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1 INTRODUCTION

ABSTRACT

We present a comparison of Submillimetre Common User Bolometer Array-2 (SCUBA-2)
850-pum and Herschel 70-500-pum observations of the L1495 filament 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-pum, Herschel
250-um, and Herschel 250-um spatially filtered to mimic the SCUBA-2 data. SCUBA-2
detects only the highest-surface-brightness sources, principally detecting protostellar sources
and starless cores embedded in filaments, 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 filtering. We investigate which properties of
a starless core detected by Herschel determine its detectability by SCUBA-2, and find 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.

etal. 1994; Di Francesco et al. 2007; Ward-Thompson et al. 2007a).
They then collapse to form Class 0 (André, Ward-Thompson &

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 & Vazquez-
Semadeni 2003). Recent work has indicated that cores form pref-
erentially in filaments within molecular clouds (e.g. André 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

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. André, Ward-Thompson & Barsony 2000).

To trace the structure within molecular clouds, and particularly
the filamentary structure, it is necessary to use the far-infrared
(e.g. André et al. 2010). The ESA Herschel Space Observatory!
(Pilbratt et al. 2010) has been especially successful in this regard

! 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. André 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 (Griffin et al. 2010) instruments — often simultaneously
(e.g. André 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. André et al. 2010). Consequently, if one
is to confirm 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 confined
(i.e. by self-gravity or by external pressure), measures of the external
pressure on and magnetic field strength within the core are also
required (cf. Pattle et al. 2015).

Submillimetre continuum mapping identified the first 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-
tification 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
filamentary, 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 filament and found it to
be consistent with the filamentary star formation model (André et al.
2014) favoured by Herschel observations of star-forming regions
(André et al. 2010). Lee et al. (2001) found evidence for asymmetric
line profiles 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 profiles is made more
complex in this area. The Herschel data of the L1495 filament
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(Marsh et al. 2016) and follow-up ammonia data from the Green
Bank Telescope (Seo et al. 2015) identified a number of pre-stellar
cores in the L.1495 filament.

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 (André 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 filament 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 pm 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 final output map is centred
at a position of R.A. (2000) 04"17™54%, 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 briefly reiterate the
key points. We only use the 850-um data.’

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 pm. 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
final mosaic was produced from a second reduction using this mask
to define 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 datafile (see Buckle et al. 2015).

A spatial filter of 10 arcmin was used in the reduction, which
means that flux 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 flux density
and the size will be underestimated because Fourier components
with scales greater than 5 arcmin are essentially removed by this
filtering 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 flux con-
version factor (FCF) of 2.34 Jy/pW/arcsec? at 850 pm, derived from

2The 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)

020z Jequieoaq 01 U0 1s8nb Aq 91.86852/8004/1/€9¥/0IE/SEIU/WO0"dNO"dIUSPEOE/:SAJIY WOI) PEPEOJUMOQ


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

1010  D. Ward-Thompson et al.

10 arcmin

Figure 1. The L1495 region, as observed using SCUBA-2 and Herschel. Red channel: SCUBA-2 850-um emission. Green channel: SPIRE 500- um emission.
Blue channel: SPIRE 250-um 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 (André 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 (Griffin et al. 2010; Swinyard et al. 2010),
using the combined fast-scanning (60 arcsec/s) SPIRE/PACS paral-
lel mode. See André 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

MNRAS 463, 1008-1025 (2016)

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-um and Herschel-SPIRE
250-pm emission from those detected in 250-pm 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 pm and we use a modified blackbody emission
model.

The requirement for a SCUBA-2 detection of any source is a
peaked 850-um surface brightness, as SCUBA-2 loses sensitivity
to flux 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 flux), and compactness (i.e.
being small enough not to lose emission to the SCUBA-2 spatial
filtering). 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 rarefied 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

0202 Joquiaoaq 0} uo 3senb Aq 91.86852/8001/1/€9F/SI0E/SEIU/WO0d"dNO"DIWapED.//:SA]Y WOl PAPEOUMOC



Dense cores in L1495 1011

30
. 20
o
o
o
N
2
S 10
°
£
S
(73
o
28° 00
27° 50!
30
- 20
o
o
o
N
2
S 10
°
£
S
[T
o
28° o0
27° 50'F 350um T 500um b 1850um 1
.l....l....l...‘.l....l...I....I....I...‘\I....I...I....I....I.....I....I..
04h 1M 18 1704" 1™ 18 1704" 1™ 18 17

Right Ascension (J2000)

Figure 2. The centre of the L1495 region, as observed at the five Herschel wavelengths, 70, 160, 250, 350 and 500 pm (Marsh et al. 2014, 2016) and SCUBA-2
850 pm (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 pum: 0.01, 0.02, 0.05, 0.5 Jy/6-arcsec pixel; 160 um: 0.05, 0.08, 0.1, 0.2, 0.5, 1.0 Jy/6-arcsec pixel; 250 pm: as 160 pm; 500 pm: 0.02, 0.035, 0.05,

0.08, 0.1, 0.2, 0.5 Jy/6-arcsec pixel; 850 pm: 0.005, 0.01, 0.02 Jy/6-arcsec pixel.

in determining whether a starless core identified in Herschel data
will also be detectable in SCUBA-2 850-pum emission.

Fig. 1 shows a three-colour image of the region mapped with
SCUBA-2, in which 850 pum is shown in red, superposed on the
same region from the Herschel data, where 500 pm is shown in
green and 250 pm is shown in blue. A number of cores and filaments
can be seen. Herschel detects most of the cloud structure, seen as
blue-green emission on this image, including many filaments, as
previously seen in other regions. We also see many cores along
the filaments, consistent with the recently proposed hypothesis that
core formation on filaments is the dominant mode of star formation
(André 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 —
five 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 pum.

L1495A can be seen clearly at all wavelengths in Figs 1 and 2,
including with SCUBA-2 at 850 um. 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
findings.

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 flux density in the /[RAS Catalogue of 30Jy at 12 pm and
100 Jy at 25 pm, which declines slightly to 70 Jy at 60 um, before
climbing again to 170 Jy at 100 pm. The 100-pm flux density almost
certainly includes a contribution from L.1495A-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

MNRAS 463, 1008-1025 (2016)
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Figure 3. A comparison of the unfiltered (left) and filtered (right) SPIRE 250-um maps of the centre of the L.1495 region. Note the loss of large-scale structure

between the unfiltered and the filtered maps.

(2009), based on a combination of SCUBA and Akari data, and in
that paper we cautioned that temperature gradients could affect the
appearance of cores at long wavelengths such as these.

4 COMPARISON OF SCUBA-2 DATA
WITH HERSCHEL DATA

In order to make SCUBA-2 and Herschel observations comparable,
the large-scale structure must be removed from, and the SCUBA-2
mask must be applied to, the Herschel observations. To this end,
the Herschel observations were processed through the SCUBA-2
pipeline, following the method described by Sadavoy et al. (2013)
and Pattle et al. (2015). The Herschel data are scaled such that
they represent a small perturbation on the SCUBA-2 850-pum flux
densities, and are added to the SCUBA-2 bolometer time series.
The data reduction process, as described above, is repeated. The
original SCUBA-2 reduction of the data is then subtracted from
the Herschel + SCUBA-2 map, and the scaling applied to the Her-
schel data is reversed. This process produces a spatially filtered and
masked version of the original Herschel observations, suitable for
comparison with the SCUBA-2 data. This process is repeated once
for each SCUBA-2 observing position, for which there were corre-
sponding Herschel data, and the resulting filtered maps combined
to form a mosaic.

The effect of the spatial filtering process on the SPIRE 250-um
data set is shown in Fig. 3. Fig. 3 shows the loss of large-scale
structure caused by the filtering process.

Three sets of sources were identified: sources in the 850-um
SCUBA-2 data (hereafter referred to as SCUBA-2 sources), sources
in the 250-um Herschel-SPIRE data (hereafter referred to as Her-
schel sources) and sources in the spatially filtered 250-pm data
(hereafter referred to as filtered-Herschel sources). Sources were
identified using the source-finding algorithm CSAR (Kirk et al.
2013). CSAR is a dendrogram-based source-finding algorithm,
which was run in its non-hierarchical mode on each of the three
data sets. The criteria chosen for a robustly detected source were a
peak flux density F7¢®* > 45 and a minimum of a 3o drop in flux

MNRAS 463, 1008-1025 (2016)

density between adjacent sources, where o is the rms noise level of
the data (see Kirk et al. 2013). These stringent criteria were chosen
in order to ensure that the sources we identified could be well-
characterized, so that accurate comparisons could be made between
cores detected in the different data sets.

We measured the 1o rms noise on the low-variance regions of
the SCUBA-2 850-pm map to be 0.9 £ 0.2 mJy/6-arcsec pixel and
on the unfiltered 250-pwm map to be 1.0 0.2 mJy/6-arcsec pixel.
Measuring the noise on the filtered 250-pm map produced values
in the range 1.1-1.6 mJy/6-arcsec pixel. We adopted a value of
1.4 + 0.2 mJy/6-arcsec pixel, as being representative. The increase
in rms noise level in the filtered 250-um map over the unfiltered
250-um map is likely to be a result of the additional processing
performed on the filtered map.

The regions of the SCUBA-2 map upon which source extraction
was performed were those where the variance, as measured in the
variance array, was <2 (mJy/6-arcsec pixel)>. These are the two
large regions marked in Figs 4(a) and (b). Noise levels across the
Herschel maps are more uniform than those across the SCUBA-2
map. However, all sources detected in the Herschel data which were
not fully located within one of the low-variance SCUBA-2 regions
were excluded from further analysis, in order to allow an accurate
comparison of the sources detected by the two instruments.

We identified 26 sources in the 850-um map, 211 sources in
the 250-pm map and 140 sources in the filtered 250-pum map.
Sources smaller than the beam were rejected in the source extraction
process. We examined the source samples to determine whether any
sources contained protostars based on whether they contained point
sources at 70 um or shorter wavelengths. One protostellar source
was identified in the SCUBA-2 sample, along with three in the 250-
pm sample and two in the filtered 250-pum sample. These sources
were excluded from further analysis, leaving us with 25 sources
in the 850-um map (shown in Figs 4a and b), 208 sources in the
unfiltered 250-pm map (shown in Figs Ala and b in the online
appendix), and 138 sources in the filtered 250-um map (shown in
Figs A2a and b in the online appendix). The 25 SCUBA-2 sources
(named S1-S25) are listed in Table 1, while the Herschel sources
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Figure4. (a)Grey-scaleimage of the head of the L1495 filament, as mapped
by SCUBA-2 at 850 pm. Sources detected in emission by SCUBA-2 are
marked by small ellipses. Cores marked in red show signs of local heating
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variance (cf. Buckle et al. 2015). Cores are numbered as in Table 1. (b) Same
as Fig. 4(a), for the L1495 West region.
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(H1-H208) and filtered Herschel sources (F1-F138) are presented
along with the reduced SCUBA-2 data at the DOI listed in Section 2.
For each SCUBA-2 source, Table 1 lists the name, right ascension
and declination, measured major and minor FWHM sizes, position
angle, flux densities as measured in filtered Herschel 160 um, 250
pm, 350 um and 500 um and SCUBA-2 850 um emission, and the
equivalent sources in the Herschel and filtered-Herschel catalogues.
The details of the Herschel tables are given at the same DOIL.

We derived temperatures and masses for each of our sources
using the spectral energy distribution (SED) measured from the
Herschel and, in the case of the SCUBA-2 sources, the SCUBA-2
continuum data. The flux densities of the SCUBA-2 sources were
measured across five wavebands (filtered 160-pm, filtered 250-pum,
filtered 350-um, filtered 500-um and 850-pm), all convolved to
the SPIRE 500-pum resolution of 36 arcsec. The flux densities of
the Herschel sources were measured across the unfiltered 160-pum,
250-pm, 350-pm and 500-pum wavebands, while the flux densities
of the filtered-Herschel sources were measured across the filtered
160-pum, 250-pm, 350-pwm and 500-pum wavebands, in both cases
also at 36-arcsec resolution. We convolved the maps to a common
36-arcsec resolution using the Herschel— Herschel and SCUBA-
2— Herschel convolution kernels described by Pattle et al. (2015).
Flux densities for each source were measured using elliptical aper-
tures with major and minor axes of twice the major and minor
FWHM returned by CSAR. This would enclose 99.5 per cent of the
flux in a Gaussian distribution.

Note that the 850-um flux densities listed in Table 1 do not
have the SCUBA-2 aperture photometry corrections discussed by
Dempsey et al. (2013) applied to them. The SCUBA-2 aperture
photometry corrections are determined for point sources, and ac-
count for flux in the secondary beam of the JCMT not enclosed
by a small aperture (the JCMT’s secondary beam has a FWHM of
48 arcsec at 850 pm; see Dempsey et al. 2013). We do not use these
aperture photometry corrections in this work, as their applicability
to either extended sources or non-circular apertures is not certain.
As noted above, the major and minor axes of the apertures which
we use are twice the FWHM values of the source listed in Table 1,
and hence the smallest of our sources have their fluxes measured
in apertures with minor axes ~40 arcsec. Hence, for the smallest
of our sources, the 850-um flux density may be underestimated by
up to a maximum of 10 per cent. However, for the large major-
ity of our sources, the aperture photometry correction should be
<3 per cent. We direct the reader to Dempsey et al. (2013) for
further information.

The SED of each source was fitted with a modified blackbody
distribution (see Fig. 5), in order to determine the mean, column-
density-weighted, line-of-sight dust temperature. The monochro-
matic flux density F, is given at frequency v by

B
AF;, = vF, = vQfB,(T) (1 —e () ) : (1

where B, (7) is the Planck function at dust temperature 7, 2 is the
solid angle of the aperture, f'is the filling factor of the source in the
aperture, and § is the dust emissivity index. The frequency at which
the optical depth becomes unity is taken to be the canonical value,
v, = 6 THz (Ward-Thompson, André & Kirk 2002), as we do not
have enough data points to accurately constrain a fourth parameter
in our fitting process.

We determined a typical dust emissivity index (8), which we
adopted for our cores in order to more accurately constrain the SED
fitting process. While temperature and dust emissivity index can be
fitted simultaneously using SCUBA-2 850 pm data in conjunction
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Table 1. Sources found by the CSAR algorithm in its non-hierarchical mode in the 850-pum SCUBA-2 data — see text for details. Sources labelled ‘S’, listed

in this table, are detected in SCUBA-2 850 pum emission. See text for details.

Source RA Dec. FWHM Angle Foal (Jy) Counterpart
Index J2000) (J2000) (arcsec x arcsec) (° E of N) 160 pm 250 pm 350 um 500 pum 850 um sources
S1 4:18:40.00 +28:23:15.6 57.0 x 39.0 84.0 30.99 45.27 32.86 18.70 5.21 HI1, F1
S2 4:17:42.10 +28:08:44.4 54.6 x 21.4 167.0 0.74 3.15 3.80 2.79 1.08 H26, F15
S3 4:17:50.18 +27:56:05.5 53.4 x 44.2 93.0 2.39 7.51 7.80 5.44 2.07 H47,F14
S4 4:13:48.01 +28:12:38.3 26.4 x 24.1 74.0 1.11 3.00 3.13 2.47 0.80 H6, F9
S5 4:18:08.17 +28:05:10.3 39.6 x 32.0 121.0 0.96 3.69 4.30 343 1.40 H40, F16
S6 4:18:03.83 +28:23:03.5 30.0 x 23.3 33.0 0.93 2.17 2.19 1.60 0.62 H7,F12
S7 4:17:43.31 +28:06:04.5 32.4 x 20.7 45.0 0.48 1.60 1.70 1.22 0.51 H28, F17
S8 4:17:01.36 +28:26:36.0 54.6 x 46.0 66.0 5.28 8.93 6.69 3.99 2.29 H15, F8
S9 4:18:11.60 +27:35:54.4 54.0 x 36.9 11.0 2.19 5.80 6.22 4.58 1.65 H41, F19
S10 4:14:27.63 +28:07:11.6 55.2 x 26.2 106.0 5.19 8.56 6.45 3.82 1.03 HS, F4
S11 4:18:03.08 +28:07:35.2 39.0 x 20.5 126.0 0.30 1.28 1.57 1.24 0.69 None
S12 4:17:34.58 +28:03:05.0 55.2 x 20.3 53.0 1.98 4.39 3.85 2.51 0.74 H19, F10
S13 4:14:27.53 +28:04:58.1 45.6 x 20.8 158.0 3.20 4.76 3.28 1.89 0.64 HI11, F5
S14 4:17:52.08 +28:12:31.1 51.6 x 48.7 93.0 2.21 5.24 5.28 4.08 1.75 H23, F18
S15 4:14:12.33 +28:08:46.6 36.0 x 18.4 7.0 2.24 2.78 2.06 1.17 0.27 H9, F6
S16 4:18:33.13 +28:27:31.0 85.8 x 24.0 172.0 1.03 3.17 3.34 2.34 091 None
S17 4:16:57.34 +28:29:35.6 54.6 x 32.0 38.0 1.44 2.96 2.61 1.84 1.04 HS58, F22
S18 4:17:42.09 +27:39:15.0 70.8 x 26.0 75.0 2.70 4.94 4.01 297 0.86 H13, F13
S19 4:18:00.55 +28:11:08.7 45.0 x 22.2 165.0 0.55 1.70 1.74 1.23 0.52 H45, F43
S20 4:17:52.87 +28:23:40.0 44.4 x 37.1 160.0 1.16 2.08 1.78 1.28 0.89 H18, F36
S21 4:17:37.42 +28:12:06.0 51.0 x 35.4 27.0 1.40 3.06 2.61 1.67 0.73 H44, F21
S22 4:17:50.02 +27:37:56.1 38.4 x 28.8 140.0 0.58 1.31 1.09 0.81 0.36 H34, F46
S23 4:18:52.50 +28:20:23.0 444 x 24.8 99.0 5.47 4.95 2.75 1.53 0.33 H3,F3
S24 4:18:07.41 +28:24:48.7 70.8 x 30.9 30.0 1.92 3.87 3.15 1.94 0.64 H10, F20
S25 4:17:20.14 +28:18:56.5 52.8 x 40.1 12.0 2.76 3.84 2.51 1.42 0.71 Hl16, F27

with the Herschel photometric bands (see Sadavoy et al. 2013),
the Herschel data alone, covering the wavelength range 160-500
pm, do not provide the long-wavelength information necessary to
accurately constrain both parameters. We decided to use a fixed
value of B when deriving best-fitting temperatures for all of our
cores, including those with an 850-pum detection, in order to make a
fair comparison between the different sets of cores. In order to find
a suitable B, we fitted SEDs to the subset of the filtered-Herschel
cores with detections in 850-pum emission. We determined an SED
using only the filtered Herschel fluxes for each source, and from the
best-fitting SED predicted an 850-pum flux density. These predicted
850-um flux densities were then compared to the values measured
in the SCUBA-2 850-pum map. We repeated this process for a range
of values of g, as well as allowing B to vary as a free parameter,
in order to determine the value that best predicted the 850-pm flux
densities.

For each of the values of g tested, we calculated the mean reduced
x2 value of the SED fits. We also calculated the reduced x> value
of the 1:1 relation between predicted and measured 850-pum flux
densities. We found that when emissivity index was allowed to vary
as a free parameter, the 850-um flux densities were generally well-
predicted. We found the mean value of 8 when it was varied as a
free parameter to be 1.3, and the standard deviation on this value
to be 0.6. When B was fixed, we found that values in the range B
=1.1-1.4 gave indistinguishably good results. We therefore chose
to adopt a value of dust emissivity index g = 1.3 £ 0.6 for the
remainder of this work.

A dust emissivity index of 1.3 is lower than that typically ex-
pected for a starless core. A wide variety of 8 values have been
determined for starless cores. For example, Shirley et al. (2005)
found B =1.8-1.9 for the starless core L1498; Friesen et al. (2005)
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found B =1.3-2.1 for a sample of hot starless cores; Schnee et al.
(2010) found g = 2.2 &£ 0.6 for the starless core TMC-1c; and Sa-
davoy et al. (2013) found 8 =1.6-2.0 towards cores in the Perseus
molecular cloud. Our low value of 8 may be due to there being mul-
tiple dust temperature components along the lines of sight towards
our sources, which would broaden the SEDs of the sources, and
hence lower their apparent 8 values. This effect was discussed in
detail by Martin et al. (2012). Starless cores are not expected to be
isothermal sources: a temperature gradient from 15 K at their edges
to 7K in their heavily shielded centres has been seen elsewhere
(e.g. Stamatellos, Whitworth & Ward-Thompson 2007), even in the
absence of external heating sources. The surrounding, more tenu-
ous, material of the molecular cloud will be warmer still. While the
spatial filtering of the SCUBA-2 observations will to some extent
ameliorate this effect, there will still be some material along the line
of sight not associated with the core.

Our low B might alternatively, or additionally, be the result of
grain growth within the densest regions of the starless cores. Our
value of g is intermediate between the value expected in molecular
clouds of B =1.5-2.0 (e.g. Draine & Lee 1984; Draine et al. 2007),
and B = 1.0, expected in protoplanetary discs (Beckwith & Sargent
1991).

We fitted our sources using 8 = 1.3 in order to determine their
dust temperatures. We then determined our source masses using the
Hildebrand (1983) relation

F,(850 um)D?
Ky(850m) Bv(SSOum)(T) ’

where F, (850 um) is the flux density at 850 um. For the SCUBA-
2 sources, F,(850 um) was taken to be the measured SCUBA-2
850-um flux density of the source, while for the Herschel and

M = 2)
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Figure 5. SED fits for sources S1 and S12, and their counterparts in the Herschel and filtered-Herschel catalogues (H1 and F1, and H19 and F10, respectively).

See text for details.

filtered-Herschel sources, F, (850 um) was taken to be the flux den-
sity at 850 pm as extrapolated from the best-fitting SED. D is the
distance to Taurus (140 pc), B,ss0.m)(T) is the Planck function,
and «,(g50,.m) 1S the dust mass opacity, as parametrized by Beckwith
et al. (1990): k, =0.1(v/10'>Hz)”? cm?g~' (assuming a standard
dust-to-gas mass ratio of 1:100). Again, the dust emissivity index
B was taken to be 1.3. Some example SED fits for sources with
counterparts in all three catalogues are shown in Fig. 5.

We calculated the mean volume density of molecular hydrogen
for each source as

M 1

wmy %TER3,

n(Hy) = 3

where R is the equivalent deconvolved FWHM of the source. The
equivalent FWHM was taken to be the geometric mean of the de-
convolved major and minor FWHMs, as determined by CSAR. The
deconvolution assumed a beam size of 14.1 arcsec in the case of
SCUBA-2 sources and 18.1 arcsec in the case of Herschel and
filtered-Herschel sources. The mean molecular weight u was taken

to be 2.86, assuming that the gas is ~70 per cent H, by mass (Kirk
et al. 2013).

5 DISCUSSION

The temperatures, masses, densities and sizes of the cores detected
by SCUBA-2 are listed in Table 2. The same information for Her-
schel and filtered-Herschel sources is listed in Tables A3 and A4
in the online appendix. The properties of those sources with coun-
terparts in another catalogue are compared with the properties of
their counterparts in Figs 6 and 7. A source’s counterpart in another
catalogue is the nearest neighbour to the source in that catalogue,
provided that the source and its neighbour are separated by less than
the FWHM of the larger of the two sources. It can be seen from the
central column of plots in Figs 6 and 7 that sources found in both the
SCUBA-2 and the filtered-Herschel catalogues are typically found
to have very similar properties. This tends to indicate that the filter-
ing process is the correct method by which to make SCUBA-2 and
Herschel data comparable.
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Table 2. Derived properties of the sources found by SCUBA-2 in the L1495
region — temperature, mass, density and mean deconvolved full-width at
half-maximum (geometric mean of major and minor axes with beam-size
subtracted in quadrature).

Source H, Deconv.
index Temp. Mass density FWHM
(K) M@) (x 10*em™) (pc)
S1 149+04 0.613 £ 0.267 6.34 £ 2.76 0.032
S2 10.1 £0.2 0.256 £ 0.057 6.94 £ 1.56 0.023
S3 109+ 0.2 0.420 +0.114 3.96 £+ 1.08 0.033
S4 11.24+02 0.156 £+ 0.034 10.55 £ 2.29 0.017
S5 10.1 +£0.2 0.336 4 0.081 8.08 + 1.94 0.024
S6 11.24+02 0.120 £ 0.025 7.04 £ 148 0.018
S7 10.6 0.2 0.110 £ 0.023 6.88 + 1.41 0.018
S8 120+ 0.3 0.391 £ 0.116 3.37 £ 1.00 0.034
S9 11.1 £0.2 0.324 4 0.082 3.95 £ 1.00 0.030
S10 144+04 0.126 £ 0.029 2.47 £ 0.58 0.026
S11 93402 0.196 £ 0.043 9.38 £+ 2.04 0.019
S12 127+ 0.3 0.113 £ 0.024 3.27 £ 0.70 0.023
S13 143+04 0.079 £+ 0.017 294 + 0.64 0.021
S14 109 +0.2 0.355 £ 0.092 3.05 £ 0.79 0.034
S15 16.1 £ 0.5 0.026 £ 0.005 1.67 £+ 0.34 0.017
S16 109 +0.2 0.182 £+ 0.039 2.11 £ 045 0.031
S17 11.0+0.2 0.205 4 0.047 3.03 £ 0.70 0.028
S18 129+£0.3 0.124 £ 0.027 1.69 £ 0.37 0.029
S19 10.7+£0.2 0.109 £ 0.022 3.72 £ 0.76 0.021
S20 10.7£0.2 0.186 £ 0.042 3.02 £+ 0.69 0.028
S21 11.94+02 0.122 4 0.026 1.73 £ 0.37 0.029
S22 11.4+£02 0.065 £ 0.013 1.90 £+ 0.38 0.023
S23 19.6 £ 0.7 0.023 £ 0.005 0.69 £ 0.15 0.023
S24 129+£0.3 0.090 £ 0.018 0.95 £ 0.20 0.032
S25 134403 0.095 + 0.021 1.05 £ 0.23 0.031

Herschel sources are typically measured to be warmer than their
SCUBA-2 and filtered-Herschel counterparts. We hypothesize that
this is due to the filtering process removing much of the extended
foreground and background emission originating from warmer ma-
terial, thus reducing the line-of-sight temperature determined by the
fitting process. Source FWHM size is typically not strongly affected
by the filtering process, with no clear propensity for cores to be-
come smaller or larger. This suggests that CSAR is identifying the
core material accurately: in the unfiltered case CSAR is identifying
emission peaks above the background large-scale emission of the
cloud, while in the filtered case, the background large-scale emis-
sion has been removed, and CSAR is identifying emission peaks
above the noise in the data.

Herschel sources are typically more massive than their counter-
part filtered-Herschel sources. Again, this is due to the removal
of large-scale signal by the filtering process. Without the additional
contribution of the background signal, the total flux measured in the
filtered-Herschel apertures will be less than that measured in corre-
sponding Herschel apertures (typically similarly sized, as discussed
above).

Herschel sources are typically denser than their counterpart
filtered-Herschel sources. This is a counterintuitive result, as the
removal of low-density large-scale structure might be expected to
leave behind only the higher-density cores. However, as discussed
above, the size of the cores detected by CSAR is largely unaffected
by the filtering process, which is likely due to CSAR detecting the
core itself, rather than the material in which it is embedded. Hence,
a given core detected in both Herschel and filtered-Herschel emis-
sion will be of the same size in both cases, but will be less massive,
and so less dense, in the filtered-Herschel case.

MNRAS 463, 1008-1025 (2016)

These results suggest that the measures of core temperature, mass
and density determined from the filtered-Herschel data are more
representative of the true properties of the starless cores than those
determined from the unfiltered Herschel data, as in the filtered-
Herschel case the flux measured should be that of the core itself,
rather than being the flux of both the core and the full line-of-sight
column of material in which it is embedded.

Fig. 8 shows the relationship between temperature and den-
sity for the filtered-Herschel sources and the SCUBA-2 sources.
The SCUBA-2 sources follow the same density—temperature re-
lation as the filtered-Herschel sources, n(H,) o< 755035 How-
ever, only the densest filtered-Herschel sources have a counter-
part SCUBA-2 source, with the minimum SCUBA-2 source den-
sity being ~3 x 1077 kg m™3 (~6 x 10° Hy/cm®), while the
lowest-density filtered-Herschel sources are ~2 x 107'® kg m~3
(~4 x 10> Hy/cm?®). The filtered-Herschel sources and the
SCUBA-2 sources have a similar range of temperatures,
being ~9-20 K.

Those SCUBA-2 sources which do not follow the temperature—
density relation are S1 (L1495A-S), S10, S13, S15 and S23. All
of these sources are significantly (~5 K) warmer than might be
expected from their density. Of these five sources, S1 and S23
are heated by V892 Tau (IRAS 04155+2812), as discussed above.
Sources S10 and S13 are being heated by IRAS 0411342758, while
source S15 is associated with the IR source IRAS 04111+42800G,
and may in fact have an embedded YSO within it, possibly a VeLLO
(Very Low Luminosity Object — Young et al. 2004).

Fig. 9 shows the mass—size relation for the filtered-Herschel and
SCUBA-2 sources. There is no tendency for the SCUBA-2 sources
to be smaller in size than the filtered-Herschel sources. However,
the SCUBA-2 sources are among the most massive. The grey band
shown in Fig. 9 indicates the region of the mass/size plane which
unbound, transient starless cores are expected to inhabit (Elmegreen
& Falgarone 1996; André et al. 2010). A substantial fraction of
the filtered-Herschel sources lie within this region. However, the
SCUBA-2 sources in almost all cases occupy the region of the
mass/size plot in which gravitationally bound prestellar cores are
expected to be found (cf. André et al. 2010).

Fig. 8 shows a clear cut-off in density below which no SCUBA-2
sources are detected. However, there appears to be no similar cut-off
in temperature. Fig. 9 shows no tendency for SCUBA-2 sources to
be smaller in radius than filtered-Herschel sources. This indicates
that the criterion for determining whether a source detected using
Herschel will be detectable with SCUBA-2 is its mass for a given
size or, in other words, density.

This corresponds, in terms of the measurable parameters, effec-
tively to surface brightness. For a given temperature, the higher
column density material will produce a higher surface bright-
ness. Also, for non-elongated geometries, higher column density
corresponds to higher volume density. Therefore, it appears that
it is not mass or size alone that determines detectability with
SCUBA-2, but rather a combination of mass and size that corre-
sponds to density. Dust at temperatures typically found in starless
cores emits more flux at Herschel wavelengths than at SCUBA-
2 850-um wavelength, because Herschel wavelengths coincide
with the peak of the blackbody function, while 850 pm is on the
Rayleigh—Jeans tail. Hence, for roughly the same absolute noise
level (which these maps have), any given core will appear at a
higher signal-to-noise ratio to Herschel than to SCUBA-2. The
exceptions to this are those sources with associated or nearby
stars or protostars, because in those cases the above assumption,
that everything is at roughly similar temperature, breaks down.

0202 4oqwiadaq 0} Uo 1sanb Aq 91.86852/8001/1/E9%/2I01HE/SEIUW/WO0Y"dNO"DIWSPED.//:SA]Y WO PAPEOjUMOQ



1017

Dense cores in L1495

Downloaded from https://academic.oup.com/mnras/article/463/1/1008/2589816 by guest on 10 December 2020

*(UOTSSNOSIP 10 JX9) 93S) BIBP PAIAN[YUN ) 0} JANE[AI SSeW pue drnjeradwo) ay) ‘0FeIoAt UO ‘GjewT)saIopun
01 1eadde erep paiy oyJ, "eIep g-VgNDS 2yl 01 d[qeredwiod 210U BIEp [2yIs42F ) SR $s2001d JULIIY 2y JBY) JUIMOYS ‘SIIINOS JaYIs42F] PAIAYUN ) URY) 12)32q $A0INOS Z-YFNDS 2Y) YoJewW $20I0s
12Y2SA2F{-PaIN[Y A} SSewr pue arneraduwrd) 10, (MOI puodas) ssew pue (mor doy) armjeredwe) are paredwos sioyowrered oy, "uwn[od puey-1ySur Ay ur paredwod o1e saNFO[eIRD [21ISLIFf-PIINT PUR [21ISIIE] U}
U29M12q UOWWIOI UT $20IN0S [ Y, "(UWN[OD [PPIW) SIOINOS [21IS.2F[-PIINY PUB (UWN[OD PULY-)JI]) SIIINOS Jayds.2 11edIaunod 1oy YIm $a91n0s Z-ygNIS € Jo sentedord oy jo uostredwo) *9 aanJrg

(°W) sson psuyep—wriogz

000°L 0010 0100 1000 000°L 00L°0 0L00 1000 000°L 0010 0100 1000
T T T 100°0 T T T 1000 T T T 100°0
/ /
/ /
2 7 2 7
E dJowoo , F 4 doi00 |, 4 Jowo0 B
g d g 5
T m .w m_
a
3 7 i
o (] -]
= = []
3 Joo10 3 3 _m_ Joo10 3 Joo10 &
a a z
z z a
o o 7]
“ 173 —_
= - 5
'S = L
3 qoo0't & E / o001 =~ 3000
/
\ 1 1 1 \ 1 1 L 1
(%) sampsadws) pauyep-wriocz () eumpuedwa) pauysp-wrocg (%) aumpiadwa) paulep-wriogg
og (074 oL 6 8 og +74 oL 6 8 og (e74 oL 6 8
T T T ] T T T -] T T T 8
16 B , /7 Je L P 7 e
Jov 2 N x oy 2 L , ot
g g £
£ 4 kS / 3
3 * 3 / 4
| i @
Q Q =
H ® 3 # a
a / _H_ e 7/ @
g / g /W 3
3 3 / @
Joz g - Hoz & - vm._ Joz €
g / g 7 :
2 /s 2 / z
Z / Z /
og 7 1 T og / 1 L og

(°W) ssoW pauyep-wrogg

(°W) sson psuyep—wrogg

MNRAS 463, 1008-1025 (2016)



D. Ward-Thompson et al.

1018

Downloaded from https://academic.oup.com/mnras/article/463/1/1008/2589816 by guest on 10 December 2020

'$971s 2109 [eo1dA) 10J ssao01d Sur)y oy £q payooyjeun sreadde oz1s
INHMA 20In0§ *(UOISSNOSIP 10J 1X3) 99S) BIBP PAI[YUN ) 0] 2ANR[I A)ISUp ‘9FeIdAL U0 ‘Dewnsarapun o) readde eiep paIai[y Ay L, "S22IN0S [2yIS42F PIdN[YUN A} ULY) 121199 $AINOS Z-YINDS AU} Yorewl $20In0s
12Y2SI2Ff-PIN[Y ) ANSUIP 10, “(MOI PU0DIS) AZIS NHMA PRA[OAU0ISp pue (mox doy) Ansuap are paredwod sojowrered oy, "uwn[od puey-1ysi o) ur paredwoos axe sanoqe1ed jay2s12f-PAISN[l PUE [2YISIIF )
U99M12q UOWWOD UT $90IN0S [ Y, "(UWN[OD J[PPIW) SIOINOS [21IS.2F[-PIIdNY PUB (UWUN[OD PULY-)JI]) SIIINOS Jayds.2 11edIaunod 1ay) Im $a21n0s Z-yYgNIS € Jo sentedoxd oy jo uostredwo) <z dan3ig

(>d) WHMJ pauysp—-wrogz (2d) WHMJ pauysp—-wripgg (od) WHMJ paulep-wriocg
oLo 100 oLo 100 [s]1%] 100
100 100 100

°
AN
N\
°
°
(2d) WHMJ peuyep-wroGZ ity
(od) WHMJ pPauyep—wroGZ

(2d) WHMJ Pauyep-wriogz “iJ
[N

(s-wo) Aysuaqg ey paulyep-wroGz (s-wo) Aususq NI paunjep-wrogg (;.wd) Aususg 2y pauijep-wrogg
Pl <Ol JOl Pl 01 Ol Ol yOl £01L 01 0l Pl Ol ¢Ol 01
T T T T T uO— T T T

E / .01

1

)
o
-

4:01

L

n
[=]
-

3.0t 3 3.0t

1
B

(s.wo) Apsueq 2y pauyep-wrnogz Wiy
1
©

(. wo) Aususq ZH peuyep—wriogz ‘Wi
T
1
B

(;-wo) Aysuag i pasuyep—wriogz

901l ..\ 1 1 1 Pl}

©
o
-

MNRAS 463, 1008-1025 (2016)



Dense cores in L1495 1019

NS &

[ tik ]

e | %&#+ ‘
rad 4 +

Temperature (K)

Figure 8. Plot of core density against temperature. Black symbols are SCUBA-2 sources, green symbols are filtered-Herschel sources. There appears to be
a cut-off in density, with the minimum SCUBA-2 source density being ~6 x 10> Hy/cm?, while the lowest-density filtered-Herschel sources are ~4 x 107
Ha/cm?. However, the filtered-Herschel sources and the SCUBA-2 sources have a similar range in temperature, ~9-20 K, with no apparent cut-off.

We test this hypothesis further in Appendix B by scaling the rms
noise on the filtered-Herschel data such that the relative, rather than
the absolute, noise levels of the SCUBA-2 850-um and filtered-
Herschel 250-um data are comparable. We show in Appendix B
that the sources detected in the increased-noise filtered-Herschel
data are preferentially the denser sources, as expected.

Fig. 10 shows how the minimum density n to which SCUBA-2
is sensitive varies as a function of distance and temperature. A core
of temperature 7 at distance D will be detectable in SCUBA-2 GBS
data if its density is greater than or equal to n, where

D\? e% —1
n=ngp (—) R T — (@)
Do/ emT _
This relation is normalized to a density sensitivity ny = 6.3 x 103
H,/cm?® at the canonical distance of the Taurus molecular cloud of
Dy = 140 pc and the mean temperature of our non-externally heated
starless cores, 7y = 11.3 K. The density sensitivity limit at a given
distance decreases as source temperature increases.

The distances to the Taurus and Orion molecular clouds are
marked in Fig. 10. The density sensitivity limits for a 10 K core
at 140 pc (close to the typical core temperature in Taurus) and a
50 K core at 450 pc (a typical core temperature in the high-mass
star-forming region Orion, shown for comparison) are very similar:
8 x 10° Hy/em® and 7 x 10° Hy/em?, respectively. Hence, their
relative detectability in SCUBA-2 GBS data should be similar.

It is important to note that the SCUBA-2 sensitivity limits found
in this work are those of the JCMT GBS Internal Release 1 data re-
duction, and not an intrinsic property of data from the instrument. It
is possible for further data to be taken, improving the sensitivity, un-
til the confusion limit is reached. Similarly, the Herschel data are at
the (fixed) sensitivity of the HGBS, and not necessarily confusion-
limited. Furthermore, as discussed above, we employed a stringent

set of source selection criteria when creating our catalogue. How-
ever, this does not alter our conclusion that, for SCUBA-2 and
Herschel maps treated identically and with sources extracted in the
same manner, the surface brightness effect from which the density
sensitivity threshold results will result in SCUBA-2 picking out the
densest subset of the cores detected by Herschel, and hence those
most likely to be pre-stellar in nature.

6 CONCLUSIONS

In this paper we have compared data of the Taurus L1495 region
from JCMT-SCUBA-2 at 850 um with Herschel data from 160 to
500 pm. We have spatially filtered the Herschel data to match the
data processing carried out on the SCUBA-2 data.

We have extracted, and characterized, the properties of, starless
and pre-stellar cores from the SCUBA-2 850-pum, Herschel-SPIRE
250-um, and spatially filtered Herschel 250-um data, and have
compared the cores found in the different data sets. Our goal was to
determine which property of a starless core identified by Herschel
is most important in determining whether the same core would be
detected with SCUBA-2.

We identified sources using the CSAR extraction algorithm. We
detected 25 sources in the SCUBA-2 850-um data, 208 sources in
the Herschel 250-pm data, and 138 sources in the spatially filtered
Herschel 250-pum data.

We determined a representative dust emissivity index of our
sources of B = 1.3 £ 0.6. This was the value of § which best
predicted the SCUBA-2 850-um flux densities of our sources from
their SED in filtered Herschel emission. We determined mean line-
of-sight temperatures for our sources by SED fitting. This then
allowed an accurate mass determination to be made for each source.

We found that cores detected by SCUBA-2 and cores detected in
filtered 250-um emission have similar properties, obeying the same
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Figure 9. Plot of core mass against deconvolved size. Black symbols are SCUBA-2 sources, green symbols are filtered-Herschel sources. There appears to be
no tendency for the SCUBA-2 sources to be smaller in size than the filtered-Herschel sources. However, the SCUBA-2 sources are among the most massive.
The grey band indicates the region which unbound starless cores are expected to inhabit (Elmegreen & Falgarone 1996; André et al. 2010). A substantial
fraction of the filtered-Herschel sources lie within this region. However, the SCUBA-2 sources in almost all cases occupy the region above this, in which

prestellar cores are expected to be found (cf. André et al. 2010).
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Figure 10. Plot of the lowest source density detectable using SCUBA-2 Internal Release 1 GBS data, as a function of distance, for various assumed source
temperatures. The dashed line shows the SCUBA-2 GBS density sensitivity limit as a function of distance at the mean temperature of the non-externally heated
starless cores in our sample (11.3 K). All of the relations are normalized against a density limit of ~6.3 x 10? Hp/cm? at a temperature of 11.3 K and a distance

of 140 pc, as we find for the mean of the cores in Taurus in this work.

temperature—density relation. Cores extracted from, and character-
ized using, unfiltered Herschel data typically have higher temper-
atures and densities than their counterparts in the SCUBA-2 data.
This is due to extended emission along the line of sight, which is
removed by the filtering process. This further confirmed that spa-
tial filtering was necessary to accurately compare SCUBA-2 and
Herschel data.

MNRAS 463, 1008-1025 (2016)

We found that SCUBA-2 detects only the densest starless cores,
with no SCUBA-2 cores having densities below ~6 x 10° Hy/cm?,
an order of magnitude higher density than the least dense filtered
250-um-detected Herschel core. There is no equivalent cut-off in
temperature, with both SCUBA-2 and Herschel sources having tem-
peratures in the range ~9-20 K. Neither are SCUBA-2 cores typi-
cally smaller in radius than Herschel cores — i.e. the spatial filtering
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introduced by SCUBA-2 does not appear to change the measured
FWHM of a starless core observed at this distance.

Thus, we found that the criterion for whether a starless or prestel-
lar core detected in Herschel data will also be detected in SCUBA-2
data is its density (for a given temperature). In the case of Taurus, for
SCUBA-2 GBS Internal Release 1 data, this was ~6 x 10> Hy/cm?.
This corresponds to a cut-off in surface brightness, below which
SCUBA-2 is no longer sensitive. This makes SCUBA-2 ideal for
selecting those cores in Herschel catalogues that are closest to form-
ing stars. This information can be used in the analysis of SCUBA-2
and Herschel data of other GBS regions, as shown in Fig. 10, and
to plan future SCUBA-2 observing campaigns.
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APPENDIX A: HERSCHEL SOURCES

In this Appendix we direct the reader to the full set of sources
found in the filtered and unfiltered Herschel 250-pum observations
of the low-SCUBA-2-variance region of L1495 by CSAR. The un-
filtered Herschel sources are shown in Figs Al(a) and (b), while
the filtered Herschel sources are shown in Figs A2(a) and (b). For
the Herschel sources, at Marsh et al. (2016), Table Al lists the
name, right ascension and declination, measured major and minor
FWHM sizes, position angle, flux densities as measured in Her-
schel 160-pum, 250-pm, 350-pm and 500-pm emission, an extrap-
olated SCUBA-2 850-pm flux density (given in brackets), and the
equivalent source in the Marsh et al. (2016) catalogue. Table A2,
at the DOI given above, lists the same properties for the filtered-
Herschel sources as given in Table A1, except the 160-pm, 250-pm,
350-um and 500-pum flux densities are measured in filtered Her-
schel emission, and the equivalent source in the Herschel catalogue
is listed. The derived source properties, temperature, mass, density
and deconvolved FWHM, are listed in Table A3 at the DOI above
for the Herschel sources, and in Table A4 at the DOI above for the
filtered-Herschel sources.

Many of the sources found in the unfiltered Herschel data
do not have counterparts in the Marsh et al. (2016) catalogue.
Marsh et al. (2016) identify sources using the getsources algorithm
(Men’shchikov et al. 2012), and produce two catalogues: an ‘un-
filtered’ catalogue, and a ‘filtered’ catalogue of robustly detected
cores, inclusion of a core into which requires a stringent set of cri-
teria to be met (Marsh et al. 2016). The Marsh et al. (2016) sources
listed in the final column of Table A1l are from their filtered cat-
alogue. We find that, when comparing our sources with the full
Marsh et al. (2016) catalogue, approximately half of the Herschel
sources without filtered Marsh et al. (2016) counterparts can be
identified with a source in the unfiltered Marsh et al. (2016) cat-
alogue (K. Marsh, private communication). The remainder of the
sources are typically highly elongated and have a low signal-to-
noise ratio, suggesting that with our chosen parameters for CSAR
(optimized for detection of sources in the SCUBA-2 data), we may
be detecting striations such as those identified by Palmeirim et al.
(2013). We therefore caution the reader that this is not the defini-
tive Herschel catalogue for this region. For the definitive Herschel
catalogue, please see Marsh et al. (2016).

APPENDIX B: DEMONSTRATION OF SURFACE
BRIGHTNESS EFFECT

In this appendix we demonstrate that the increased number of
sources detected in the spatially filtered Herschel 250-pum data com-
pared to the number detected in the 850-um SCUBA-2 data is due
to the blackbody function peaking at ~250 pm, while 850 pm is on
the Rayleigh—Jeans tail, at temperatures typically found in molec-
ular clouds. Hence, dust at temperatures typically found in starless
cores emits more flux at Herschel wavelengths than at SCUBA-2
850-pum wavelength, because Herschel wavelengths coincide with
the peak of the blackbody function. For the same absolute noise
level, any given core will appear at a higher signal-to-noise ratio to
Herschel than to SCUBA-2.

To test the hypothesis that this effect causes the increased de-
tection of sources in the filtered Herschel 250-um data over the
SCUBA-2 850-um data, we scaled the noise on the Herschel data
such that the relative, rather than the absolute, sensitivity of the
Herschel and SCUBA-2 maps became comparable. In order to as
closely mimic the SCUBA-2 data as possible, we added noise to
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Figure Al. (a) Grey-scale image of the head of the L1495 filament, in
Herschel 250 pm emission. Sources detected in Herschel 250 pm emission
are marked by small ellipses. The large-scale contour surrounds the region
of lowest SCUBA-2 variance (cf. Buckle et al. 2015). (b) As Fig. Al(a) for
the L1495 West region.

the unfiltered Herschel data before passing the data through the
SCUBA-2 pipeline.

To do this, we determined the relative brightness of the 250-
pm and 850-um points on the grey-body curve, for a temperature

020z Jequieoaq 01 U0 1s8nb Aq 91.86852/8004/1/€9¥/0IE/SEIU/WO0"dNO"dIUSPEOE/:SAJIY WOI) PEPEOJUMOQ



(a) _I LB I L I LI L I LB L I LB L

30 -

20} -

S 101 .

o - 4

N

S I
- I

k] ] ]

E» 28° 00' ' .

£ I ]
O -
o -

50} -

401 -

27° 30'F .

-I L1 11 l L1 11 I 11 11 L1 11 l L1 1 1 ] L1 11 I 1117

04" 19™M 305  18™ 30° 17™ 308 16™M 305
Right Ascension (J2000)

(b) [ T T T T T T

30F .

25F .

g 20f .

o L i

N L 4

2 [ 1

c 15F 7

9 [ ]

E L ]

5 0r ]

[} L 4

o L 4

o5F 5

28° 00'F .

: PRRETURN SR S S U SR SO ST TN AT T T T T NN N N T S N S S MY .:

04" 15™M 305 14M 30° 13™ 308

Right Ascension (J2000)

Figure A2. (a) Grey-scale image of the head of the L1495 filament, in
filtered Herschel 250 pum emission. Sources detected in filtered Herschel
250 pm emission are marked by small ellipses. The large-scale contour
surrounds the region of lowest SCUBA-2 variance (cf. Buckle et al. 2015).
(b) As Fig. A2(a), for the L1495 West region.

Dense cores in L1495 1023

(a> | I I | b 150 I 115§ TTIrrIrrT I { ) I | TR 1P L
30
20
) 10
o
N
2
(=
0
E 28° 00'
S
[}
(=]
50
40
27° 30
-[ L1 11 I [ 1) ) I Ll | B e | I | el X I | Jebed ] LT I 11173
04" 19™ 305  18™ 30° 17™M 308 16™ 30°
Right Ascension (J2000)
(b) TRy D) R LS T R S | [T [ A L) IR
30f -
25} ]
g 20f .
o L 4
N L 4
2 C ]
c 15[ ]
k] i ]
s ]
S or 3
[93 L 4
o L ]
osf .
28° 00' | .
:. (o] ER PP I A O 0T ] (AR C ] S T U Y .:
04" 15™M 305 14M 30° 13™ 308

Right Ascension (J2000)

Figure B1. (a) Grey-scale image of the head of the L1495 filament, in
increased-noise filtered Herschel 250 pm emission. Sources detected in
increased-noise filtered Herschel 250 pm emission are marked by small
ellipses. The large-scale contour surrounds the region of lowest SCUBA-2
variance (cf. Buckle et al. 2015). This should be compared with Fig. 4(a).
(b) As Fig. B1(a), for the L1495 West region. This should be compared with
Fig. 4(b).
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T = 11.3 K (the mean temperature of our cores), and for a dust
opacity index B = 1.3 (as we use in the analysis in this work), i.e.
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We measured the rms noise level of the SCUBA-2 850-pum map
to be 0.9 mly/6-arcsec pixel. Hence, our target rms value for the
Herschel data was 4.11 x 0.9 mJy/6-arcsec pixel, i.e. 3.7 mJy/6-
arcsec pixel. We determined the rms noise level that needed to be
added to the original map by subtracting the measured rms noise
level from the target noise level in quadrature. We created a Gaussian
noise distribution of the required amplitude, and added this to the
unfiltered Herschel 250-pum map.

We then passed the increased-noise Herschel 250-um map
through the SCUBA-2 pipeline in the manner described in Sec-
tion 4, removing the large-scale structure from the Herschel data.

We extracted sources from our increased-noise filtered Herschel
250-um map with CSAR, using the parameters described in Sec-
tion 4. We extracted 47 sources from the region of lowest SCUBA-2
variance, of which five were excluded as being point sources. This
left 42 detections of sources likely to be starless cores. We detected
25 starless cores in the 850-um SCUBA-2 data. While we detect
more cores in the increased-noise filtered Herschel 250-pum map,
the cores we identify are similar to those detected in SCUBA-2 data:
they are located along the dense filaments, and many can be directly
associated with sources in the SCUBA-2 catalogue. Particularly, the
low-surface-brightness sources away from the dense filaments are
no longer detected, as expected. The starless cores which we detect
in the increased-noise filtered Herschel 250-pm map are listed in
Table B1 and shown in Figs B1(a) and (b).

In Fig. B2 we plot the temperatures and densities of the filtered-
Herschel 250-um sources as determined in Section 4 (cf. Fig. 8).
Those filtered-Herschel sources which are detected in the increased-
noise filtered Herschel data (i.e. those sources which are listed as
counterpart sources in Table B1) are highlighted. It can be seen
that those sources detected in the increased-noise filtered Herschel
data are preferentially the denser sources. The mean density of the

MNRAS 463, 1008-1025 (2016)

Table B1. Sources detected in increased-noise filtered Herschel 250-pum
data.

Source R.A. Dec. FWHM Angle  Counterpart
Index (J2000) (J2000) (arcsec) (° Eof N) Sources
N1 4:18:40.53 428:23:02.2 7.7 x 4.6 77.4 S1,F1
N2 4:14:27.71 +28:07:12.8 13.5 x 7.8 103.5 S10,F3

N3 4:18:52.44 428:20:22.1 5.5 x 4.0 113.0 S23,F2
N4 4:14:27.50 +28:04:53.9 4.3 x 3.1 164.8 S13,F4
N5 4:14:12.23 428:08:454 8.6 x 3.9 146.8 S15,F5
N6 4:17:00.29 +428:26:28.2 6.2 x 5.9 80.0 S8,F6
N7 4:17:34.40 +428:03:05.5 10.2 x 4.1 453 S12,F8
N8 4:18:03.83 +28:23:06.4 6.2 x 4.9 179.9 S6,F10
N9 4:17:50.17 +27:56:11.8 16.1 x 12.6 97.6 S3,F12
N10 4:17:42.04 +28:08:48.8 9.2 x 4.0 166.8 S2,F13

N11 4:17:43.49 +28:06:05.0 8.8 x 4.4 18.7 S7,F15
NI12 4:17:41.24 427:39:17.2 16.5 x 7.5 96.6 S18,F11
N13 4:18:12.20 427:35:45.1 14.9 x 10.0 12.8 S9,F17
N14 4:18:08.72  428:05:03.8 12.1 x 4.3 75.5 S5,F14
N15 4:17:51.53 428:12:355 9.2 x 7.6 158.3 S14,F16
N16 4:17:37.51 +28:12:06.2 9.3 x 5.3 29.5 S21,F19
N17 4:18:07.34 428:24:51.8 11.1 x 5.9 17.0 S24,F18
NI18 4:16:57.33 428:29:38.3 8.7 x 5.2 354 S17,F20
N19 4:18:04.37 427:33:18.0 5.8 x3.3 111.7 F25
N20 4:17:39.12  427:47:35.5 18.2 x 4.5 22.3 F26
N21 4:16:58.84 +28:32:06.9 11.2 x 7.1 128.7 F27
N22 4:18:33.65 +28:28:18.3 32.2 x 5.9 176.3 F29
N23 4:13:35.62  +28:21:21.9 14.0 x 8.4 169.1 F21
N24 4:17:26.89 +28:22:31.8 13.3 x 4.3 173.4 F28
N25 4:18:05.39 +28:19:43.5 7.5 x4.2 6.2 F37
N26 4:18:00.27 +428:11:15.6 8.4 x 5.4 163.5 S19,F39
N27 4:17:20.48 +28:19:07.2 15.7 x 6.1 17.7 S25,F24
N28 4:18:55.31 +428:17:36.8 16.7 x 5.3 10.8 F44
N29 4:17:32.10 427:41:39.7 5.8 x 4.5 170.1 F22
N30 4:13:26.87 +28:16:54.6 6.7 x 4.4 104.1 F34
N31 4:14:35.08 +28:19:38.3 16.7 x 10.7 55.8 F45
N32 4:17:34.83 427:53:149 30.6 x 5.4 63.3 F35
N33 4:17:06.70 428:23:05.1 17.7 x 7.5 121.5 F33
N34 4:17:50.11 +428:24:10.5 26.4 x 8.5 125.8 F40
N35 4:17:36.40 +27:55:43.6 7.6 x5.1 108.4 F36
N36 4:13:20.35 428:16:01.7 8.8 x 4.8 53.8 F41
N37 4:18:00.96 +27:41:37.3 79 x 4.4 29 F72
N38 4:13:49.76  428:07:47.1 8.0 x 3.8 123.5 None
N39 4:17:54.95 +28:19:14.6 19.4 x 6.7 26.9 F43
N40 4:18:13.93  428:23:28.7 21.1 x 10.8 145.8 F38
N41 4:17:54.74 +28:05:24.7 19.0 x 4.5 65.3 F53
N42 4:14:49.36  428:22:57.1 9.1 x 5.0 82.0 F49

filtered-Herschel sources is 9.0 x 10° H, cm—, while the median

density is 3.5 x 103 Hy/cm®. The mean density of the subset of
the filtered-Herschel sources which are detected in the increased-
noise data is 21.4 x 103 Hy/cm?, approximately 2.4 times that of
the set as a whole, while the median density of the subset detected
in the increased-noise data is 12.1 x 103 Hy/cm?, approximately
3.5 times that of the whole data set. Moreover, 77 per cent of the
filtered-Herschel sources with densities >10* Hy/cm? are detected
in the increased-noise data, while only 16 per cent of the filtered-
Herschel sources with densities <10* Ho/cm? are detected.

The clear cut-off in density which is apparent in the detection
of SCUBA-2 850-pum sources is less distinct in the increased-noise
filtered-Herschel data. This could be due to variation in temperature
of the sources, meaning that our choice of increasing the rms noise
to a factor of 4.11 times the SCUBA-2 850-um noise is not repre-
sentative of all sources. Resolution effects may also contribute to
this. However, these results support our hypothesis that the tendency
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for SCUBA-2 850-um emission to detect the only densest sources
is due to the decreased surface brightness of sources at 850-pm
relative to 250-pum.
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