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ABSTRACT
We present a comparison of Submillimetre Common User Bolometer Array-2 (SCUBA-2)
850-µm and Herschel 70�500-µm observations of the L1495 �lament in the Taurus Molecular
Cloud with the goal of characterizing the SCUBA-2 Gould Belt Survey (GBS) data set.
We identify and characterize starless cores in three data sets: SCUBA-2 850-µm, Herschel
250-µm, and Herschel 250-µm spatially �ltered to mimic the SCUBA-2 data. SCUBA-2
detects only the highest-surface-brightness sources, principally detecting protostellar sources
and starless cores embedded in �laments, while Herschel is sensitive to most of the cloud
structure, including extended low-surface-brightness emission. Herschel detects considerably
more sources than SCUBA-2 even after spatial �ltering. We investigate which properties of
a starless core detected by Herschel determine its detectability by SCUBA-2, and �nd that
they are the core�s temperature and column density (for given dust properties). For similar-
temperature cores, such as those seen in L1495, the surface brightnesses of the cores are
determined by their column densities, with the highest-column-density cores being detected by
SCUBA-2. For roughly spherical geometries, column density corresponds to volume density,
and so SCUBA-2 selects the densest cores from a population at a given temperature. This
selection effect, which we quantify as a function of distance, makes SCUBA-2 ideal for
identifying those cores in Herschel catalogues that are closest to forming stars. Our results can
now be used by anyone wishing to use the SCUBA-2 GBS data set.

Key words: stars: formation � ISM: clouds � ISM: Individual objects: Taurus and L1495.

1 INTRODUCTION

Stars form in dense cores within molecular clouds (e.g. Strom,
Strom & Grasdalen 1975; Wilking, Lada & Young 1989; Ward-
Thompson et al. 1989; Ballesteros-Paredes, Klessen & V·azquez-
Semadeni 2003). Recent work has indicated that cores form pref-
erentially in �laments within molecular clouds (e.g. Andr·e et al.
2010, 2014; Molinari et al. 2010). Those cores that do not contain
proto-stars are known generically as starless cores (Beichman et al.
1986). When starless cores become dense enough to be gravitation-
ally bound, they are known as pre-stellar cores (Ward-Thompson

� E-mail: dward-thompson@uclan.ac.uk

et al. 1994; Di Francesco et al. 2007; Ward-Thompson et al. 2007a).
They then collapse to form Class 0 (Andr·e, Ward-Thompson &
Barsony 1993) and then Class I (Lada 1987; Wilking et al. 1989)
protostars, which can be seen as point-like sources in the near- and
mid-infrared (e.g. Andr·e, Ward-Thompson & Barsony 2000).

To trace the structure within molecular clouds, and particularly
the �lamentary structure, it is necessary to use the far-infrared
(e.g. Andr·e et al. 2010). The ESA Herschel Space Observatory1

(Pilbratt et al. 2010) has been especially successful in this regard

1 Herschel is an ESA space observatory with science instruments provided
by European-led Principal Investigator consortia and with participation from
NASA.
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(e.g. Andr·e et al. 2010; Molinari et al. 2010). In particular, the
large collecting area and powerful science payload of Herschel al-
low one to perform high-resolution, sensitive, mid- and far-infrared
imaging photometry using the PACS (Poglitsch et al. 2010) and
SPIRE (Grif�n et al. 2010) instruments � often simultaneously
(e.g. Andr·e et al. 2010).

However, Herschel is so sensitive to molecular cloud structure
� particularly SPIRE � that it sees all of the cores within a cloud
(e.g. Men�shchikov et al. 2010). It detects many starless cores that
are not pre-stellar in nature (e.g. Ward-Thompson et al. 2010), as
well as those that are (e.g. Andr·e et al. 2010). Consequently, if one
is to con�rm which cores are gravitationally bound (pre-stellar),
and hence destined to form stars, additional information is needed.
The minimum information required in order to determine the virial
balance of a starless core is a measure of the core�s mass and
size (obtainable from submillimetre continuum observations) and
internal velocity dispersion (requiring measurement of the core�s
internal linewidth). In order to accurately determine both the virial
boundedness of the core and the mechanism by which it is con�ned
(i.e. by self-gravity or by external pressure), measures of the external
pressure on and magnetic �eld strength within the core are also
required (cf. Pattle et al. 2015).

Submillimetre continuum mapping identi�ed the �rst genuine
pre-stellar cores (Ward-Thompson et al. 1994). Therefore, in this
paper we test the hypothesis that submillimetre continuum map-
ping with the Submillimetre Common User Bolometer Array 2
(SCUBA-2) camera can be used to discriminate between those cores
detected by Herschel which are most likely to be gravitationally
bound (pre-stellar), and those which are unbound and transient in
nature. In the absence of the spectroscopic data required to perform
a virial analysis, the stability of starless cores is often assessed us-
ing density-based criteria such as the Jeans criterion (Jeans 1928)
or the Bonnor�Ebert criterion (Ebert 1955; Bonnor 1956). In these
analyses, denser cores are, for a given temperature, more likely to
be gravitationally bound.

The presence of the atmosphere means that ground-based sub-
millimetre continuum mapping instruments must inevitably be sub-
ject to limitations on absolute sensitivity and large-scale structure
recovery to which space-based instruments are not (e.g. Sadavoy
et al. 2013). However, the selection effects introduced by these
constraints may result in a ground-based detection, or otherwise,
of a core detected using space-based instrumentation providing
additional information about the properties of that core than the
space-based data alone could provide. In this paper we identify and
quantify the selection effects determining the detection, or other-
wise, with SCUBA-2 of a starless core detected with Herschel. We
further investigate whether these selection effects allow the iden-
ti�cation of the densest cores in the Herschel data through their
detection, or otherwise, by SCUBA-2.

The L1495 region of Taurus appears as an obscuring dark cloud
on optical images (Barnard 1907; Lynds 1962), with a linear, or
�lamentary, structure, coming to a head at a small globule that is
referred to as L1495A (Benson & Myers 1989; Lee, Myers & Tafalla
2001). Hacar et al. (2013) studied the L1495 �lament and found it to
be consistent with the �lamentary star formation model (Andr·e et al.
2014) favoured by Herschel observations of star-forming regions
(Andr·e et al. 2010). Lee et al. (2001) found evidence for asymmetric
line pro�les in the southern part of L1495A, apparently indicating
collapse or contraction. However, this is close to the Herbig Ae/Be
star, V892 Tau, which is clearly affecting at least the southern part
of L1495A, so interpreting asymmetric line pro�les is made more
complex in this area. The Herschel data of the L1495 �lament

(Marsh et al. 2016) and follow-up ammonia data from the Green
Bank Telescope (Seo et al. 2015) identi�ed a number of pre-stellar
cores in the L1495 �lament.

The SCUBA-2 observations presented here were carried out as
part of the Gould Belt Legacy Survey (GBLS) on the James Clerk
Maxwell Telescope (JCMT) in Hawaii (Ward-Thompson et al.
2007b). The full SCUBA-2 data were presented by Buckle et al.
(2015). The Herschel observations presented in this paper were
carried out as part of the Herschel Gould Belt Survey (HGBS)
guaranteed-time key programme (Andr·e et al. 2010). The full Her-
schel data were presented by Marsh et al. (2014, 2016). Herschel
observations of the southern part of the L1495 �lament were pre-
sented by Palmeirim et al. (2013). In this paper we present a com-
parison between the two sets of data (see Figs 1 and 2). We use the
Herschel data (Marsh et al. 2016) as a comparison data set to deter-
mine which sources are detected by SCUBA-2, and what properties
are important for a SCUBA-2 detection.

2 OBSERVATIONS

2.1 SCUBA-2

The SCUBA-2 (Holland et al. 2013) observations used here form
part of the JCMT Gould Belt Legacy Survey (GBLS; Ward-
Thompson et al. 2007b). The L1495 region of the Taurus molecular
cloud was observed with the SCUBA-2 camera in 22 observations
taken between 2011 October and 2013 July. Continuum observa-
tions at 450 and 850 µm were made using fully sampled 15-, 30-
, and 60-arcmin diameter circular regions (PONG900, 1800 and
3600 mapping modes; Bintley et al. 2014). Larger regions were
mosaicked with overlapping scans. The �nal output map is centred
at a position of R.A. (2000) 04h17m54s, Dec. (2000) +28�05�24��.
These data were presented by Buckle et al. (2015), in which full
details of the observations are given. Here, we brie�y reiterate the
key points. We only use the 850-µm data.2

The data were reduced as part of the Internal Release 1 data
set, using an iterative map-making technique (MAKEMAP in SMURF,
Chapin et al. 2013), and gridded to 6-arcsec pixels at 850 µm. The
iterations were halted when the map pixels, on average, changed
by <0.1 per cent of the estimated map rms. The initial reductions of
each individual scan were co-added to form a mosaic from which
a signal-to-noise ratio mask was produced for each region. The
�nal mosaic was produced from a second reduction using this mask
to de�ne areas of emission. Detection of emission structure and
calibration accuracy are uncertain outside of the masked regions.
The mask used in the reduction can be seen in the quality array in
the reduced data�le (see Buckle et al. 2015).

A spatial �lter of 10 arcmin was used in the reduction, which
means that �ux recovery is robust for sources with a Gaussian full
width at half-maximum (FWHM) less than 2.5 arcmin. Sources be-
tween 2.5 and 7.5 arcmin may be detected, but both the �ux density
and the size will be underestimated because Fourier components
with scales greater than 5 arcmin are essentially removed by this
�ltering process. Detection of sources larger than 7.5 arcmin is
dependent on the mask used for each reduction.

The data were calibrated in Jy/pixel, using an aperture �ux con-
version factor (FCF) of 2.34 Jy/pW/arcsec2 at 850 µm, derived from

2 The SCUBA-2 data used in this paper are available at: http://dx.doi.
org/10.11570/16.0002 (Buckle et al. 2015).

MNRAS 463, 1008�1025 (2016)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/463/1/1008/2589816 by guest on 22 A
pril 2020

http://dx.doi.org/10.11570/16.0002
http://dx.doi.org/10.11570/16.0002


1010 D. Ward-Thompson et al.

Figure 1. The L1495 region, as observed using SCUBA-2 and Herschel. Red channel: SCUBA-2 850-µm emission. Green channel: SPIRE 500-µm emission.
Blue channel: SPIRE 250-µm emission. Note how most of the structure of the cloud is detected by Herschel and is seen as blue�green emission in this image.
However, only some of the sources are picked out by SCUBA-2, and show up as red in this image.

average values of JCMT calibrators (Dempsey et al. 2013), and cor-
recting for the pixel area. The PONG scan pattern leads to lower
noise in the map centre and overlap regions, while data reduction
and emission artefacts can lead to small variations in the noise over
the whole map.

2.2 Herschel Space Observatory

The Herschel Space Observatory is a 3.5-m-diameter telescope,
which operates in the far-infrared and submillimetre regimes (Pil-
bratt et al. 2010). The comparison Herschel data used in this paper
were taken as part of the HGBS (Andr·e et al. 2010) and were pre-
sented by Marsh et al. (2016). They were taken simultaneously
with the Photodetector Array Camera and Spectrometer, PACS
(Poglitsch et al. 2010), and the Spectral and Photometric Imag-
ing Receiver, SPIRE (Grif�n et al. 2010; Swinyard et al. 2010),
using the combined fast-scanning (60 arcsec/s) SPIRE/PACS paral-
lel mode. See Andr·e et al. (2010) and Marsh et al. (2016) for details
of the observations and the data reduction process.

3 RESULTS

As SCUBA-2 is a ground-based instrument, while Herschel is
space-based, the ability of SCUBA-2 to recover submillimetre emis-
sion is restricted in comparison to Herschel. Although the data sets

used in this work are of similar sensitivity (see below), the SCUBA-
2 data are affected by selection effects due to atmospheric emission
and variability, to which the Herschel data are not. The result of
this is that the emission detected by SCUBA-2 is a subset of that
detected by Herschel. We here investigate what distinguishes those
sources detected in both SCUBA-2 850-µm and Herschel-SPIRE
250-µm emission from those detected in 250-µm emission alone.
We restrict our analysis to extended, starless sources, in order to
be able to accurately characterize our sources using only data at
wavelengths >100 µm and we use a modi�ed blackbody emission
model.

The requirement for a SCUBA-2 detection of any source is a
peaked 850-µm surface brightness, as SCUBA-2 loses sensitivity
to �ux on larger spatial scales (see above). Thus, we hypothesize
that the likely requirements for a SCUBA-2 detection of a starless
core are for the core to be at high density (thus having a high
surface brightness), low temperature (i.e. having a high ratio of
long-wavelength to short-wavelength �ux), and compactness (i.e.
being small enough not to lose emission to the SCUBA-2 spatial
�ltering). These properties are related to one another: for starless
cores of the same mass, in the absence of local heating, a dense core
is expected to be colder than a rare�ed core; and, trivially, a compact
core will be denser than an extended core. The aim of this study is to
distinguish which, if any, of these properties is of most importance
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Figure 2. The centre of the L1495 region, as observed at the �ve Herschel wavelengths, 70, 160, 250, 350 and 500 µm (Marsh et al. 2014, 2016) and SCUBA-2
850 µm (Buckle et al. 2015). Note how only some of the sources and structures seen at other wavelengths are detected by SCUBA-2 (lower right). Contour
levels � 70 µm: 0.01, 0.02, 0.05, 0.5 Jy/6-arcsec pixel; 160 µm: 0.05, 0.08, 0.1, 0.2, 0.5, 1.0 Jy/6-arcsec pixel; 250 µm: as 160 µm; 500 µm: 0.02, 0.035, 0.05,
0.08, 0.1, 0.2, 0.5 Jy/6-arcsec pixel; 850 µm: 0.005, 0.01, 0.02 Jy/6-arcsec pixel.

in determining whether a starless core identi�ed in Herschel data
will also be detectable in SCUBA-2 850-µm emission.

Fig. 1 shows a three-colour image of the region mapped with
SCUBA-2, in which 850 µm is shown in red, superposed on the
same region from the Herschel data, where 500 µm is shown in
green and 250 µm is shown in blue. A number of cores and �laments
can be seen. Herschel detects most of the cloud structure, seen as
blue-green emission on this image, including many �laments, as
previously seen in other regions. We also see many cores along
the �laments, consistent with the recently proposed hypothesis that
core formation on �laments is the dominant mode of star formation
(Andr·e et al. 2014). However, only some of the sources are picked
out by SCUBA-2, and show up as red in this image.

The brightest source in Fig. 1 is L1495A. Fig. 2 shows an en-
largement of the L1495A region at each of the six wavelengths �
�ve from Herschel and one from SCUBA-2. It can be seen that only
some of the sources and structures seen at other wavelengths are
detected by SCUBA-2. Figs 4(a) and (b) show the full area covered
at high signal-to-noise ratio by SCUBA-2 at 850 µm.

L1495A can be seen clearly at all wavelengths in Figs 1 and 2,
including with SCUBA-2 at 850 µm. In fact, the brightest peak
coincides with the southern part of L1495A, namely L1495A-
S (Benson & Myers 1989). The northern extension of L1495A,
which is very much fainter, is L1495A-N (Lee et al. 2001). In
the three-colour images in Fig. 1, a colour gradient can be seen
from south to north across L1495A, from blue to green. This
would tend to indicate a temperature gradient across this core,
with the hotter material in the south, consistent with these earlier
�ndings.

There is in fact a bright star, slightly further to the south of
L1495A-S, which is V892 Tau (IRAS 04155+2812). This has a
point source �ux density in the IRAS Catalogue of 30 Jy at 12 µm and
100 Jy at 25 µm, which declines slightly to 70 Jy at 60 µm, before
climbing again to 170 Jy at 100 µm. The 100-µm �ux density almost
certainly includes a contribution from L1495A-S, but otherwise, this
is a Herbig Ae/Be star, and it is clearly heating L1495A-S, which
is otherwise starless. A similar pattern of an externally heated core
was modelled in Cepheus by Nutter, Stamatellos & Ward-Thompson
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