line of H2O mostly from within
a few AU.

4.1.2. Model grids

To support a broader statistical analysis of the
GASPS data, we have produced a grid of mod-
els covering a wide parameter space (Woitke et al.
2010)8. Stellar masses between 0.5 and 2.5 M�
and pre-main sequence evolutionary tracks at 1,
3, 10 and 100 Myr are used to define Teff , R∗ and
hence L∗. The UV excess, fUV, is treated as a
power-law that is added on top of the photospheric
spectrum in the wavelength range 912 to 2500 Å.
Dust masses range from 10−7 to 10−3 M�, and the
gas/dust mass ratio runs from 103 (10× ISM) to
0.1 (0.001×ISM). Geometries include young flar-
ing disks, flat evolved systems, as well as ‘transi-
tion’ disks with inner holes up to 100 times the
sublimation radius. The grid also contains mod-
els with a settled dust distribution, where larger
grains have a smaller vertical scale height than
smaller ones. The observables calculated from
these models include SEDs and integrated line
fluxes.

Woitke et al. (2010) show that the fine struc-
ture line fluxes of [OI] and [CII] depend strongly
on the stellar UV excess and disk flaring. Using
the entire grid of parameter space (not folding in
the likelihood of these disks occuring in nature)
about 70% of the high-mass models (dust mass,
Md ≥ 10−5 M�) with a strong UV excess were
predicted to be detected in [OI] 63 µm line by
GASPS, and 55% detected in [CII]157µm. With-
out a UV excess, the percentage drops to ∼30%
(14% for [CII]). An initial statistical comparison
between the early GASPS line fluxes and the grid
(Pinte et al. 2010) shows that some of the disks
around low-mass stars (. 2L�) do require addi-
tional heating from a moderate UV excess (with
fUV = 0.1) or X-rays (which were not included in
this first grid). However, results from T Tauri disk
modeling with stellar X-rays indicate that the [OI]
63 µm line flux is only affected by X-ray heating

8The grid was calculated on the FOSTINO computer cluster
financed by ANR and operated by SCCI at OSUG.

for LX & 1030 erg/s (Aresu et al. 2011).

Although most gas emission lines sample a thin,
warm surface layer (see Figure 1), combining the
FIR data with results from other wavelengths (e.g.
the [OI]63µm/CO(2-1) ratio) and with physically-
plausible models does allow us to break model de-
generacies, giving approximate estimates for gas
parameters independent of the dust (Kamp et al.
2011). But it is clear that the reliability of derived
values such as the gas mass relies on the accuracy
of the models.

4.2. Outflow jets

Highly embedded Class 0-I YSOs are known to
have prominent outflows, and early observations
using the KAO as well as more recent observa-
tions with Herschel/PACS show bright FIR lines
around Herbig-Haro objects and high-velocity CO
outflow lobes (Cohen et al. 1988; van Kempen et
al. 2010). As well as fine structure lines such as
[OI]63µm, many CO and H2O transitions are read-
ily detectable from Class 0-I objects (Lorenzetti
et al. 2000; Molinari et al. 2000; van Dishoeck
2004; Goicoechea et al. 2012). The stars are
young (≤0.1 Myr), optically obscured, embedded
in an envelope, and located near dense cloud cores.
Their dense environments and high outflow lumi-
nosities suggest that the FIR line emission is dom-
inated by outflow shocks (Molinari et al. 2000;
Nisini et al. 2000, 2002; Franklin et al. 2008).
These shocks also affect molecular abundances, for
example, releasing H2O from grains and increas-
ing its gas-phase abundance to as much as 10−4

- comparable with that of CO (Benedettini et al.
2002). In most cases the FIR lines dominant the
shock cooling, and line fluxes may be used to es-
timate the outflow luminosity (Hollenbach et al.
1985; Nisini et al. 2002; Podio et al. 2012).

Evolved, isolated objects such as optically-
visible Class II-III T Tauri stars have mass accre-
tion rates at least 1-2 orders of magnitude lower
than Class I objects (Hartmann et al. 1998; Arce
& Sargent 2006), which are themselves an order of
magnitude lower than the Class 0 objects (Bon-
temps et al. 1996; Podio et al. 2012). Class II are
pure disk systems, and are generally isolated with
no dense ambient gas. Consequently we assume
the fraction of outflow luminosity deposited in
shocks near the star, ηs, is given by the geometric
fraction of the initially broad wind intercepted by
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Table 3: Parameters used by ProDiMo to illustrate the region of line emission from disks around T Tauri and
HAeBe stars in Figure 1.

Parameter T Tauri HAeBe Notes

SpT K4 A3
M∗(M�) 1.4 2.2
Teff (K) 4500 8600
L∗ (L�) 2.0 32.0
T (Myr) 2.3 4.6 Age
fUV 0.01 0 Additional UV fraction, LUV /L∗
LX (erg/s) 1030 0 Additional X-ray luminosity
Rin (AU) 0.1 0.5 Set by the grain sublimation radius
Rout (AU) 300 500 Outer disk radius
Md (M�) 10−4 10−4 Disk dust mass
g/d 100 100 gas/dust mass ratio
εd 1.0 1.0 Surface density power law exponent
amin/amax (µm) 0.05/1000 0.05/1000 min/max grain size
p 3.5 3.5 grain size power law
fPAH 0.01 0.01 PAH mass fraction
H0 (AU) 10 10 scale height at 100AU radius
β 1.1 1.1 disk flaring index

the disk. So ηs ∼ H0/100, where H0 is the scale
height (in AU) at 100AU radius. In the same way
as embedded objects, the jet mass loss rate Ṁout

can be estimated from the [OI]63µm luminosity,
LOI by:

Ṁout = 2.LOI/[v
2
w.fOI .ηs.(va/vw)]

where fOI is the fraction of FIR line luminos-
ity in the [OI]63µm line, vw the outflow jet ve-
locity, and va the ambient shock velocity (Nisini
et al. 2002). For embedded objects the dominant
emission is from the integrated CO and H2O lines,
thought to be from C shocks, and Goicoechea et
al. (2012) finds fOI ∼ 0.12 in the Class 0 YSO
Serpens SMM1. In fast dissociative J shocks,
[OI]63µm emission may dominate the luminosity,
and fOI is found to be 0.5 or greater (Podio et al.
2012). Assuming a jet velocity of 100kms−1 (Po-
dio et al. 2012), va/vw = 0.2 (Nisini et al. 2002),
with H0 = 10AU (Table 3), then the GASPS sen-
sitivity (§2.1.1) may allow the detection of outflow
mass loss rates of ∼ 3 × 10−9M�/yr for stars at
a distance of 140pc. However, if C shocks domi-
nate, the contribution to the [OI] line from the jet
may be lower. In Table A.1, we have indicated the
stars with published mass loss rates greater than
this value (Hartigan et al. 1995).

Although most are isolated disks, a few of the
GASPS targets are somewhat embedded Class II
objects and have extended optical jets; for these
we may expect some outflow contribution to the
FIR lines. The spatial resolution of PACS is
modest, but can help investigate this contribu-
tion, resolving jets on scales of >1000 AU. For
spatially-unresolved outflows the situation is less
clear. However, shocked outflow emission may be
broadened to ∼200 km s−1 or velocity-shifted by
more than a few tens of km s−1, similar to the
high-velocity component seen in optical lines in a
few high-accretion objects (Hartigan et al. 1995;
Acke et al. 2005). In these cases, the PACS spec-
tral resolution of 88 km s−1 at 63µm may also
be used to help discriminate between outflow and
disk.

4.3. Remnant envelope gas

Low-density PDRs in the remnant envelope gas
centred on the stars may contribute to the [CII]
flux from some objects, as the [CII]157µm critical
density is only ∼ 3 × 103cm−3. To mitigate this,
targets were selected to be SED Class II-III with
low AV , i.e. optically-visible stars where the en-
velope mass is at least 1 or 2 orders of magnitude
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less than the disk mass (Fuente et al. 2002; Arce
& Sargent 2006). The [OI]63µm critical density is
∼100 times higher than [CII], and the mean enve-
lope density is small compared to the disk, so the
envelope contribution to the total [OI] flux should
be small.

4.4. Disk winds

A photoevaporative UV-driven wind (Pascucci
& Sterzik 2009) will serve to extend the scale
height of a disk atmosphere, and may enhance FIR
emission lines. The effect of this on the [OI]63µm
flux is under investigation.

4.5. Extended ambient gas

Observations of star-forming clouds in FIR fine
structure lines using the LWS on ISO showed
bright emission in regions containing luminous
Herbig AeBe and FU Ori stars (Lorenzetti et al.
1999, 2000; Creech-Eakman et al. 2002). The [CII]
emission in many of these objects was spatially ex-
tended, and commonly the line fluxes at reference
positions many arcminutes from the stars were as
bright as the on-source position. In these cases,
the dominant [CII] source was thought to be ex-
tended low-density PDRs, with optical depths of
1-2m (Hollenbach & Tielens 1997). The GASPS
targets were chosen to avoid the densest clouds,
and we used the Herschel Confusion Noise Esti-
mator (HCNE) to estimate the 100µm continuum
confusion noise (Fc) for all targets. From this we
estimate a [CII] confusion noise level by adopting
a ratio of I[CII]/Fc = 1.2 × 10−19W m−2/mJy,
found for large-scale Galactic clouds by Shibai et
al. (1991). During the course of the survey, 10
objects having a relatively high continuum con-
fusion level (Fc > 30mJy) were observed in [CII]
(8 of which were in the Taurus cloud). Based on
the HNCE, the predicted [CII] confusion level for
these was > 3.6 × 10−18Wm−2. An examination
of the initial data shows no extended [CII] over
the PACS footprint in 9 of these objects, with
an rms level of ∼ 2 × 10−18Wm−2. Either the
confusion level is lower than predictions from the
HCNE, or the [CII] emission is smooth over the
PACS IFU field (∼arcmin) and emission is be-
ing chopped out. One high background confusion
source (HD 163296) had evidence of extended [CII]
at a level of ∼ 10−17Wm−2 in the PACS field of
view and in the chopped reference beam. From

the HCNE, this object has the highest value of Fc
in the GASPS sample (85 mJy), which would pre-
dict, based on the above ratio, a [CII] confusion
noise of I[CII] = 10−17Wm−2, consistent with the
observations.

The 100× larger critical density of [OI]63µm
compared with [CII] implies that extended [OI]
emission from diffuse ambient gas is expected to
be negligible (Liseau et al. 2006). ISO found that
the 63µm line flux is mostly higher towards highly
luminous YSOs than off-source.

4.5.1. Line-of-sight absorption

As well as emission, dense clouds may have sig-
nificant optical depth and be self-absorbed in the
[OI] 63µm line. However, estimates suggest the
line optical depth may not become significant un-
til Av > 10 (Liseau et al. 2006; Abel et al. 2007).
Moreover the linewidths of the cool line-of-sight
clouds are < 1 km s−1, small by comparison with
the 5-20 km s−1 widths predicted for Keplerian
disk emission. Combined with the extinction limit
of Av < 3 in the GASPS survey means this effect
should be small in most cases.

5. First results

Results from some subsets of the GASPS study
have been presented in previous papers. A sum-
mary of the ‘science demonstration’ observations
of a small number of targets was given in Mathews
et al. (2010), and a comparison of these data with
a broad grid of disk models was shown by Pinte
et al. (2010). More detailed comparisons of the
line and continuum data with individual tailored
models were carried out based on the detections
of [OI]63µm in the T Tauri star TW Hya (Thi et
al. 2010) and the HAeBe stars HD 169142 (Meeus
et al. 2010) and HD 163296 (Tilling et al. 2012)
. The T Tauri star ET Cha was detected in both
[OI]63µm and FIR continuum, and modeling in-
dicates the disk is unusually compact (Woitke et
al. 2011). CH+ was detected in one of the bright-
est targets - the HAeBe system HD 100546 (Thi
et al. 2011). An emission line of H2O at 63.3µm
found in a number of the T Tauri stars indicates
warm (∼500K) H2O, possibly from the inner few
AU of the disks (Riviere-Marichalar et al. 2012a).
In most of the older gas-poor systems the lines
were not detected, however, the far-IR photome-
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try has been used to improve the SEDs and dust
modeling (Donaldson et al. 2012; Lebreton et al.
2012).

In the following sections we summarise some of
the overall results from GASPS, including identi-
fication of the lines found in the survey, and an
initial comparison of the spectra of different types
of objects (§5.1). In Table A.1 (column 12) we in-
dicate which of the four primary lines ([OI]63µm,
[CII]157µm, CO J=18-17 and H2O) were observed
and detected in the targets. For these purposes,
a detection is regarded as >3-σ above the noise.
In §5.2 we give the overall line detection statis-
tics from the survey, and discuss the [OI]63µm
and [CII] emission characteristics in §5.3 and 5.4.
Finally in §5.5, we show the effects of other sys-
tem parameters on the line detection statistics. It
should be noted that these data are mostly based
on results from early versions of the reduction
pipeline HIPE, consequently the flux calibration
and flat-fielding is not finalised and some detec-
tions are subject to re-analysis. Final values of
the fully-calibrated fluxes and detailed flux corre-
lations will be given in subsequent papers.

5.1. Summary of lines detected

To illustrate and compare the lines detected in
the richer GASPS targets, spectra from the central
spaxel in three objects from the survey are shown
in Figures 2-5 (note that the spectra are scaled
to enable comparison in these figures). T Tau
(Podio et al. 2012) (shown in red) is a K0V star
with a massive disk, compact outflow, some sur-
rounding reflection nebula and possibly a PDR.
FIR lines may arise from a mixture of these com-
ponents, although the molecular transitions seen
in the ISO LWS spectra were attributed mainly to
shock emission (Spinoglio et al. 2000). HD 100546
(Meeus et al. 2012) (shown in blue) is a young
Herbig AeBe star with a bright disk but without a
prominent outflow, but which also has a rich FIR
spectrum. AA Tau (in green) is perhaps a more
typical isolated T Tauri star, with a luminosity
of ∼ 1L�, weak outflow and a relatively massive
disk. In Table 4 we identify all the lines observed
in these three objects.

Both T Tau and HD 100546 have similar
strengths in the fine-structure atomic lines. AA Tau
is ∼200 times weaker, but is detected in [OI]
with a comparable line/continuum ratio to the

others. However, it shows no evidence of [CII].
In HD 100546, molecular transitions have a
line/continuum ratio which is considerably lower
than both T Tau and AA Tau. The PACS data
cover four transitions of CO: J=18-17, 29-28, 33-
32 and 36-35. T Tau shows emission in all four
CO lines, and comparison with the CO rotational
diagram of Spinoglio et al. (2000) shows that the
3 highest transitions are new detections, requir-
ing an additional hot gas component (> 1000K)
to account for the emission. AA Tau is detected
only in the two lower-level CO lines, most likely
because of sensitivity limits.

The OH doublet around 79µm is detected in all
three sources (Fig. 3). Several H2O lines with up-
per energy levels from 115-1300K are seen towards
both T Tau and AA Tau, and in AA Tau, H2O
is the only line detected, other than [OI]63µm,
CO and OH. By contrast, HD100546 has no clear
evidence of H2O emission, although other lines
(atomic species, OH and CH+) are relatively
bright. The highest energy level H2O transition
covered by GASPS is the ortho 818 - 707 line at
63.3µm (Figure 2); this was detected in T Tau,
AA Tau and several other T Tauri stars (Riviere-
Marichalar et al. 2012a). Finally, both HD 100546
and T Tauri show clear CH+ emission at 72.14µm,
with possible blends of CH+ and H2O around 90.0
and 179.5µm; this species was also identified at
several other wavelengths in HD 100546 (Thi et
al. 2011).

5.2. Primary line detection statistics

Column 12 of Table A.1 shows whether each of
the four primary species ([OI]63µm, [CII]157µm,
CO J=18-17 and H2O 63.3µm) were detected in
the GASPS targets. Based on this, the over-
all detection statistics are given in Table 5. As
noted above, observations of the range-scan ob-
servations were normally only performed if a tar-
get was already found or expected to be detected
in [OI]63µm, so the detection rates of [OI]145µm,
[CII] and CO in this table are biased towards those
with known [OI]63µm emission. Of targets ob-
served in multiple lines, only one remained un-
detected in [OI]63µm yet shows emission in one
of the other lines. Based on this result and our
modeling, it is thought unlikely that a significant
number of the [OI]-unobserved objects would show
emission in these other lines. The H2O rates are
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Table 4: Lines identified in HD100546, T Tau and/or AA Tau. An X indicates a detection.

Wavelength Line ID Transition Eupper HD100546 T Tau AA Tau
(µm) (K)

63.18 [OI] 3P1-3P2 228 X X X
63.33 o-H2O 818 - 707 1293 ... X X
71.94 o-H2O 707 - 616 685 ... X X
72.14 CH+ J=5-4 600 X ... ...
72.84 CO J=36-35 3700 ... X ...
78.74 o-H2O 423 - 312 432 ... X X
78.92 p-H2O 615 - 524 396 ... X ...

79.11/79.18 OH 1/2 - 3/2 hfs 182 X X X
79.36 CO J=33-32 3092 X X ...
89.99 p-H2O 322 - 211 297 (blend with CH+) X ...
90.02 CH+ J=4-3 297 X ... ...
90.16 CO J=29-28 2400 X X X
144.52 p-H2O 413 - 322 396 ... X ...
144.78 CO J=18-17 945 X X X
145.52 [OI] 3P0 - 3P1 326 X X ...
157.74 [CII] 2P3/2 - 2P1/2 91 X X ...
158.31 p-H2O 331 - 404 410 ... ... ...
179.53 o-H2O 212 - 101 115 (blend with CH+) X ...
179.6 CH+ J=2-1 114 X ... ...
180.49 o-H2O 221 - 212 194 ... X ...
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Fig. 2.— Spectra of HD 100546 (blue), T Tau
(red) and AA Tau (green), taken from the central
PACS spaxel in the two shortest wavelength obser-
vations. Fluxes of T Tau and AA Tau fluxes are
scaled by 2 and 150 respectively to facilitate com-
parison of the spectra. Lines found in any of the
datasets are identified (although not all the lines
are seen in all objects) - see Table 4 for full details
of the transitions. Note that small wavelength er-
rors are sometimes apparent in these early reduc-
tions of the AA Tau spectra.

Fig. 3.— Same as Figure 2, for regions around 79
and 90µm. The spectra of T Tau and AA Tau
have been multiplied by 2 and 150. The emission
close to 90µm is a blend of H2O and CH+, and in
HD 100546 is thought to be mostly from CH+.

Fig. 4.— Same as Figure 2 for regions around 145
and 158µm. The spectra of T Tau and AA Tau
have been multiplied by 2 and 150.

Fig. 5.— Same as Figure 2 for region around
180µm. The spectra of T Tau and AA Tau have
been multiplied by 2 and 150.
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the fraction of targets seen at 63.3µm, which was
observed as part of the [OI]63µm line-scan obser-
vations. The CO rates are the fraction of targets
detected in the brightest line covered by GASPS
(CO J=18-17).

The main similarities and differences between
line emission from the two types of objects are:

1. Of the sample of 164 objects observed in
spectroscopy at 63µm, approximately 49%
were detected in [OI].

2. A biased subset of the brighter objects from
(1) were observed in [OI]145µm, [CII]157µm
and CO J=18-17, and the detection rates
in this subset were 25-40% in each of these
lines. Assuming that [OI]63µm is always the
easiest to detect (see above), then an unbi-
ased sample of all 164 targets from (1) would
have had a detection rate of ∼14% in these
other lines.

3. All HAeBe stars were detected in [OI]63µm
- a significantly higher detection rate than
T Tauri systems. (Note that the statistics
of HAeBe stars in Table 5 include 5 known
A-star debris disks).

4. The [OI]145 detection rate is a factor of ∼2
higher in the T Tauri stars observed com-
pared with HAeBe systems. This may reflect
a higher [OI] 63/145µm line ratio in HAeBe
disks.

5. The [CII] detection rate is similar (26%)
in both T Tauri and HAeBe stars. If this
is envelope material (see §5.4), it indicates
that compact envelopes of atomic gas can
be maintained around both high and low-
luminosity stars. Note, however, that in
some cases the [CII] emission may be con-
fused by ambient gas.

6. One (possibly two) HAeBe stars were de-
tected in H2O. Although in the small num-
ber regime, the H2O detection rate is for-
mally similar to that of T Tauri systems.
However, considering the HAeBe’s are rel-
atively bright in continuum compared with
the T Tauri sample, this suggests that, on
average, HAeBe systems are weaker in H2O
compared with T Tauri systems.

7. The fraction of objects with detectable warm
CO (based on the J=18-17 transition) is sim-
ilar (40%) in disks around both types of
stars.

5.3. [OI] line emission

As is clear from the example spectra, [OI]63µm
is normally several times brighter than any of
the other FIR lines observed by GASPS, with an
overall detection rate in the survey of ∼49%. In
most cases, it is the best tracer (in the far-IR) of
whether gas is present. This is true for almost all
GASPS sources. To help understand the origin
of the emission we can look at the data in more
detail.

Most objects were unresolved in both line and
continuum emission. An example is AA Tau (Fig-
ure 6), where the ratio of flux in the centre to
average of adjacent spaxels is ∼20. This is consis-
tent with an unresolved source, where we would
expect the adjacent pixel average to be a few %
of the centre, given an inter-spaxel spacing of 9.4
arcsec, a PSF Gaussian equivalent width of ∼5.4
arcsec at 63µm, the asymmetric sidelobes from
PACS of a few percent, and taking into account
possible pointing uncertainties of a few arcsec in
some datasets (PACS User Manual, 2011). This
lack of extended emission indicates a line emitting
region of radius ≤ 500AU .

Fig. 6.— Spectra covering the [OI]63µm line from
the compact source AA Tau, in the central spaxel
(red histogram), and an average of the 8 adjacent
spaxels (in blue). The adjacent pixel spectrum has
been scaled up by a factor of 5 for clarity. Both
the [OI]63µm and nearby H2O line are detected
only in the central spaxel.

For a number of individual unresolved objects
with low accretion rates and no evidence of out-
flow we have assumed a disk origin, and combined
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Table 5: Detection statistics of primary atomic and molecular species. Each entry gives the number of targets
detected and number observed. For [OI]145, [CII] and CO, observations were mostly carried out only if the lines
were detected (or likely to be detected) in [OI]63µm.

[OI]63 [OI]145 [CII]157 H2O(63) CO 18-17

Total 80/164 24/61 19/72 12/164 24/58
HAeBe stars1 20/25 5/23 6/25 2/25 10/24
T Tauri stars2 60/139 19/38 13/47 10/139 14/34

(1) Includes 5 young A stars classed as debris disks.
(2) This includes all stars observed which were not part of the HAeBe group.

the [OI] fluxes with data at other wavelengths to
estimate disk properties. Initial ProDiMo mod-
els of the relatively large disk in TW Hya (sev-
eral 100AU radius) indicate a gas mass of a few
10−3M� with gas:dust ratio a factor of ∼10 lower
than the ISM value (Thi et al. 2010), although
some models suggest the gas mass an order of
magnitude larger, with a more ISM-like gas:dust
ratio (Gorti et al. 2011). ET Cha, by contrast, has
a compact disk of modeled radius of only 10AU,
a low dust mass of a few 10−8M� and gas mass
of a few 10−4M� (Woitke et al. 2011), suggest-
ing either the gas/dust ratio is enhanced or there
may be another contribution to the line flux. The
HAeBe stars HD 169142 and HD 163296 both
show emission consistent with disks and ISM-like
values of the gas/dust ratio (Meeus et al. 2010;
Tilling et al. 2012).

5.3.1. Spatially and spectrally resolved [OI]63µm
emission: outflow jets.

Although most objects in GASPS remain un-
resolved by PACS, five targets (identified in Ta-
ble A.1) in Taurus were found to have clearly
extended [OI]63µm emission along known optical
jets (Podio et al. 2012). Two of these also have
broad line profiles in the centre. Figure 7 compares
the spectrum of one example (RW Aur) with the
unresolved line from AA Tau (in red), revealing a
prominent red-shifted wing in RW Aur extending
as much as +200 km s−1 from the stellar veloc-
ity. By contrast, AA Tau has emission centred at
the stellar velocity, with a fitted linewidth of 93
km s−1 (FWHM) - similar to the measured PACS
resolution of 88 km s−1 at this wavelength (see
PACS User Manual). The optical [OI] 6300Å line
from RW Aur is known to originate from highly-

excited gas in a jet of length a few arcsec (Mel-
nikov et al. 2009), and the line profile is domi-
nated by three components (marked in Figure 7),
two at high velocities (+100 and -190 km s−1) and
one at the stellar velocity (Hartigan et al. 1995).
The brighter red-shifted optical component corre-
sponds with the [OI]63µm wing, suggesting this is
also from the shocked outflow gas (see §4.2). How-
ever, the FIR line profile is dominated by emission
centred approximately on the star, whereas this
velocity component in the optical line is relatively
weak (Hartigan et al. 1995). This low-velocity gas
may be from the disk or disk wind (see above).

In the GASPS data we have also identified five
other objects with evidence of either broadened
lines or spatially-extended [OI]63µm emission: HL
Tau and XZ Tau (in the same PACS field), DO
Tau, UZ Tau and DK Cha (for the latter source,
see van Kempen et al. (2010)). All targets re-
solved in [OI] are identified in Table A.1 by the
note ‘ext.OI’, and it is likely that [OI] emission is
dominated by outflow gas in these cases.

5.3.2. Objects with uncertain origin of [OI]63µm

In addition to the 10 resolved objects above,
a further ∼17 objects (noted as ‘jet’ sources in
Table A.1) were identified as having published ev-
idence of a high-velocity jet or outflow by Kenyon
et al. (2008), Podio et al. (2012) and Howard et al.
(submitted). These are sources with a jet imaged
in optical lines, a high velocity molecular outflow,
or a broad (>50 km s−1), typically blue-shifted,
emission line profile in [O I] 6300Å (see e.g. Har-
tigan et al. (1995)). Three of these were HAeBe
stars (HD 163296, MWC480 and HD 100546),
leaving 14 T Tauri ’jet’ sources. As noted in §4.2,
the survey sensitivity should allow us to detect
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Fig. 7.— Spectrum of [OI]63µm and H2O from
the jet source RW Aur (blue histogram), compared
with AA Tau (red histogram, scaled up by a fac-
tor of 3 for easier comparison). These spectra are
continuum-subtracted, and only the central spaxel
is shown. AA Tau is unresolved whereas RW Aur
has a prominent red-shifted wing in [OI]. The ve-
locities of the three components which dominate
the [OI]6300Å line are shown by the green tick
marks, at the stellar velocity (heliocentric velocity
+23 km s−1) and at -190 and +100 km s−1 (Har-
tigan et al. 1995). Also shown is the wavelength
of the H2O line, at the stellar velocity.

[OI]63µm emission from outflows shocks with mass
loss rates Ṁ > 3 × 10−9M�/yr. Estimates from
Hartigan et al. (1995) suggest that 4 of the jet
sources in the Taurus sample have mass loss rates
exceeding this limit (indicated in Table A.1 by the
note ’high Ṁ ’). However, their [OI]63µm emis-
sion is neither spatially nor spectrally extended in
the PACS data. This suggests that the outflow
shock contribution may be small compared with
the low-velocity gas, and the origin of the unre-
solved [OI]63µm emission in these remaining ’jet’
sources is not clear from the PACS data alone.

5.4. [CII] emission

The detection rate of [CII]157µm in the sur-
vey was relatively low. For example, neither of
the disks around AA Tau and HD 135344 were
seen, yet both of these are among the most massive
disks in the survey (total masses of ∼ 10−2M�),
with relatively rich spectra at other wavelengths.
Woitke et al. (2010) predicted that the [CII] disk
detection rate for Herschel/GASPS, assuming a
wide range of grid parameters, should be 10 –
55%, and would be highly dependent on the UV
excess (§4.1.2). Table 5 indicates a detection rate
at the low end of this range: the brightest 44%
of [OI]-detected objects were targetted for [CII]

and of those, only ∼26% were detected in [CII].
This might indicate that the low-UV models are
more applicable to the sample. However, this is
not supported by the [OI] detection rates, which
are more consistent with moderate UV excesses
(§5.5.1). Further investigation of this discrepancy
is warranted.

A few objects showed extended [CII], or evi-
dence of emission from the chop reference posi-
tion, but in general problems from such confusion
were limited (§2.1.4). There were, however, clear
cases of both high and low-mass objects with [CII]
emission centred on the star, examples being UY
Aur and HD 100546. Figure 8 compares the spec-
tra of UY Aur from the central spaxel with the
middle ring of 8 and the outer 16 spaxels in the
PACS IFU. Both line and continuum are centrally
peaked, with average fluxes consistent with the in-
strumental PSF (11′′ FWHM) at 157µm. How-
ever, published coronograph images shows that
these objects also have scattered light extending
over 5-10arcsec (Hioki et al. 2007; Ardila et al.
2007) with a complex scattering morphology. This
is larger than typical disk sizes and suggests emis-
sion may be from a compact envelope. The origin
of the [CII] line in these objects and whether it
arises from the disk, compact envelope or unre-
solved outflow is underway. But it suggests that
the [CII] detection rate from the disks themselves
might be even lower than indicated in Table 5.

Fig. 8.— Spectra of [CII]157 from UY Aur in the
central spaxel (blue histogram), and average of the
8 adjacent and 16 outer spaxels (red and green
histograms, both scaled up by a factor of 6 for
clarity). The emission in both line and continuum
is centrally-peaked and consistent with the PSF
response and the line/continuum ratio is similar
in the central and first ring of spaxels, indicating
that neither the line nor continuum are spatially
extended compared with the beam.
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5.5. Effect of system parameters on line
detectability

The GASPS target list (Table A.1) com-
prises a rich sample of Class II-III objects in the
∼0.3-30 Myr age range, and the survey detects
[OI]63µm from half of the targets observed. In
the following, we investigate preliminary trends in
line detectability vs. other directly-observed pa-
rameters. Results from GASPS papers on the indi-
vidual associations (both published and in prepa-
ration) are combined to look at overall detection
statistics. A minimum detection limit is 3σ and,
although these were not all reduced with the same
version of HIPE, the criteria for detection/non-
detection is considered robust in this study. A
more detailed investigation of correlations of line
fluxes using systematically-calibrated data ob-
tained from the same software version is left for a
later paper.

5.5.1. Disk dust mass and [OI] detections

The probability of [OI] detection in the GASPS
survey is a strong function of the disk dust mass,
Md. This is illustrated in Figure 9, as a histogram
of the detection rates as a function of distance-
normalised dust mass, M ′d = Md.(140/D)2, where
D is the distance in pc. In this figure, we nor-
malised the mass to an equivalent object giving the
same flux at the distance of Taurus. We almost al-
ways detect the [OI]63µm line when M ′d reaches a
threshold of ≥ 10−5M�: 84±10% of targets were
detected above this mass (where the uncertainty is
the statistical error). This is comparable with the
mass detection limit of sub-mm continuum sur-
veys (e.g. Andrews & Williams (2005)), assuming
a standard mass opacity, κν . Assuming also an
ISM-like gas/dust ratio can be used for all disks,
this implies a total mass detection threshold for
[OI]63µm of ∼ 10−3M�. If the gas:dust ratio is
more typically 10× lower (as has been suggested
for TW Hya), then the [OI] observations are de-
tecting disks with total masses ≥ 10−4M�. As
noted in §5.3.1, some [OI]63µm emission can be
from outflows; on the plot we indicate in yellow
the targets with spatially or spectrally-resolved
[OI]. Additional targets (shown in green shad-
ing) are those with published evidence of a high-
velocity jet, although the contribution of this to
the [OI]63µm emission flux is unclear (see §5.3.2).

Fig. 9.— Distribution of normalised dust mass in
the GASPS sample, illustrating the mass thresh-
old for [OI]63µm detection of a disk at the fiducial
distance of 140pc. Targets with [OI] detections are
shown in shaded colours. The dust masses (in So-
lar units) are mostly based on published mm con-
tinuum observations, normalised to the distance of
Taurus (140pc), and assume a standard dust mass
opacity (see text). Yellow shading indicates ob-
jects with extended energetic outflows, where the
[OI] line is spatially or spectrally extended and in-
cludes some contribution from the jet (see §5.3.1
and 5.3.2). Green shading indicates objects with
evidence of an optical jet, but without spatially or
spectrally-resolved [OI]63µm emission; the contri-
bution to the line from the jet in these objects is
unclear.
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The 84% detection rate for systems of M ′d ≥
10−5M� drops to 32±12% for 10−6 ≤ M ′d ≤
10−5M�. Woitke et al. (2010) constructed a large
grid of disk models covering a parameter space
similar to the that of the GASPS sample, and
predicted overall [OI]63µm detection rates of 51-
70% for disks with dust masses of 10−7−10−3M�
in systems with a high UV excess, and 17-30%
for this mass range in the case of low UV. Re-
stricting the model grid of citetWoit10 to sys-
tems with M ′d ≥ 10−5M�, we find that the ob-
served 84% detection rate is achieved for moderate
UV excesses (0.01 ≤ fuv ≤ 0.1) and disk flaring
(1.0 < β < 1.2). This suggests these ranges are
typical of most systems in the survey.

There are some notable exceptions to the mass
detection threshold, where we detected [OI] in sys-
tems with M ′d < 3× 10−6M�:

• HD 172555, an unusual warm debris sys-
tem with no evidence of molecular gas in
mm lines, but with some indication that [OI]
may be secondary gas released in collisions
(Riviere-Marichalar et al. 2012b).

• ET Cha, an apparently compact disk in the
relatively old η Cha association (Woitke et
al. 2011).

• J130521.6-773810, although the classifica-
tion of this target in ChaII is uncertain.

• 51 Oph, a warm compact disk with notable
hot and compact molecular gas component
(Thi et al., submitted).

• HD141569, a diffuse disk with spiral struc-
ture around a HAeBe star (Clampin et al.
2003).

The number of disks with published dust masses
as low as 10−8M� is relatively small (only ∼10
in GASPS have measured values), and further
mm-wavelength measurements of such disks would
be interesting to improve the statistics. At the
opposite extreme, three relatively massive disks
(M ′d ≥ 10−4M�) have no evidence of [OI]63µm:
GO Tau, V836 Tau and TWA03. Woitke et al.
(2010) indicate that disks of this mass which have
low flaring (β ≤ 1.0) can have [OI]63µm fluxes too
low to be detected by GASPS.

5.5.2. Dependence on spectral type

It is already clear from Table 5 that [OI]63µm is
significantly easier to detect around HAeBe stars
than T Tauri stars. Is this simply because HAeBe
disks in the sample are more massive and the de-
tection threshold is more commonly reached? Fig-
ure 10 shows the distribution of normalised disk
dust masses (M ′d) in GASPS as a function of stel-
lar Teff . Systems detected in [OI] and [CII] are
indicated by the filled black and red symbols re-
spectively. This shows that both early and late-
type stars have a similar range of disk dust masses
in this sample. As noted above, the [OI] detection
rate is high for disks with M ′d > 10−5M�, and
Figure 10 shows that this is independent of Teff
for Teff > 4000K. However, approximately half
of the low-luminosity stars (Teff < 4000K, or M
type) with M ′d in the range 10−5 to 10−4M� were
not detected. Clearly the spectral type has some
effect on the [OI] line emission threshold for the
lowest-luminosity stars.

Fig. 10.— Disk dust mass of the GASPS sam-
ple, normalised to a distance of 140pc (units of
M�), plotted as a function of the stellar effective
temperature (in K). This illustrates the line de-
tectability of a disk of a given dust mass at the dis-
tance of the Taurus star forming region. [OI]63µm
detections are shown as filled circles, and open cir-
cles depict [OI] upper limits. An additional red dot
indicates systems which were detected in [CII].

In the case of the [CII]157 line, the detectabil-
ity in Figure 10 seems to be independent of the
spectral type and disk mass, with [CII] detections
(shown as filled red symbols) broadly distributed
over the M ′d – Teff parameter space. Unlike [OI],
there is no clear threshold with disk mass, or an
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increase in detection rate among HAeBe stars. If
most [CII] arises from a compact envelope rather
than the disk, this suggests that such gas may
be retained around these stars independent of the
mass of the inner disk or stellar type.

5.5.3. Other observational parameters: binarity,
Hα and X-ray luminosity

The histograms in Figure 11 and 12 show
the detection statistics for targets searched in
[OI]63µm with published X-ray luminosity, Hα
equivalent width (EW) and binary separation.
The numbers of targets with [OI] detections are
shaded. Those which have additional extended
[OI]63µm emission from a jet are shaded yellow.
Figure 11a shows that line emission is detected in
systems covering the full range of X-ray luminos-
ity in the survey, with no clear trend of increased
detectability for higher X-ray fluxes. The Hα EW
used in Figure 11b is linked with the accretion
rate, although later-type K stars may have signifi-
cant chromospheric contribution and the accretion
luminosity may be lower than Figure 11b might
suggest. But there is a trend of increasing [OI]
detection probability for higher accretion rates:
including all stars observed, the detection frac-
tion is 70% for EW> 30Å (or 67% excluding the
stars with extended jet emission) compared with
only 29% for those with lower EW. A system-
atic derivation of accretion luminosity and line
flux over the whole survey would be interesting to
study further correlations between the [OI]63µm
flux and accretion rates.

Figure 12 illustrates the [OI] detection rates
distributed over binary separation. For hierarchi-
cal multiples we have used the separation of the
widest component within the PACS beam. There
is marginal evidence for a drop in detection rates
in multiples of separation <300AU, from 64% for
the wider binaries to 40% for the closer systems
(with statistical errors of ∼10%). By comparison,
the [OI] detection fraction of single stars in the
sample was 47%. This would suggest that most
[OI] emission arises from radii of <300AU - sim-
ilar to the [OI]-emitting region suggested by the
models in Figure 1. By comparison, samples of T
Tauri stars observed in mm dust indicate that Md

typically drops by a factor of 5 for binary separa-
tions of <300AU (Harris et al. 2012).

Fig. 11.— Histogram of the distribution of X-
ray luminosity (erg s−1) (upper plot) and Hα
EW (Å) (lower) of the GASPS sample observed in
[OI]63µm. The [OI] detections are shaded in blue,
with the yellow shading indicating those with an
extended [OI] component. There is no clear de-
pendence of [OI] detectability on X-ray luminos-
ity, but detection rates are higher for larger Hα
EW.
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Fig. 12.— Histogram of the distribution of bi-
nary separation (in AU) in the sample observed in
[OI]63µm, with line detections shaded in blue. Bi-
nary stars with known extended jet contribution
to the [OI]63µm flux are shaded further in yellow.

5.5.4. Detection rates in different associations
and dependence on age

In Table 6 we give the [OI]63µm detection
rates for the different associations observed in
GASPS, for targets with and without published
dust masses (with masses based on continuum
photometry, although only two disks were detected
which had no published estimates). As noted
above, the required dust mass (M ′d) for [OI]63µm
to be detected at a distance of 140pc is∼ 10−5M�,
or a total (gas+dust) mass of 1MJupiter assuming
an ISM gas/dust ratio. The detection rates are
somewhat dependent on spectral type (M stars
have a higher disk mass threshold for detection
- see Figure 10), binarity (lower for separations
<300AU), and accretion rates (more for Hα >
30Å). However, if we use [OI]63µm detections as a
proxy for 1MJupiter disks at the fiducial 140pc dis-
tance, it is possible to compare the detection rates
in different associations, modulo the distances and
assuming we are sampling most of the brighter de-
tectable disks. Each of the three intermediate-age
(5-10Myr) associations (η Cha, TWA and upper
Sco) has ∼2-3 such disks. TWA is significantly
closer, and only one of these would be detected by
GASPS if moved to the fiducial distance of 140pc.
The total number of stars in the upper Sco group
is ∼200 (Carpenter et al. 2009), with 20-50 in the
two other associations in this age range (Torres

et al. 2008), giving a gas-detected disk fraction of
1-7% at 5-10Myr. For the older systems, there
are 2 unusual [OI]-emitting disks in the 10-20Myr
β Pic moving group but neither would have been
detected at 140pc, and no disks were detected in
[OI] in the 30-Myr old Tuc Hor association. Each
of these contains ∼40 stars (Torres et al. 2008).
For the two younger groups, the detection rate
in GASPS was ∼50%, however, the total number
of stars is estimated to be ∼250 in Taurus and
∼48 in Cha II (Rebull et al. 2010; Alcalá et al.
2008), giving massive disk fractions of ∼18 and
17% respectively. For the HAeBe stars in the sam-
ple (excluding debris disks), the derived ages are
mostly in the range 2-10Myr (Montesinos et al.
2009; Meeus et al. 2012), and the [OI] fraction
is ∼100%, much higher than the equivalent-aged
FGKM star. While not a statistically-complete
sample of AeBe stars in this age range, it sug-
gests either that these more luminous stars are
more commonly able to retain disks, or that their
ages are overestimated. Overall, for T Tauri stars
the fraction with Jupiter-mass, gas-rich disks is
∼18% at ages of 0.3-4Myr, 1-7% at 5-10Myr, and
none are detected beyond 10Myr age. It is unclear
why some particular stars can retain these gas-
rich disks for up to 10Myr, and whether planets
formed in such long-lived disks would be different
from those around other stars.

6. Conclusions

In this paper we describe the GASPS far-
infrared survey of gas and dust in young stellar
systems. This Herschel Key Project observed se-
lected lines and continuum with the PACS instru-
ment, targetting 250 young SED-Class II-III sys-
tems, Herbig AeBe stars and young debris disks.
The far-IR line emission can arise from the hot sur-
face of gas disks around 30-300AU, high-velocity
jet shocks, disk winds and/or compact remnant
envelopes. We outline the models used to pre-
dict disk line strengths and their dependence on
disk parameters, and look at the possible emission
from these other mechanisms, in particularly from
extended outflow jets in a few objects. The mas-
ter list of targets with basic system parameters is
presented, and we also indicate in this list which
objects have detections in the primary GASPS
lines.

24



Table 6: Detection statistics of [OI]63µm for the associations in GASPS, with and without known disk masses.

Md No Md
1 Total

Association Detected Observed Detected Observed Detected Observed

Taurus 44 56 1 17 45 73
Cha II 7 17 1 2 8 19
η Cha 2 7 0 6 2 13
TW Hya 3 5 0 3 3 8
Upper Sco 2 7 0 12 2 19
β Pic 1 4 0 1 22 6
Tuc Hor 0 2 0 0 0 2
HAeBe stars 20 253 0 0 20 20

(1) No disk masses were available from the literature.
(2) Includes detection of β Pic itself (Brandeker et al. 2011).
(3) 5 non-detected systems are those classed as possible debris disks.

The FIR lines are identified and we show pre-
liminary line detection statistics, referring to the
published papers which analyse individual sources
and associations in more detail. Rich spectra
were seen in a number of sources, including fine-
structure atomic lines of [OI] at 63 and 145µm,
and [CII] at 157µm, as well as molecules including
high-J transitions of CO, H2O, OH and CH+. In
most systems [OI]63µm was the brightest line, by
a factor of ∼10, and is associated in most cases
with disk emission. Line and continuum emission
was, in all but 10 systems, both spatially and spec-
trally unresolved and centred on the star. For the
extended sources, emission is thought to arise from
jet shocks, along with a disk contribution. The
[CII]157 line was significantly weaker than [OI], re-
sulting in a relatively low detection rate. However,
in a small number of objects unresolved emission
was found centred on the star, and may arise from
a compact remnant envelope.

49% of all targets observed were detected in
[OI]63µm, with an 84% detection rate for those
having disk dust masses of ≥ 10−5M�. Compar-
ison with statistics from a grid of model implies
that most systems have moderate UV excesses and
disk flaring. Assuming an ISM gas:dust ratio of
100 and typical mm-wavelength mass opacity, this
represents an [OI] detection threshold for the to-
tal disk mass of ∼ 1MJupiter. Going against this
trend, we find five unusually low disk mass systems
with [OI]63µm emission, and a few high-mass sys-
tems which remained undetected. The [OI]63µm
detection rates were independent of X-ray lumi-

nosity, but there was evidence of a decreased rate
in binaries of separation <300AU, in stars with
Hα EW <30Å, and for M-type stars. Based on
[OI]63µm line detections, the results show that
∼18% of stars in each association can retain gas-
rich disks of minimum mass 10−3M� for up to
4Myr, a few % of stars keep these disks for ∼5-
10Myr, but none are detected beyond 10-20Myr.
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Skinner, S. L., Güdel, M., Audard, M., & Smith,
K. 2004, ApJ, 614, 221

Song, I., Zuckerman, B., & Bessell, M. S. 2003,
ApJ, 599, 342
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