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ABSTRACT

In this paper, we present the first observations of the Ophiuchus molecular cloud performed
as part of the James Clerk Maxwell Telescope (JCMT) Gould Belt Survey (GBS) with the
SCUBA-2 instrument. We demonstrate methods for combining these data with previous HARP
CO, Herschel, and IRAM N,H* observations in order to accurately quantify the properties
of the SCUBA-2 sources in Ophiuchus. We produce a catalogue of all of the sources found
by SCUBA-2. We separate these into protostars and starless cores. We list all of the starless
cores and perform a full virial analysis, including external pressure. This is the first time that
external pressure has been included in this level of detail. We find that the majority of our
cores are either bound or virialized. Gravitational energy and external pressure are on average
of a similar order of magnitude, but with some variation from region to region. We find that
cores in the Oph A region are gravitationally bound prestellar cores, while cores in the Oph C
and E regions are pressure-confined. We determine that N,H™ is a good tracer of the bound
material of prestellar cores, although we find some evidence for NyH™ freeze-out at the very
highest core densities. We find that non-thermal linewidths decrease substantially between the
gas traced by C'®0 and that traced by N,H™, indicating the dissipation of turbulence at higher
densities. We find that the critical Bonnor—Ebert stability criterion is not a good indicator of
the boundedness of our cores. We detect the pre-brown dwarf candidate Oph B-11 and find
a flux density and mass consistent with previous work. We discuss regional variations in the
nature of the cores and find further support for our previous hypothesis of a global evolutionary
gradient across the cloud from south-west to north-east, indicating sequential star formation
across the region.

Key words: stars: formation —dust, extinction —ISM: individual objects: L1688 — ISM: indi-
vidual objects: L1689 —ISM: kinematics and dynamics — submillimetre: ISM.
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1 INTRODUCTION

The Ophiuchus molecular cloud is a nearby (139 + 6 pc; Mama-
jek 2008), well-studied (Wilking et al. 2008), site of low-mass star
formation (Wilking & Lada 1983). It consists of two submillimetre-
bright central regions, L1688 and L1689, each of which has ex-
tensive filamentary streamers (see e.g. Loren 1989). Ophiuchus is
considered to be the nearest site of clustered star formation (Wilk-
ing & Lada 1983; Motte, André & Neri 1998). Star formation in
Ophiuchus is heavily influenced by the nearby Sco OB2 association
(Vrba 1977), the centre of which is at a distance of 11 &£ 3 pc from
Ophiuchus (Mamajek 2008). The south-west/north-east-aligned fil-
amentary streamers from each of the central regions are thought to
be due to the effects of this association (Vrba 1977; Loren 1989).
The L1688 cloud shows a much more active star formation history
than the neighbouring L1689 cloud to the east, supporting this sce-
nario (Nutter, Ward-Thompson & André 2006, hereafter NWA06).

Ophiuchus is a part of the Gould Belt, a ring of molecular clouds
and OB associations ~1 kpc in diameter and inclined ~20° to the
Galactic Plane (Herschel 1847; Gould 1879). The Gould Belt is
considered a ‘laboratory’ for the study of low-mass star formation,
as most of the low-mass star-forming regions within 500 pc of
the Earth are associated with it. This has led to surveys aimed at
mapping substantial fractions of the Gould Belt being undertaken
using the JCMT (Ward-Thompson et al. 2007), the Herschel Space
Observatory (André et al. 2010), and the Spitzer Space Telecope
(Evans et al. 2009).

In this paper, we report on the Submillimetre Common-User
Bolometer Array 2 (SCUBA-2) first results for Ophiuchus from the
JCMT Gould Belt Survey (GBS)' and compare them to Heterodyne
Array Receiver Program (HARP) CO J = 3-2 observations from
the JCMT GBS, as well as to data from other GBSs. We study the
starless core population of Ophiuchus, in particular investigating
the stability of the cores against gravitational collapse in order to
identify the prestellar (i.e. gravitationally bound; Ward-Thompson
et al. 1994) subset of the population of starless cores. There have
been many previous wide-field millimetre and submillimetre studies
of the starless core population in the L1688 cloud (e.g. Motte et al.
1998, hereafter MANOS; Johnstone et al. 2000; Enoch et al. 2008;
Simpson, Nutter & Ward-Thompson 2008, hereafter SO8; Simpson
etal. 2011).

This paper is laid out as follows: in Section 2, we discuss the ob-
servations and data reduction. In Section 3, we discuss data process-
ing, including techniques for combining SCUBA-2 and Herschel
data. In Section 4, we present our catalogue of sources, discussing
source extraction and characterization of sources using continuum
and line data. In Section 5, we discuss the energy balance and stabil-
ity of the starless cores among our sources. In Section 6, we discuss
how the properties of our starless cores vary with region. Section 7
summarizes the conclusions of this paper.

2 OBSERVATIONS

2.1 SCUBA-2

The SCUBA-2 (Holland et al. 2013) observations presented here
form part of the JCMT GBS (Ward-Thompson et al. 2007). Contin-
uum observations at 850 and 450 wm were made using fully sampled
30 arcmin diameter circular regions (PONG1800 mapping mode;

'The SCUBA-2 data presented in this paper are available at:
http://dx.doi.org/10.11570/15.0001.
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Bintley et al. 2014) at resolutions of 14.1 and 9.6 arcsec, respec-
tively. Larger regions were mosaicked with overlapping scans. The
new SCUBA-2 data are shown in Figs 1 and 2, for the regions of
the map with significant emission. The full maps, along with the
variance arrays, are shown in Figs A1-A4 in Appendix A.

The data were reduced using an iterative map-making technique
(makemap in sMurr; Chapin et al. 2013), and gridded to 6 arcsec
pixels at 850 um and 4 arcsec pixels at 450 pm, as part of the Internal
Release 1 GBS data set. 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 mask based on signal-to-noise ratio
(SNR) 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 robust
within the masked regions, and are uncertain outside of the masked
region. The mask used in the reduction can be seen in Fig. AS in
Appendix A.

A spatial filter of 10 arcmin is 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 between
2.5 and 7.5 arcmin in size will be detected, but both the flux and
the size are underestimated because Fourier components with scales
greater than 5 arcmin are removed by the filtering process. Detection
of sources larger than 7.5 arcmin is dependent on the mask used
for reduction. The mask introduces further spatial filtering, as after
all but the final iteration of the map-maker, all emission outside
the region enclosed by the mask is suppressed. The recovery of
extended structure outside of the masked regions (shown in Fig. A5
in Appendix A) is limited.

The data are calibrated in Jy pixel™', using aperture flux con-
version factors of 2.34 and 4.71 Jy pW~! arcsec? at 850 and
450 pum, respectively, derived from average values of JCMT cali-
brators (Dempsey et al. 2013), and correcting for the pixel area. The
PONG scan pattern leads to lower noise levels in the map centre
and overlap regions, while data reduction and emission artefacts
can lead to small variations in the noise level over the whole map.

Four overlapping subsections of the L1688 region were each
observed four times between 2012 May 6 and 2012 July 4 in very dry
(Grade 1; t22561, < 0.05) weather. Three overlapping subsections
of the L1689 region were each observed six times between 2012
June 10 and 2013 June 30 in dry (Grade 2; 7555, < 0.08) weather.
One section of the L1709 region was observed six times in Grade
2 weather between 2013 July 18 and 27, as was one section of the
L1712 region between 2013 July 28 and 29. We found a typical 1o
noise level of 1.73 mJy 6 arcsec™! pixel in the 850-um SCUBA-2
data and 14.9 mJy 4 arcsec™! pixel in the 450-um SCUBA-2 data.

2.2 HARP

The HARP (Buckle et al. 2009) receiver contains an array of 16
heterodyne detectors, arranged in a 4 x 4 footprint on the sky.
HARP is used in conjunction with the Auto-Correlation Spectrom-
eter and Imaging System (ACSIS; Buckle et al. 2009) backend. The
L1688 region of Ophiuchus was observed as part of the JCMT GBS
(Ward-Thompson et al. 2007), in three isotopologues of the CO
J = 3-2 transition: '>CO, '*CO, and C'0, at a resolution of 14 arc-
sec. These data are presented elsewhere (White et al. 2015). The
region of the SCUBA-2 map for which '>CO data are available (an
area approximately 2050 arcsecx2500 arcsec, centred on L1688)
is outlined in red on Fig. 1, while the region for which both '3CO

MNRAS 450, 1094-1122 (2015)
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Figure 1. 850-pm flux density data, shown in square-root scaling, for each of the subregions of Ophiuchus (see text for details). '>CO data are available in
the area outlined in red; 3CO and C'80 data are available in the area outlined in green; N,H™ data are available in the areas outlined in blue. The CO outflow
associated with IRAS 16293 —-2422 is marked in magenta. Open circles mark the sources we extract from the 850 pum data (see text for details of colour coding).
Yellow stars mark the embedded protostars (Enoch et al. 2009). Blue stars mark the B stars HD 147889 and S1.
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Figure 2. 450-pm flux density data, shown in square-root scaling, for each of the subregions of Ophiuchus (see text for details). The B stars HD 147889 and

S1 are marked, along with the Class O protostars VLA 1623 and IRAS 16293—-2422. The subregions of the L1688 cloud are labelled.
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and C'30 data are available (two overlapping regions, each with an
area approximately 1000 arcsec x 1000 arcsec) is outlined in green.

2.3 Herschel Space Observatory

The Herschel Space Observatory was a 3.5m-diameter telescope,
which operated in the far-infrared and submillimetre regimes (Pil-
bratt et al. 2010). The observations for this paper were taken simul-
taneously with the Photodetector Array Camera and Spectrometer,
PACS (Poglitsch et al. 2010), and the Spectral and Photometric
Imaging Receiver, SPIRE (Griffin et al. 2010; Swinyard et al. 2010)
using the combined fast-scanning (60 arcsec s~') SPIRE/PACS par-
allel mode. Of these data sets, we used the three highest resolution:
PACS 70 um, at 6 arcsec x 12 arcsec; PACS 160 wm, at 12 arcsec x
16 arcsec and SPIRE 250 pm, at 18 arcsec. The data used in this pa-
per were taken as part of the Herschel Gould Belt Survey — hereafter
HGBS (André et al. 2010). HGBS Ophiuchus data are presented
elsewhere (Roy et al. 2014; Ladjelate et al., in preparation). We
use them here for comparison with the SCUBA-2 data. These data,
with Observation IDs 1342205093 and 1342205094, were reduced
using HIPE version 5.1. The SCUBA-2 pipeline was applied to the
Herschel observations in order to make the data sets comparable, as
discussed in Section 3.2. This process removes large-scale structure
from the Herschel observations, removing the necessity of applying
background-correction offsets to the Herschel observations.

2.4 IRAM

Archival N;HT J = 1-0 data are also used (Di Francesco, André &
Myers 2004; André et al. 2007). These observations were carried
out with the Institut de Radioastronomie Millimétrique (IRAM) 30-
m telescope at Pico Veleta, Spain, in 1998 June, 2000 July, and 2005
June. The FWHM of the IRAM beam at 3 mm is ~26 arcsec. For
the purposes of improving SNR, we binned the data to a 15 arcsec
pixel grid. The regions of the area mapped with SCUBA-2 for which
IRAM data are available are outlined in blue on Fig. 1.

3 DATA PROCESSING

Figs 1 and 2 show the new SCUBA-2 data. Figs B1 and B2 in
Appendix B show the SCUBA-2 data compared to the Herschel
data.

3.1 CO contamination

SCUBA-2 850 um data may be substantially contaminated by the
CO J = 3-2 transition (Drabek et al. 2012) which, with a rest
wavelength of 867.6 pm, is covered by the SCUBA-2 850 um filter,
which has a half-power bandwith of 85 pm (Holland et al. 2013).
Drabek et al. (2012) estimate that the contribution to the measured
850-pm continuum emission from CO is generally <20 per cent,
but can reach ~80 per cent in outflow-dominated regions. Some CO
contamination in the 850 um data is expected for L1688, primarily
due to the bright and extended outflow from the Class O protostar
VLA1623 (André, Ward-Thompson & Barsony 1993).

In this region, CO contamination was corrected for by re-reducing
each of the 850 um observations with the integrated '>CO data
added to the SCUBA-2 bolometer time series as a negative signal.
The contribution of CO emission to the total observed flux density
in L1688 was found to be 4.6 per cent. The fractional CO contam-
ination varies significantly across L1688. In the dense centres of
Oph A, B, C, and F the CO contamination fraction is typically

MNRAS 450, 1094-1122 (2015)

<1 per cent, while in Oph E, located along the same line of sight as
the edge of the outflow from VLA 1623, the contamination reaches
up to 10 per cent. However, in the brightest regions of CO emission
from the outflow from VLA 1623 and the PDR associated with HD
147889 — both regions of low 850-pum continuum emission — the
contamination fraction reaches ~100 per cent. HARP CO data are
only available for the central L1688 region; other regions cannot
be corrected for in the same manner. However, it is only in L1688
that there is likely to be substantial contamination, and as even
in L1688 the mean contribution of the CO emission is less than
5 per cent, dropping to <1 per cent in the dense, 850-pm bright re-
gions in which the majority of our sources lie, it is unlikely that mea-
sured 850-um flux densities outside of this region are significantly
affected.

As a caveat, we note that a CO outflow can be seen in the 850 um
data of L1689, to the east of the northernmost part of the region. This
outflow, marked in magenta on Fig. 1, was previously identified as
submillimetre condensation SMM 21 by NWAO06, and is likely to
be the outflow known to be associated with the protostar(s) IRAS
16293 —-2422 (Mizuno et al. 1990). This indicates that there is likely
to be some CO contamination associated with IRAS 16293 —-2422
in the L1689 north region. Flux densities, and hence masses, in this
region may be overestimated as a result.

3.2 Spatial filtering

SCUBA-2 is not sensitive to spatial scales greater than 600 arcsec.
In order to make SCUBA-2 and Herschel observations comparable,
the large-scale structure must be removed from the Herschel ob-
servations. To accomplish this, the SCUBA-2 pipeline was applied
to the Herschel observations following the method described by
Sadavoy et al. (2013), in which the Herschel data are added to the
SCUBA-2 bolometer time series, and the reduction process, as de-
scribed in Section 2.1, is repeated, including the application of the
mask shown in Fig. AS to the Herschel data. The original SCUBA-2
reduction of the data is then subtracted from the Herschel+-SCUBA-
2 map, leaving the spatially-filtered Herschel signal. The aim of this
procedure is to treat the Herschel data as if it were SCUBA-2 data.
In order to achieve this, it is necessary to minimize the effect of the
Herschel data on the map-making process by treating it as a small
perturbation to the SCUBA-2 signal (the input Herschel data are
scaled appropriately). In this way, differences in areas of significant
emission, noise levels and beam size between the SCUBA-2 and
Herschel maps do not distort the final, filtered, map, or prevent the
map-making process from converging.

This spatial filtering removes the need to use Planck data to de-
termine global background levels for the Herschel data sets (see e.g.
Planck VI2011), as all large-scale structure is removed from the fil-
tered maps, leaving no background signal in emission-free regions.
The filtering process was repeated once for each SCUBA-2 observ-
ing position for which there was corresponding Herschel data, and
the resulting spatially-filtered maps were combined to form a mo-
saic. The only region in the SCUBA-2 mosaic of Ophiuchus not
covered by Herschel is L1712.

3.3 Common-resolution convolution kernels

SCUBA-2 450-pm flux densities have previously been seen to show
an excess over the values predicted from interpolation of the Her-
schel 350 and 500 um bands (Sadavoy et al. 2013). This discrepancy
was also seen in our data when they were brought to a common
resolution using the published beam models. The hypothesis that
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the apparent 450 um excess was caused by the approximation of
the SCUBA-2 450-pum beam secondary component as a Gaussian
(Dempsey et al. 2013) led to the construction of a set of convolu-
tion kernels from the Herschel and SCUBA-2 beam maps following
the method of Aniano et al. (2011), which we summarize here. This
method works from beam maps rather than published beam models,
and involves constructing a convolution kernel K(A=>B) that maps
point spread function (PSF) A on to the lower resolution PSF B:

PSFp = K(A = B) x PSF,. ¢))
In principle, K(A=B) is derived using

FT(PSFB))

FT(PSF,) @

K(A = B) =FT! (
where FT represents the Fourier Transform operator and FT~! the
inverse Fourier transform. However, in practice the division by
FT(PSF,) leads to K(A=>B) being dominated by noise, unless the
high spatial frequency (i.e. high wavenumber k) components of PSF
A are filtered. First, high-frequency noise is filtered from both PSFs
using a filter ¢ which takes the form

1 fork <k,
4
Bk = { exp [— (1.8249 x kﬁ_-k&) } fork, <k <ks., (3
0 forkg < k

where k, = 0.9kz and kg = 8mt/FWHM where FWHM is the
FWHM of the instrument primary beam. Hereafter, FT, = ¢ xFT.
The highest-frequency components of PSF A are further filtered:
equation (2) becomes

. ( FT4(PSFp)
K(A= B)=FT ' [ 2% , 4
(A= B) (FT¢(PSFA) X A) 4
and the filter f takes the form
1 fork < ki a
fatky = £ [14cos (mx 2] forkia <k < kia (5)
0 forkya < k

where ky_ 4 is the highest wavenumber at which FT(PSF,) is appre-
ciable:

FT(PSF,)(kiy.A) = 0.005 x FT(PSF ) max. (6)

and k;, o =0.7ky, 4. Prior to constructing the convolution kernel, the
PSFs are centroided, resampled to a common grid of 3645 x 3645
0.2 arcsec pixels, and circularly averaged. The SCUBA-2 and
SPIRE beams are already approximately circular and are largely
unchanged by this circular averaging. The PACS beam, which is
substantially elliptical, is more affected, and the convolution pro-
cess may produce some slight distortion in the convolved 160 pm
map. However, as both the circular averaging process and the con-
volution process conserve flux, and as the PACS 160 um beam
(12 arcsec x 16 arcsec) is smaller than the SPIRE 250 um beam
(18 arcsec) along both its major and minor axes, the total flux mea-
sured inside each aperture at 160 wm will be accurate. It should also
be noted that all of the SCUBA-2, SPIRE, and PACS instruments
scan in more than one direction on the sky while taking an obser-
vation, and hence the beam pattern is rotated several times within
each observation. This means that the beam pattern is to some extent
circularly averaged even before the convolution is applied.

Fig. 3 shows the result of convolving the maps with these kernels
to the lowest resolution wavelength band being considered (Her-
schel 250 um); this caused a marked reduction in the discrepancy

First SCUBA-2 observations of Ophiuchus 1099

1.000 SPIRE 250um Beam 3

E SCUBA-2 450um Beamn B

- + Full Kernel Reconstruction — — —

£ o100 E Goussion Reconstruction =

2 n.mo;— —;

0.001 E

T ——— =

T -00s ;-'\ //* 3

2 stk X 3
@ 20 40 60 80 100 120 140

Radius {aresec)

Figure 3. Convolution of the SCUBA-2 450 um beam (blue) to the Her-
schel 250 pm beam (black). The red dashed line shows the result of the
convolution kernel, while the grey solid line shows the result of convolution
by a Gaussian beam model.

between the 450-um flux density and the Herschel flux densities.
This then allowed the 450 um data to be used in spectral energy
distribution (SED) fitting, as discussed below.

4 RESULTS

4.1 Source extraction

Source extraction was performed on the CO-subtracted SCUBA-
2 850 um map of L1688, and the non-CO-subtracted SCUBA-2
850 pm map of the remainder of the field. Sources were identified
using the curvature-based CuTEx algorithm (Molinari et al. 2011)
in its detection mode. CuTEx identifies sources through signal in
the second derivatives of the input map, effectively removing back-
ground and large-scale structure from the map, and leaving the sharp
changes in gradient associated with compact sources. CuTEx was
chosen after extensive testing of various different methods as the al-
gorithm best able to break apart the emission in crowded regions of
the map (Oph A and Oph B), and which was in the most agreement
with previous studies.

CuTEx identified 70 sources in the CO-subtracted L1688 region
and 23 sources in the rest of the observed field: four in the remain-
der of L1688, seven in L1689 north, eight in L1689 south, one
in L1689 east, two in L1709, and one in L1712. All but one of
our sources are within the masked areas described in Section 2.1
and shown in Fig. AS. Source 74/L1688N SMM 1, which lies
outside the mask, is the known protostellar object DoAr 4 (see
Table 2 and discussion on source classification below).

Of the 70 sources in the CO-subtracted L1688 region, 46 were
uniquely associated with a source in the SO8 catalogue. A source
is considered to be uniquely identified in the SO8 catalogue if its
FWHM area overlaps with that of an SO8 source, and if it is the only
source in our catalogue to do so. The SO8 catalogue identifies 93
sources in SCUBA observations of L1688, of which 91 are within
the CO-subtracted SCUBA-2 field. In Oph A, all of our sources have
a unique counterpart in the SO8 catalogue. In Oph B2, we identify
13 sources while SO8 identify 12. The discrepancies between the
two catalogues are mostly in low signal-to-noise regions and are
likely to be due in part to the different source-finding criteria used
(see discussion on completeness in Section 4.2).

Of the 16 sources in L1689, 13 were uniquely identified sources
in the NWAOG6 catalogue, while the remaining 3 sources were sub-
structure within NWA06 SMM 16.

The sources identified by CuTEx were characterized using a cus-
tom multiple-Gaussian fitting code, which models the flux density
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of sources in crowded regions by fitting a 2D Gaussian to each of
a set of associated sources simultaneously. This method uses the
source positions and sizes provided by CuTEx as initial input to the
fitting routine mpfit (Markwardt 2009), along with the model:

/N2 Y, 2
F(x,y) =a+bx+cy+zN:Ane_%<<“"""> +<”) ) %

n=1

where
x, = (x — x0.,) €08(6,) — (¥ — Yo.») sin(6,) (8a)
y;/l = (X - xO.n) Sin(en) + (y - yO,n) 005(011)7 (Sb)

and N is the number of sources to be fitted simultaneously.

Sources are considered to be neighbours if they are separated by
less than twice the FWHM of the larger source. Groups to be fitted
simultaneously are defined such that each source in a group is a
neighbour to at least one other source in the group, and no source
has any neighbours outside of the group, with isolated sources
considered as being in a one-member group. For each group, the
local background is fitted as an inclined plane with coefficients a, b,
and ¢, while for each Gaussian, the quantities A, peak flux density,
Xo and yo, central coordinates, o, and o, semimajor and semiminor
axes, and 0, position angle, are fitted. In order to accurately fit
6N + 3 parameters for each group, mpfit was constrained such
that for each source, A > 0, Axy and Ay, < 6 arcsec, Ao, and
Ao, < 10percent, and Af < 5°, where A signifies the amount
that the quantity is allowed to vary from its initial value supplied by
CuTEx. The fitted quantities do not hit the borders of the allowed
parameter space. CuTEx detects signal in the second derivatives of
the input map, and hence can determine source sizes and orientations
accurately, as it is sensitive to changes in gradient.

Our sources are listed in Table 1. In L1688, we continue the
naming convention introduced by MAN98 and used by S08, while
in L1689 we continue the naming convention of NWAO06. For each
source, we list: the index of the source; the name of the source using
the official IAU naming convention; the name by which we refer to
the source in the text; central right ascension and declination; posi-
tion angle of the ellipse fitted to the source measured east of north;
major and minor FWHMs; best-fitting model peak 850 pm flux
density and total 850-um flux density of the background-subtracted
source; whether the source has associated emission in the Herschel
70 pm data (a listing of ‘S1’ indicating that the IR emission at the
source location is likely to be due to the reflection nebula associated
with the star S1); our evaluation of whether the source is starless or
protostellar (‘C’ indicating a starless core and ‘P’ indicating a pro-
tostellar source; classification criteria and question-marked sources
are discussed below); the source’s identity in the SO8 or NWA06
catalogues (if relevant); and the region in which the source is lo-
cated. Our sources are marked on Fig. 1 as open circles, coloured
according to region: red for the central Oph A region, (defined
as the region contiguous with the prestellar source SM1 where
F&esasko umy > 0.6Jy 6 arcsec pixel~!); orange for the more diffuse
material around Oph A, hereafter referred to as Oph A’; dark green
for Oph B1; light green for Oph B2; blue-green for the intermediate
region Oph B1B2; blue for Oph C; dark purple for Oph E; light
purple for Oph F; and white for all other regions. This identification
of region by colour is used throughout the rest of this paper, except
that cores marked in white in Fig. 1 are elsewhere marked in black.

We judge a source as being a starless core or protostellar by
considering whether its morphology appears to be point-like or ex-
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tended at 850 um, whether it has associated 70 um emission (see
e.g. Konyves et al. 2010), and the shape of its SED. The first two
criteria are of the most importance, as in principle a protostellar
source detectable at 850 wum should have a point-like morphology
at both 850 and 70 pm. The SED shape should then confirm the
identification. However, in practice, each of these criteria has lim-
itations. While a point-like morphology is a good indicator of an
unresolved protostellar source, an extended morphology at 850 pm
does not preclude the presence of a protostar, deeply embedded or
otherwise confused with emission from cold gas along the same
line of sight. Extended emission from warm gas may confuse iden-
tification of protostars by the presence of 70 um emission at their
position, particularly in the reflection nebula associated with the
star S1 (70 um associations likely to be caused by this reflection
nebula are noted in Table 1). Similarly, a rising SED at short wave-
lengths indicates a high-temperature object, possibly a protostellar
envelope, but may also be caused by the presence of warm material
along the line of sight not directly associated with the source. In
order to clarify these identifications, we also investigated whether
there is a previously-identified protostar present within one 850-
pm JCMT beam size (14.1 arcsec) of each of our source positions.
This criterion was generally used only to confirm the identifica-
tion made using the observational criteria listed above. However,
in some cases it became necessary to use the presence or absence
of a previously-identified protostar as the deciding criterion when
classifying a source, particularly in crowded regions with substan-
tial IR contamination. Previously-known protostars were located
using the SIMBAD astronomical data base (Wenger et al. 2000).
Those sources we identify as protostellar are listed in Table 2,
with alternative identifications and, where known, their evolution-
ary class. Source 93/L.1712 SMM 1, for which Herschel data are not
available, was catagorized as protostellar based on its 850-pm mor-
phology and identification with the protostar IRAS 16367—-2356
(see Table 2).

For the majority of our sources, a consistent classification can
be made from each of our criteria. However, where this is not the
case, our classifications in Table 1 are followed by question marks.
In the case of a ‘C? listing, this indicates that while all other
criteria suggest that this is a starless core, there is some 70 pm
emission at the location of the source. In the case of a ‘P?’ listing,
this indicates that while the source can be identified with a known
protostar, one or more of the selection criteria — typically, a non-
point-like morphology — suggests that the source might be extended.
A queried classification indicates a slight conflict between our clas-
sification criteria, rather than substantial doubt about the nature of
the source.

Hereafter, ‘source’ refers to any object in our catalogue, regard-
less of its classification; ‘protostar’ refers to an object in our cata-
logue identified either as a pre-main-sequence star or as containing
an embedded protostellar source (those sources listed as ‘P’ or ‘P?’
in Table 1); and ‘core’ refers exclusively to those objects in our
catalogue identified as starless cores (‘C’ or ‘C?” in Table 1).

4.2 Source completeness

CuTEXx detects sources through signal in the second derivatives of
the original map. As a result, source detection is a function of both
peak flux density and source FWHM, with sharply peaked sources
being recovered better than extended sources with the same peak
flux density. To test the completeness of our set of sources, we
injected 50 identical Gaussian sources at random positions in the
CO-subtracted SCUBA-2 850 wm map of L1688, and attempted to
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Table 1. Results from multiple Gaussian fitting. Sources 1-70 are from the CO-subtracted section of L1688; 71-93 are from the remainder of L1688, L1689,
L1709, and L1712. Position angles are measured east of north. FWHMs are as measured, without deconvolution. Sources are named following the conventions
of MAN98/S08 for L1688, and NWAO6 for L1689.

Source Full name Source RA 16°:  Dec —24°: FWHM  Angle Ff(egasko em) F\‘,‘(’gopm) IR S08/

index JCMTLSG name (J2000) (J2000) (arcsec) ©) Jy pixel’l) Jy) assn  Type NWAO06 Region
1 J162627.4-242352 SM1 26:27.36  23:52.8 204 x 162 178.7 0.651 6.762 N C SM1 A
2 J162627.1-242334 SMIN 26:27.12  23:34.8 19.6 x 15.5 170.0 0.546 5.215 S1 C SMIN A
3 J162629.3-242425 SM2 26:29.28  24:252  29.0x 17.2 139.0 0.279 4.389 N C SM2 A
4 J162626.4-242428 VLA 1623 26:26.40  24:28.8  20.0 x 18.9 100.0 0.465 5.555 Y P VLA 1623 A
5 J162626.6-242233 A-MM35 26:26.64  22:33.6 362 x 18.0 106.2 0.074 1.519 S1 C? A-MM5? A
6 J162627.6-242302 A-MM6 26:27.60  23:024  30.9 x 22.1 169.6 0.209 4.474 S1 c? A-MM6 A
7 J162628.8-242233 A-MM7 26:28.80  22:33.6 283 x 192 243 0.113 1.929 N C? A-MM7 A
8 J162631.4-242446 A-MMS8 26:31.44  24:46.8 272 x 177 883 0.105 1.589 S1 C A-MM8 A
9 J162621.8-242334 A-MM1 26:21.84  23:348 265x19.2 3.6 0.026 0.424 N? C? A-MM1? A
10 J162624.0-242150 A-MM4 26:24.00  21:50.4 272 x 177 88.3 0.035 0.525 N C A-MM4 A
11 J162625.2-242136 A-MM4a  26:25.20  21:36.0 14.3 x 15.7 100.0 0.027 0.191 N C - A
12 J162645.1-242306 A-MM9 26:45.12  23:06.0 17.1 x 16.0  80.0 0.063 0.544 Y P A-MM9 A
13 J162621.6-242247  A-MMI10  26:21.60  22:48.0 17.8 x 19.1 174.9 0.085 0911 Y P? A-MM10 A
14 J162640.3-242710  A-MM15  26:40.32  27:10.8 173 x 15.8  79.5 0.028 0.241 Y P A-MM15 A
15 J162643.4-241724  A-MM18  26:43.44 17:240 297 x224 71.0 0.059 1.230 N C A-MM18 A
16 J162624.0-241612 A-MM19  26:24.00 16:12.0 17.6 x 16.5  80.0 0.070 0.640 N P A-MM19 A
17 J162610.3-242052  A-MM24  26:10.32  20:52.8 173 x 15.8  79.5 0.035 0.306 Y P A-MM24 A
18 J162556.2-242045  A-MM25  25:56.16  20:45.6 173 x 15.8  99.5 0.016 0.139 Y P A-MM25 A
19 J162610.1-241937  A-MM30  26:10.08 19:37.2 228 x 145 41.8 0.024 0.247 N C A-MM30 A
20 J162630.5-242212 A-MM31  26:3048  22:120 319 x 199 80.7 0.035 0.691 N? C? - A
21 J162624.0-242432 A-MM32  26:24.00 24:324 224 x 143 26.1 0.030 0.304 Y P? - A
22 J162617.3-242345  A-MM33  26:17.28  23:45.6 209 x 15.6 175.1 0.021 0.218 Y P - A
23 J162631.4-242157  A-MM34  26:31.44  21:57.6  30.0 x 20.6  90.9 0.038 0.736 S1 C? - A
24 J162648.2-242837  A-MM35  26:48.24  28:37.2 173 x 15.8  99.5 0.007 0.065 Y P - A
25 J162710.3-241911  A-MM36  27:10.32 19:12.0 173 x 15.8  79.5 0.036 0.313 Y P - A
26 J162611.5-242443  A2-MM1 26:11.52  24:432 257 x 16.7 109.1 0.018 0.246 N C A2-MM1 A
27 J162618.7-242508  A2-MM2  26:18.72  25:08.4 16.8 x 16.0  78.8 0.016 0.134 N C - A
28 J162610.1-242309  A3-MMI1 26:10.08  23:09.6 294 x 20.1 949 0.025 0.474 N? C? A3-MMI1 A
29 J162712.2-242949  BI-MM3  27:12.24  29:49.2 269 x 19.2 136.6 0.048 0.779 N C B1-MM3 Bl
30 J162715.1-243039 B1-MM4a 27:15.12  30:39.6 262 x 19.2 1149 0.050 0.796 N C B1-MM4 Bl
31 J162715.8-243021 B1-MM4b  27:15.84  30:21.6 19.5 x 129 384 0.021 0.165 N C - Bl
32 J162716.1-243108  BI-MMS5  27:16.08  31:084  25.1 x 17.6  98.3 0.033 0.462 N C B1-MMS5 Bl
33 J162718.0-242851 BIB2-MM2 27:18.00  28:51.6  40.1 x 144 107.7 0.018 0.324 Y P? BIB2-MM2 BIB2
34 J162737.2-243032 B1B2-MM3 27:37.20  30:324 17.6 x 19.4  177.7 0.014 0.156 Y P - B1B2
35 J162719.4-242714  B2-MM2a 27:19.44  27:144  27.1 x 182 26.8 0.028 0.441 N C B2-MM2 B2
36 J162720.6-242656  B2-MM2b  27:20.64  26:564  29.6 x 17.4 172.2 0.032 0.524 N C - B2
37 J162724.2-242750  B2-MM4 272424 27504 143 x 15.7  80.0 0.052 0.365 N C B2-MM4 B2
38 J162725.7-242652  B2-MM6  27:25.68  26:52.8 32.6 x 18.0 156.2 0.077 1.412 N C B2-MM6 B2
39 J162727.6-242703 B2-MM8a  27:27.60  27:03.6 272 x 16,6 97.8 0.060 0.844 Y P? B2-MM8 B2
40 J162728.6-242703 B2-MM8b  27:28.56  27:03.6  39.1 x 17.7 152.6 0.043 0.929 Y P? B2-MM8 B2
41 J162729.5-242634  B2-MM9  27:29.52  26:34.8 34.5 x 20.6 150.1 0.072 1.607 N C B2-MM9 B2
42 J162729.5-242739  B2-MMI10 27:29.52  27:39.6 332 x 18.0 141.6 0.084 1.571 Y P B2-MM10 B2
43 J162733.4-242616 B2-MM13  27:33.36  26:16.8 349 x 143 382 0.083 1.298 N C B2-MM13 B2
44 J162732.4-242634 B2-MM14  27:32.40  26:34.8 36.6 x 19.1 233 0.080 1.764 N C B2-MM 14 B2
45 J162732.6-242703 B2-MM15 27:32.64  27:03.6 259 x 16.3 1129 0.071 0.945 N C B2-MM15 B2
46 J162735.0-242616  B2-MM16  27:35.04  26:16.8 14.3 x 15.7 100.0 0.076 0.536 N C B2-MM16 B2
47 J162732.2-242735 B2-MM17 27:32.16  27:36.0 327 x 20.7 1443 0.044 0.928 N P? - B2
48 J162659.0-243426 C-MM3 26:59.04  34:264 288 x 19.5 117.0 0.041 0.718 N? C C-MM3 C
49 J162701.0-243440 C-MM6a  27:00.96  34:40.8 245 x 143 151.7 0.022 0.242 N? C C-MM6 C
50 J162702.2-243451 C-MM6b  27:02.16  34:51.6 283 x 19.2 483 0.018 0.311 N? C C-MM6 C
51 J162643.9-243447 C-MMI11  26:43.92  34:48.0 17.8 x 19.1 749 0.025 0.271 Y P? C-MM11 C
52 J162708.9-243408 C-MMI13  27:08.88 34:08.4 17.8 x 15.6 175.1 0.009 0.078 Y P - C
53 J162704.8-243914 E-MM2d  27:04.80  39:144  28.1 x 15.8 1484 0.037 0.522 N C E-MM2d E
54 J162709.1-243719 E-MM6 27:09.12  37:19.2 232 x19.2 1557 0.035 0.489 Y P? E-MM6 E
55 J162705.0-243628 E-MM7 27:05.04  36:28.8 20.9 x 19.5 80.0 0.025 0.318 Y P? E-MM7 E
56 J162706.5-243813 E-MM9 27:06.48 38:13.2 17.6 x 16.7  80.0 0.020 0.185 Y P? E-MM9 E
57 J162715.4-243842  E-MMI10  27:15.36  38:42.0 17.3 x 158  79.5 0.018 0.153 Y P E-MM10 E
58 J162721.6-243950 F-MM1 27:21.60  39:50.4 14.3 x 15.7 100.0 0.033 0.232 N C F-MM1 F
59 J162724.2-244102  F-MM2b  27:24.24  41:024 143 x 15.7 100.0 0.018 0.125 Y P F-MM2b F
60 J162726.6-244048 F-MM3 27:26.64  40:48.0 17.1 x 19.5 100.0 0.047 0.498 Y P F-MM3 F
61 J162727.6-243928 F-MM4 27:27.60  39:28.8 19.8 x 19.1 175.1 0.030 0.360 Y P F-MM4 F
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Table 1. — continued

Source Full name Source RA 16"  Dec —24" FWHM  Angle F S&Zko m) Fé‘(’é‘glo um IR S08/

index JCMTLSG name (J2000) (J2000) (arcsec) ©) Jy pixel’l) Jy) assn - Type NWAO6 Region
62 J162739.4-243914 F-MM35 27:39.36 39:144 173 x 158 99.5 0.016 0.139 Y P F-MM5 F
63 J162711.0-244044 F-MM10 27:11.04  40:444 213 x 13.6  150.1 0.011 0.101 Y P? - F
64 J162738.6-244019 F-MM11 27:38.64  40:19.2 17.6 x 159  80.0 0.009 0.080 Y P - F
65 J162738.2-243657 F-MM12 27:38.16  36:57.6 17.6 x 159 171.5 0.008 0.072 Y P - F
66 J162618.7-242819 J-MM1 26:18.72 28:19.2 17.6 x 159  80.0 0.023 0.207 Y P J-MM1 J
67 J162537.9-242233 J-MM7 25:37.92  22:33.6 173 x 158 99.5 0.021 0.178 Y P J-MM7 J
68 J162623.5-244311 J-MM8 26:23.52 43:120 173 x 158 86.4 0.051 0.444 Y P - J
69 J162658.3-244536 J-MM9 26:58.32  45:36.0 17.6 x 155 93.6 0.049 0.422 Y P - J
70 J162758.6-243339 H-MMI 27:58.56  33:39.6 292 x 185 38.6 0.050 0.845 N C - 88
71 J162816.3-243653 H-MM2 28:16.32 36:540 17.6 x 159 10.0 0.018 0.160 Y P - 88
72 J162821.4-243621 H-MM3 28:21.36 36:21.6  21.8 x 19.1 105.1 0.036 0.473 Y? P? - 88
73 J162845.1-242815 D/H-MMI1  28:45.12  28:15.6  17.6 x 164  80.0 0.016 0.141 Y? P - 88
74 J162739.1-235819 88N SMM 1 27:39.12  58:19.2 194 x 133 328 0.008 0.066 Y? ? - 88
75 J163157.1-245714 SMM 8 31:57.12 57:144 283 x 192 65.7 0.037 0.638 N C SMM 8 89S
76 J163201.0-245641 SMM 9 32:00.96 56:42.0 188 x 16.8  92.8 0.049 0.483 Y P SMM 9 89S
77 J163151.6-245620 SMM 11 31:51.60 56:204 289 x19.2 828 0.029 0.517 Y P SMM 11 89S
78 J163153.5-245558 SMM 12 31:53.52 55:58.8 228 x 145 1582 0.036 0.378 N? C SMM 12 89S
79 J163200.2-245544 SMM 13 32:00.24 551444 143 x 157 86.2 0.025 0.179 N C SMM 13 89S
80 J163137.7-244947 SMM 16a 31:37.68  49:48.0 292 x 185 1614 0.021 0.363 N C SMM 16 89S
81 J163138.9-244958 SMM 16b 31:38.88  49:58.8 143 x 15.7  80.0 0.019 0.137 N C SMM 16 89S
82 J163142.0-244933 SMM 16¢ 31:42.00 49:33.6  28.1 x 16.1 109.9 0.026 0.365 N C SMM 16 89S
83 J163355.7-244203 SMM 17 33:55.68  42:03.6 17.8 x 163 15.1 0.017 0.152 Y P SMM 17 89E
84 J163228.8-242909 SMM 19 32:2880  29:09.6 143 x 157  80.0 0.154 1.093 N? C? SMM19 89N
85 J163222.6-242833 SMM 20 32:22.56  28:33.6 21.2x19.0 795 1.489 18.846 Y? P SMM 20 89N
86 J163230.0-242847 SMM 22 32:30.00 28:48.0 23.5x 143 447 0.058 0.611 N? C - 89N
87 J163226.6-242811 SMM 23 32:26.64  28:120 256 x21.4 236 0.003 0.046 N C - 89N
88 J163221.6-242739 SMM 24 32:21.60 27:39.6  22.1 x 188 743 0.023 0.295 N? C - 89N
89 J163133.4-242735 SMM 25 31:33.36 27:36.0 17.6 x 16.1  80.0 0.018 0.161 Y? P - 89N
90 J163131.2-242624 SMM 26 31:31.20 261240 17.6 x 155  80.0 0.013 0.110 Y? P - 89N
91 J163135.5-240126 1709 SMM 1 31:35.52 1:26.4 21.0 x 159 82.6 0.073 0.772 Y? P - 09
92 J163143.4-240017 1709 SMM 2 31:43.44 0:18.0 18.1 x 16.8 935 0.023 0.217 N? C - 09
93 J163945.4-240202 1712SMM 1 39:45.36 2:02.4 17.6 x 17.4  80.0 0.037 0.353 - P - 12

recover these with CuTEx. We repeated this process for various
source sizes and peak flux densities. For each source size and peak
flux density, we repeated the source injection and recovery process
10 times, and took the completeness fraction to be the mean fraction
of sources recovered.

For our mean non-deconvolved source FWHM of 19.7 arcsec,
CuTEx recovered 50 per cent of injected sources with a peak flux
density of 0.011 Jy 6 arcsec pixel™!, and 80 per cent with a peak
flux density of 0.020 Jy 6 arcsec pixel"'. At our mean source tem-
perature of ~13.5 K, these peak flux densities are equivalent to
masses of 0.040 M (50percent) and 0.051 M (80 percent).
(See Section 4.3 for a discussion of determination of temperatures
and derivation of masses.) The 80 percent completeness limit at
13.5 K as a function of deconvolved source FWHM is shown as a
solid line on Fig. 5, below.

The completeness limit in crowded regions of emission will
be slightly higher and less certain than the completeness limit in
sparsely populated regions, as in crowded regions tightly-packed or
superimposed sources must be separated. In regions of the SCUBA-
2 850 pm map where F,, > 100, we found a 50 per cent mass com-
pleteness limit of 0.047 4 0.005 M) at 13.5 K, approximately
consistent with, but slightly more uncertain than, the completeness
limit across the map as a whole. We note that completeness is likely
to vary somewhat across the map, and that the completeness lim-
its given in the paragraph above and shown on Fig. 5 are average
values.
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4.3 Source characterization from continuum data

Table 3 lists the properties of our set of sources derived from
SCUBA-2 and Herschel continuum data. The deconvolved FWHMs
of the sources were determined using the SCUBA-2 850-um equiv-
alent beam size of 14.1 arcsec (Dempsey et al. 2013). The equivalent
radius of each source was calculated as the geometric mean of the
two deconvolved FWHMs.

The data at 160, 450 and 850 um were convolved to the 250 um
resolution of 18 arcsec using the convolution kernels described
above. Flux densities were measured from the spatially filtered Her-
schel 160 and 250 pm data and the two sets of SCUBA-2 data using
elliptical apertures with major and minor axis diameters of twice
the measured (i.e. non-deconvolved) major and minor FWHMs of
each of the sources (enclosing 99.5 per cent of the total flux den-
sity in a Gaussian distribution). The resulting SED of each source
was fitted with a modified blackbody distribution, in order to deter-
mine the mean line of sight dust temperature of our sources. The
monochromatic flux density F), is given at frequency v by

v\ A
AP, =vF, = vQfB,(T) (1 - e*(vT-) ) , )

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, v. = 6 THz is the frequency at which the optical
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Table 2. Protostellar sources in Ophiuchus, with alternate identifications and classes, where known. EESG09
—Enoch et al. (2009); WGAO08 — Wilking, Gagné & Allen (2008); AM94 — André & Montmerle (1994); DoAr
— Dolidze & Arakelyan (1959); VSSG — Vrba et al. (1975); WL — Wilking & Lada (1983); YLW — Young,
Lada & Wilking (1986), LFAM — Leous et al. (1991); GY — Greene & Young (1992); GWAYL — Greene
et al. (1994); ISO-Oph — Bontemps et al. (2001); EESG09 Oph-emb — Enoch et al. (2009); EDJ2009 — Evans
et al. (2009). Note that in WGAOS classifications, Arabic numerals indicate a class determined from an IRAC
SED while Roman numerals indicate a class determined from a 3.6-24 um spectral index. F indicates a flat

spectrum.

Source Source Class
index ID Alternate ID Class reference
4 VLA 1623 EESGO09 Oph-emb 3 0 EESG09
12 A-MM9 GY 116, VSSG 28, ISO-Oph 67 2,11 WGAO08
13 A-MM10 LFAM 1, ISO-Oph 31 F- WGAO08
14 A-MM15 GY 91, ISO-Oph 54, EESG09 Oph-emb 22 1 EESG09
16 A-MM19 YLW 32 ISO-Oph 40 11 AM94
17 A-MM?24 ISO-Oph 17 2,11 WGAO08
18 A-MM25 DoAr 20, YLW 25, ISO-Oph 6 11 AM94
21 A-MM32 GY 21, LFAM 3, ISO-Oph 37 EF WGAO08
22 A-MM33 ISO-Oph 21 1,1 WGAO08
24 A-MM35 GY 128, ISO-Oph 7, EESG09 Oph-emb 23 1 EESG09
25 A-MM36 SR 21(A?), YLW 8(A?), ISO-Oph 110 2,— WGAO08
33 B1B2-MM2 YLW 12A/B?, ISO-Oph 124/125?, EESG09 Oph-emb 11 1 EESG09
34 B1B2-MM3 YLW 46, GY 304, ISO-Oph 159 2, WGAO08
39 B2-MM8a GPJ2008 8

40 B2-MM8b YEE2006 20

42 B2-MM10 GY 279, ISO-Oph 147, EESG09 Oph-emb 26 1 EESG09
47 B2-MM17 WLY 1-17?

51 C-MM11 WL 12, YLW 2, ISO-Oph 65 1,- WGAO08
52 C-MM13 WL10, GY 211, ISO-Oph 105 2,11 WGAO08
54 E-MM6 WL 15, ISO-Oph 108, EESG09 Oph-emb 16 1 EESG09
55 E-MM7 GY 197, ISO-Oph 99, EESG09 Oph-emb 6 1,1 WGAO08
56 E-MM9 GY 205, ISO-Oph 103, EESG09 Oph-emb 12 1 EESG09
57 E-MM10 WL 20W/E?, GY 240A/B? ISO-Oph 121 -2~  WGAO08
59 F-MM2b GY 263, EESG09 Oph-emb 12 1 EESG09
60 F-MM3 GY 265, ISO-Oph 141, EESG09 Oph-emb 14 1 EESG09
61 F-MM4 GY 269, ISO-Oph 143, EESG09 Oph-emb 13 1 EESG09
62 F-MM5 GY 314, ISO-Oph 166 2,F WGAO08
63 F-MM10 GY 224,1SO-Oph 112 EF WGAO08
64 F-MM11 GY 312, ISO-Oph 165 1,1 WGAO08
65 F-MM12 YLW 47, GY 308, ISO-Oph 163 2,11 WGAO08
66 J-MM1 YLW31, VSSG 1, ISO-Oph 24 Ell WGAO08
67 J-MM7 ISO-Oph 2

68 J-MM8 DoAr 25, YLW 34, ISO-Oph 38 1T AM9%4
69 J-MM9 DoAr 29, ISO-Oph 88 I AM94
71 H-MM2 YLW 58, ISO-Oph 196 I AM9%4
72 H-MM3 EDJ2009 954, EESG09 Oph-emb 1 0 EESG09
73 D/H-MM1 DoAr40 I AM9%4
74 88N SMM 1 DoAr 33 1? AM94
76 SMM 9 GWAYL 6, ISO-Oph 209, EESG09 Oph-emb 10 1 EESG09
77 SMM 11 GWAYL 57, ISO-Oph 204? LDN 1689 IRS 5?

83 SMM 17 EDJ2009 1013

85 SMM 20 IRAS 16293—-2422B, EESG09 Oph-emb 2 0 EESG09
89 SMM 25 DoAr 44 I AM9%4
90 SMM 26 EDG2009 984

91 1709 SMM 1 GWAYL 4, EDJ2009 989, EESG09 Oph-emb 17 1 EESG09
93 1712 SMM 1 IRAS 16367—2356, EDJ2009 989

depth is taken to become unity (Ward-Thompson, André & Kirk
2002), and B is the dust emissivity index, here taken to be 2.0.
Fig. 4 shows three example SEDs. This process allows determina-
tion of the average temperature of the material within the aperture.
There will be some line-of-sight confusion between cold dust as-
sociated with the source (which will itself not be isothermal) and
warmer foreground and background emission, possibly leading to

an overestimation of source temperatures. However, the spatial fil-
tering introduced by the SCUBA-2 data reduction process should
reduce the contamination by extended emission. In crowded regions
in which sources overlap significantly, the measured flux densi-
ties may be contaminated by emission from neighbouring sources.
We emphasize that the temperatures reported here are line-of-sight
averages.

MNRAS 450, 1094-1122 (2015)

1202 Iy 9Z Uo Jasn ayd1Bojouds) 8zusIdg Ip BS10NAIG AQ 88YEE6/Y60 L/ L/0SH/AI0IME/SeuW /W0 dno-olWapeo.//:Sd)y WOy papeojumoq



1104 K. Pattle et al.

Table 3. Properties derived from SCUBA-2 and Herschel data (see text for discussion).

Source Source Temperature 850 um mass ~ Column density Density

index ID (K) M@) (x 102 cem™2)  (x 10°cm™?)
1 SM1 172+ 0.6 1.298 £0.134  30.520 £+ 3.161 9.609 £ 0.995
2 SMIN 173 £0.6 0.999 +0.104  29.477 +£3.077  10.398 £ 1.085
3 SM2 18.5+0.7 0.758 £0.082  7.758 £ 0.837 1.612 +£0.174
4 VLA 1623 164 £0.5 1.158 £0.117  19.788 £2.006  5.311 4 0.538
5 A-MMS5 18.6 £0.7 0.259 4+ 0.028 1.761 £ 0.192 0.298 £ 0.032
6 A-MM6 18.8 £0.8 0.752 +£0.083  4.810 £ 0.529 0.790 £ 0.087
7 A-MM7 217+ 1.0 0.262 £+ 0.031 2.348 +£0.278 0.456 £ 0.054
8 A-MMS 184 £0.7 0.276 £0.030  3.003 +0.322 0.643 £ 0.069
9 A-MM1 16.6 +£ 0.6 0.087 £0.010  0.860 £ 0.096 0.176 £ 0.020
10 A-MM4 16.3 +£0.5 0.110 £ 0.011 1.194 £ 0.125 0.256 £ 0.027
11 A-MM4a 159405 0.042 £0.005  4.918 £ 0.555 3.468 £+ 0.392
12 A-MM9 102+£0.2 0.268 £0.025  11.071 £1.053  4.621 +0.440
13 A-MM10 19.5+£0.9 0.144 +£0.017  3.137 £ 0.360 0.950 £+ 0.109
14 A-MM15 13.6+04 0.069 +0.008  2.812 £0.311 1.167 4+ 0.129
15 A-MM18 148 +04 0.301 £+ 0.029 1.988 +0.194 0.332 £ 0.032
16 A-MM19 93403 0.3824+0.042 12759+ 1399  4.788 £0.525
17 A-MM24 155+0.5 0.070 +£0.008  2.858 £ 0.309 1.186 £ 0.128
18 A-MM25 16.2 + 0.6 0.030 4 0.004 1.206 +0.172 0.501 £+ 0.071
19 A-MM30 16.0 £ 0.5 0.053 £ 0.006 1.245 £ 0.139 0.391 £ 0.044
20 A-MM31 229+ 1.2 0.087 4+ 0.011 0.616 &+ 0.077 0.106 £ 0.013
21 A-MM32 155£05 0.069 £ 0.008 1.740 £ 0.197 0.568 £ 0.064
22 A-MM33 16.0 £ 0.5 0.047 £ 0.006 1.144 +£0.134 0.365 £ 0.043
23 A-MM34 22.8+£12 0.093 £0.012  0.680 % 0.085 0.119 £0.015
24 A-MM35 10.0 +£0.2 0.033 £ 0.006 1.368 4+ 0.238 0.568 £ 0.099
25 A-MM36 147£05 0.078 £0.009  3.188 = 0.366 1.324 £ 0.152
26 A2-MM1 1584+ 0.5 0.054 +£0.006  0.724 £ 0.085 0.172 £+ 0.020
27 A2-MM2 150+ 04 0.032 £ 0.004 1.429 £ 0.183 0.618 £ 0.079
28 A3-MM1 17.6 £ 0.7 0.088 £ 0.010  0.687 £ 0.077 0.125 £ 0.014
29 B1-MM3 122£03 0.270 £0.025  2.618 +0.240 0.529 £ 0.049
30 B1-MM4a 11.8+0.2 0.293 £0.026  2.972 £ 0.267 0.614 £ 0.055
31 B1-MM4b 11.9£03 0.059 £0.006  3.431 +£0.375 1.695 £ 0.185
32 B1-MM5 12.1+£0.3 0.163 £0.015  2.066 £ 0.193 0.477 £ 0.045
33 B1B2-MM2 15.8£05 0.071 £0.008  0.580 % 0.066 0.107 £ 0.012
34 B1B2-MM3 16.4+0.8 0.032 +£0.005  0.693 £ 0.107 0.208 £ 0.032
35 B2-MM2a 114 £02 0.172 £ 0.016 1.795 + 0.169 0.376 £ 0.035
36 B2-MM2b 11.6 £0.2 0.199 4+ 0.019 1.941 +0.180 0.393 £+ 0.037
37 B2-MM4 11.8£0.3 0.134 £0.013  15.826 £ 1.481  11.162 £ 1.045
38 B2-MM6 11.3+0.2 0.562 £0.050  4.477 £ 0.399 0.820 £ 0.073
39 B2-MM8a 13.5+£04 0.243 £0.024  2.975 +£0.289 0.676 £ 0.066
40 B2-MM8b 13.8+04 0.258 4+ 0.025 1.613 £ 0.159 0.262 £ 0.026
41 B2-MM9 11.6 £0.3 0.606 £ 0.055  3.651 +£0.334 0.582 £ 0.053
42 B2-MM10 158+ 0.5 0.345+£0.035  2.676 £ 0.268 0.484 £ 0.049
43 B2-MM13 10.3£0.2 0.623 £0.053  6.408 + 0.546 1.334 £0.114
44 B2-MM14 10.7 £ 0.2 0.791 £ 0.068  4.875 £ 0.421 0.786 £ 0.068
45 B2-MM15 11.8£0.3 0.346 £ 0.031 4.763 £ 0.431 1.147 £ 0.104
46 B2-MM16 10.4 +£0.2 0.2524+£0.022  29.785 +2.584  21.008 £ 1.823
47 B2-MM17 134£03 0.272 £+ 0.026 1.756 £ 0.168 0.290 £ 0.028
48 C-MM3 123+0.3 0.244 +£0.025  2.083 £0.210 0.395 £ 0.040
49 C-MM6a 12.8 £04 0.077 £ 0.009 1.564 £ 0.179 0.457 £+ 0.052
50 C-MM6b 132+04 0.094 £ 0.011 0.837 £ 0.095 0.163 £ 0.018
51 C-MM11 13.5+£04 0.078 £ 0.008 1.694 £ 0.180 0.513 £ 0.054
52 C-MM13 150+ 0.5 0.019 £0.003  0.720 £ 0.129 0.291 £ 0.052
53 E-MM2d 13.6 £04 0.149 £ 0.015 1.879 £ 0.187 0.433 £ 0.043
54 E-MM6 20.1+£09 0.074 £0.009  0.933 £0.111 0.215 £ 0.025
55 E-MM7 16.1 £0.6 0.068 £ 0.008  0.999 +0.113 0.249 £+ 0.028
56 E-MM9 150+ 0.5 0.045 £ 0.005 1.433 £0.173 0.528 £ 0.064
57 E-MM10 16.3 £ 0.6 0.032 £ 0.004 1.306 £ 0.172 0.542 £ 0.071
58 F-MM1 153+0.5 0.054 £0.006  6.381 £0.691 4.501 +0.488
59 F-MM2b 15.6 £0.5 0.028 £ 0.004  3.307 £ 0.427 2.333 +£0.301
60 F-MM3 16.7 £ 0.6 0.101 £ 0.011 2.294 £ 0.246 0.711 £ 0.076
61 F-MM4 20.0 £ 0.9 0.055 4+ 0.007  0.952+£0.114 0.257 £+ 0.031
62 F-MM5 11.1+£0.3 0.057 £0.008  2.344 £ 0.321 0.973 £ 0.133
63 F-MM10 129403 0.031 4 0.005 1.066 & 0.155 0.403 £ 0.059
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Table 3. — continued

First SCUBA-2 observations of Ophiuchus

Source Source Temperature 850 um mass ~ Column density Density
index D (K) Mp) (x 102 ecm™2)  (x 10°cm™)
64 F-MM11 8.7+£0.2 0.055 £ 0.010 2.093 £ 0.367 0.836 £ 0.146
65 F-MM12 13.5+04 0.021 £ 0.004 0.788 £ 0.147 0.315 £ 0.059
66 J-MM1 83+0.2 0.161 £ 0.020 6.099 £ 0.756 2.435 £ 0.302
67 J-MM7 89+0.3 0.116 £ 0.015 4.741 £0.628 1.968 £ 0.261
68 J-MM8 10.3+0.3 0.212 £ 0.022 8.656 + 0911 3.593 £0.378
69 J-MM9 11.8+£0.3 0.155 £ 0.017 6.519 £ 0.700 2.747 £ 0.295
70 H-MM1 11.0+0.2 0.358 £ 0.031 3.214 +0.282 0.626 £ 0.055
71 H-MM2 11.5+0.3 0.062 +£ 0.007 2.340 + 0.282 0.934 £0.113
72 H-MM3 125+0.3 0.156 £ 0.015 2216 £0.213 0.542 £ 0.052
73 D/H-MM1 10.5+0.3 0.065 +£ 0.009 2.234 + 0.296 0.850 £ 0.113
74 88N SMM 1 82+0.3 0.053 £ 0.011 2.800 +£ 0.605 1.322 £ 0.286
75 SMM 8 11.3+0.2 0.253 £ 0.023 2.263 + 0.207 0.440 +£ 0.040
76 SMM 9 19.0+£0.8 0.080 + 0.009 2.125 £0.245 0.712 £ 0.082
77 SMM 11 14.6 £ 0.4 0.131 £0.013 1.126 £ 0.114 0.215 £ 0.022
78 SMM 12 143+04 0.098 £ 0.010 2.292 £0.230 0.720 £ 0.072
79 SMM 13 12.8 £0.3 0.056 +£ 0.006 6.654 £0.712 4.693 £+ 0.502
80 SMM 16a 123 £03 0.124 £ 0.013 1.116 £ 0.112 0.217 £ 0.022
81 SMM 16b 125+0.3 0.045 £ 0.005 5.341 £0.624 3.767 + 0.440
82 SMM 16¢ 11.7£03 0.136 £ 0.013 1.664 + 0.162 0.377 £ 0.037
83 SMM 17 10.5+0.3 0.070 £ 0.009 2.357 £0.295 0.886 £ 0.111
84 SMM 19 11.8+£0.3 0.402 £0.036  47.367 £4.264  33.409 + 3.007
85 SMM 20 174 +£0.7 3.555+£0.393 53954 +£5961  13.649 £ 1.508
86 SMM 22 11.5+03 0.235 £ 0.022 5.274 £0.485 1.624 £ 0.149
87 SMM 23 128 +£0.3 0.015 £ 0.005 0.128 £ 0.040 0.025 £ 0.008
88 SMM 24 13.6 £ 04 0.084 £ 0.009 1.200 £ 0.130 0.295 £ 0.032
89 SMM 25 9.6 £0.2 0.090 £ 0.011 3.253 + 0.406 1.269 £ 0.158
90 SMM 26 11.0+£0.3 0.046 £ 0.007 1.950 £ 0.293 0.820 £ 0.123
91 1709 SMM 1 129+ 04 0.240 £ 0.025 5.436 £0.573 1.681 £ 0.177
92 1709 SMM 2 11.0+£0.2 0.092 £ 0.009 2.684 £ 0.275 0.942 £ 0.096
93 1712 SMM 1 5.8£0.1 0.716 £ 0.089  20.386 + 2.534 7.064 £ 0.878
Wavelength (um) Masses were calculated from the best-fitting model 850-pum flux
100 1000 densities and dust temperatures of our sources following the Hilde-
10" brand (1983) formulation
g 10712 F, l)2
E‘ M= v(850 um) i (10)
3 K850 pm) Bugso pmy (1)
o 10"’:

1™

Flux (Wm™)

1"

Flux (Wm™)

10-":

vorial

10713

10"’;

Wavelength {um)

Figure 4. Example SED fits for sources VLA1623, SM1, and SM2.

where F,@gs0.m) is the modelled total flux density at 850 pm,
D is the distance to Ophiuchus (139 £+ 6 pc; Mamajek
2008), Byigsoum)(T) is the Planck function, and k@50 um) 1S
the dust opacity, as parametrized by Beckwith et al. (1990):
k, = 0.1(v/10'>Hz)? cm? g~' (assuming a standard dust-to-gas
ratio of 1:100). Again, the dust emissivity index 8 was taken to be
2.0.

For the protostellar sources in our catalogue, the temperatures,
and hence the masses, determined from the dust emission are those
of the protostellar envelope, and not of the protostar itself. The
modified blackbody model used to fit temperatures is applicable
only to envelope-dominated sources; the temperatures and masses
determined for the Class II protostars in our catalogue (listed in
Table 2) may not be representative.

The mean volume density for each source was calculated assum-
ing that the third axis of each source is the geometric mean of its
major and minor axes. Then, number density 7 is calculated as

M 1
n= (11)

wmy %ﬂR3 ’
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1106 K. Pattle et al.

where R is the equivalent deconvolved radius, as defined above.
Similarly, the column density N of each source is calculated as
M 1

N=——,
umy TIR?

(12)

and in both cases, the mean molecular weight u is taken to be 2.86,
assuming that the gas is ~70 per cent H, by mass (Kirk et al. 2013).

One of our sources, SMM 23, located in the centre of L1689N,
has a very low best-fitting peak flux density, 0.003 Jy 6 arcsec
pixel~!. This is due to SMM 23 being located between SMM
20/IRAS 16293—-2422 and SMM 19, the brightest and second-
brightest sources in L1689N, respectively, leading to the majority
of flux at SMM 23’s position being assigned to the two nearby
bright sources in the fitting process. We consider SMM 23 to be
robustly detected by CuTEX, and so determine its temperature and
mass. However, due to its properties being poorly constrained by the
fitting process, we exclude SMM 23 from all subsequent analysis,
leaving 46 starless cores for further analysis.

4.4 Source mass distribution

Fig. 5 shows the distribution of mass with size for the starless
cores (those objects marked ‘C’ and ‘C?’ in Table 1) in our sample,
compared with previous studies of the same region: MAN98 (with
their masses and radii scaled to account for their assumption of
a distance of 160 pc) and S08. Our cores are comparable in size
to those found in previous studies. The masses of the cores in our
sample are comparable to those found by MAN9S, while the masses
found by S08 are typically higher.

The grey band shown in Fig. 5 indicates the behaviour expected
for transient, gravitationally unbound CO clumps (Elmegreen &
Falgarone 1996). Gravitationally bound prestellar cores are ex-
pected to occupy the upper part of the mass/size diagram (Motte
et al. 2001), being overdense compared to transient, unbound
structure.

Before Herschel, there was discussion of whether starless and
prestellar cores are two different populations, separated in the
mass/size plane (see e.g. Ward-Thompson et al. 2007, and refer-
ences therein). More recent studies have found cores occupying
intermediate locations in the mass/size plane (Konyves et al. 2010;
Kirk et al. 2013), indicating that prestellar and unbound starless
cores are all part of the same population. Our cores are restricted
to the ‘prestellar’ region in which previous studies have found the
starless cores in L1688 to lie (MANO98; S08). The limit on our abil-
ity to recover faint sources is the CuTEx completeness limit. The
80 per cent completeness limit, as a function of source size (at a
temperature of 13.5 K) is shown as a solid line on Fig. 5. However,
the 50 sensitivity limit of the SCUBA-2 850 pm data (again for a
temperature of 13.5 K), shown as a dashed line on Fig. 5, is such
that regardless of our choice of source extraction algorithm, we are
not sensitive to material occupying the ‘unbound’ regions of the
mass/size plane.

Fig. 6 shows the mass distribution of our cores. The mass dis-
tribution is consistent with the lognormal + power-law distribution
expected for core mass functions (CMFs — Chabrier 2003), and pre-
viously seen in Ophiuchus by MAN98 and S08. We fitted a function
of the form NocM~7 to the mass distribution, and found that, for
bins centred on masses greater than or equal to 0.2 M, the best-
fitting power-law index was y = 1.0 £ 0.4, equivalent to a CMF
power-law index of « =y +1=2.0 £ 0.4.

The traditional method of determining the power-law index of
the CMF by fitting to binned data is liable to lead to a loss of
accuracy in the fitted model. We attempted to ameliorate this is-
sue by also analysing the cumulative distribution function of core
masses using the maximum likelihood (ML) estimator for an in-
finite power-law distribution (Koen 2006; Maschberger & Kroupa
2009), calculated over the same mass range (M > 0.2Mg)). The
cumulative distribution and fits are shown in Fig. 7. The empirical
cumulative distribution function F is given, for the ith data point in
our sample, by

Deconvolved Geometric Mean FWHM (AU)
1000

10.00 T T T ™

T T

T TTTTT

T

1.00

T T T

a.10

Continuum Mass (Mg)

T T T

a.m

URRAI |

1
)

™

sl

P

0.001

0.0

10 0.100

Deconvolved Geometric Mean FWHM (pc)

Figure 5. Comparison of the masses of our starless cores, calculated from the continuum data, with their deconvolved radii. Circles with error bars: this study.
Open squares: MAN9S. Filled squares: SO8. Grey band: Mco R%‘SS relation (Elmegreen & Falgarone 1996). Solid line: 80 per cent completeness limit.
Dashed line: 50 sensitivity limit. Both limits assume a temperature of 13.5 K. Red symbols are cores in Oph A; orange, Oph A’; dark green, Oph B1; light
green, Oph B2; blue, Oph C; dark purple, Oph E; light purple, Oph F; black, elsewhere in the cloud.
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i
n+1’

where 7 is the number of data points X. The ML estimator for the
exponent o of an infinite power-law distribution is

F(X) = (13)

n
(31, Xi) — nIn(min(X))’

The unbiased maximum likelihood (UML) estimator, oy, is then

=1+ (14)

n—1

Quml = 1+ (aml - 1) (]5)

The CMF power-law index found by this method was
ouml = 2.7 £ 0.4. Uncertainties were estimated by performing a set
of Monte Carlo experiments, drawing a set of data points randomly
from our distribution of masses, from which o, was recalculated.
The error quoted is the standard deviation of the distribution of oy
which results from this procedure.

In both cases, the power-law index is consistent with the high-
mass power-law tail of the initial mass function (IMF), « = 2.3
(Salpeter 1955; Kroupa 2001). That our two estimators for the
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power-law index only marginally agree with one another is likely a
result of low number statistics.

Previous studies of the starless core population of Ophiuchus have
found similar slopes for the high-mass distribution of core masses.
MAN9S found a slope of o ~ 1.5 in the mass range 0.1-0.5 Mg
and o ~ 2.5 in the mass range 0.5-3.0 M. Johnstone et al. (2000)
found a similar behaviour: & = 1.5 for M < 0.6 M and o« = 2.0-2.5
for M > 0.6 M. Sadavoy et al. (2010) found a power-law slope
of @ = 2.26 £ 0.20 in the mass range 0.3Mp < M < 5M¢. Our
mass functions are consistent with the high-mass behaviour found
by MANO98 and Johnstone et al. (2000), and with Sadavoy et al.
(2010) at all masses considered.

We conclude that our CMF is consistent with having a high-
mass slope similar to that of the IMF, and with the CMFs found by
previous studies of the same region. The similarity between the CMF
and IMF has been noted in many recent studies of molecular clouds
(e.g. Nutter & Ward-Thompson 2007), leading to suggestions that
the form of the IMF is caused by cloud fragmentation prior to the
prestellar core stage of star formation (see e.g. André et al. 2014,
and references therein).

4.5 Source characterization from spectral data

The typical column densities, masses, and velocity dispersions de-
rived from N,H* and C'30 data were estimated for each core for
which data were available. For each core, the velocity dispersion
was taken to be the average of the velocity dispersions in each good
pixel covered by the aperture used for source photometry, while the
mass was taken to be the average of the masses in the good pixels in
the aperture, multiplied by the total number of pixels in the aperture.
The starless core properties derived from N,H* and C'80 data are
listed in Table 5.

Of the emission from the three isotopologues of CO mapped by
HARP, that of C'*O was chosen as it has the lowest optical depth,
typically <0.5, but reaching ~2 in high-density regions (White et al.
2015). C'80 emission can only probe the outer envelopes of starless
cores; the freeze-out of heavy molecules on to dust grains at high
densities and low temperatures means that CO (or its isotopologues)
cannot be considered a reliable tracer for densities n(H,) >10° cm™>
(see e.g. Di Francesco et al. 2007, and references therein). Although
Ophiuchus is known to have low average levels of CO depletion
(Christie et al. 2012), C'*0 linewidths can only be used as a conser-
vative measure of the bound state of a core, providing information
on the behaviour of the moderately dense cloud material.

N,H™ emission is a better tracer of the bound state of the densest
parts of starless cores than C'30, with significant depletion not
occurring until core densities exceed ~10° cm ™ (Di Francesco et al.
2007, and references therein). However, due to the low abundance
of N,H* relative to Hy, (X(N,H') = 5.2 + 0.5 x 107'%; Pirogov
etal. 2003), it is only detectable in regions of the highest H, column
density.

Each pixel was fitted using an oL routine utilizing mpfit (Mark-
wardt 2009). For C'80, a single Gaussian was fitted to each pixel,
and fits with SNR >35 were accepted. For N,H™, a seven-component
set of Gaussians were fitted to the multiplet, and fits were accepted
for pixels where the weakest component had SNR >2.

Column densities, and hence masses, were calculated for each
core, using the CO and N,H* data sets. Column densities were
calculated following Garden et al. (1991):

, v 1B
_ 3ky  eMPIURDESTe To 4 rdv (16)
C8mBupi, J+1 1 —e /el ’
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where N is the column density of the species in question, B and
up are the rotational constant and permanent dipole moment of
the molecule respectively, and J is the lower rotational level of
the transition. The excitation temperature, 7.y, can be calculated as
follows (see e.g. Pineda, Caselli & Goodman 2008)

Ty

—1\ ’
ln(l-i—To(l,T%"‘eTo/;igg_]) )

where Ty = hv/kg, Ty, is the cosmic microwave background tem-
perature, 2.73 K, and Tk is the radiation temperature of the spectral
line.

The integral in equation (16) can be written as (see e.g. Buckle
et al. 2010):

To = (17)

/ (v)dv = ! / ) "
rre = J(Tex) — J(Tbg) 1 —e ™ M dv

~ 1 T(UU) "

- J(Tex) — J(Tbg) 1 —e—t(o) / Typdv, (19)

where v is the central velocity of the line, Typ is the observed main
beam temperature and J(7) is the source function,

Ty

I = G

(20)
with T, defined as above.

Excitation temperatures and optical depths for C'*O were calcu-
lated under the assumption that the '3CO and C'80 emission trace
material with the same excitation temperature, and that '*CO is op-
tically thick everywhere. The excitation temperature is calculated
using equation (17) in the limit Ti3¢q > 1, with Tg = T, 13c0- The
optical depth of C'®0 is determined using the relation

Tmax.CISO 1 —e "co 1)
Tmax.BCO S 1- e Mo’

and the abundance ratio ['3CO/C'®0]=5.5 (Frerking, Langer &
Wilson 1982), i.e. Ti3co = 5.57¢150-

For C'80, B and . were taken from the NIST data base (Johnson
2013): B=5.79384 x 10" s™!, and up = 0.112 D. Thus, equation
(16) becomes

Tex + 0.927

TP 8o16.88/Tex _Tox T V757
N(C®0) = 7.94 x 10° 1 — ¢ 1688/Tcx

1
X ’ Av
J(Ty)— JR.T3K) 1 —e° 7

Z T.em™2, (22)

where Av is the velocity channel width in cm s~', and

T; is the best-fitting main beam temperature in the ith ve-
locity channel. The equivalent H, column density is found
using the conversion factor X(C'®0) = 2.635 x 107,
This value of X(C'80) was determined from the relations
NH,)/Ay = 9.4 x 10 cm? mag™' (Pineda et al. 2010, and refer-
ences therein), and N(">’CO)/Ay = 1.01 x 10'7 cm? mag~' (Pineda
etal. 2010),i.e. N(Hz)/N('2CO) = 1.1 x 10*. For the abundance ra-
tios [*CO/C'80]=5.5 (Frerking et al. 1982) and ['2CO/'*CO]=69
(Wilson 1999), this leads to the value of X(C'#0) given above. The
accuracy of the H, column densities calculated using this abundance
ratio depends on all of the above relations being valid in Ophiuchus
and consistent across all of our cores. The total uncertainty resulting
from all of these relations is difficult to quantify, but we state conser-
vatively that our column densities determined from C'80 emission
are likely to be accurate to within a factor of a few.

MNRAS 450, 1094-1122 (2015)

The hyperfine splitting of the N,H™ multiplet allows for the
direct calculation of optical depth. The optical depths of any pair of
hyperfine transitions j — i and m — [ are related to one another by
their hyperfine statistical weights and Einstein A coefficients (see
e.g. Emerson 1999, p. 308):

Tji A

Yi _ 8i . (23)
Tl gmAml

Neglecting any background contribution, the relative strengths of
the two lines will be

7;m]x.ji _ Tex,ji 1 —e " (24)

Thnax.m1 Texm 1 — e~

Assuming that the excitation temperature is the same for all of the
hyperfine transitions, the relative strengths of each of the hyperfine
components can be expressed as a function of optical depth, and
hence optical depth can be fitted as a free parameter. The excitation
temperature can then be calculated using equation (17). For each of
the 15 hyperfine components, equation (16) becomes

Tx +0.745
o 6 Llex
Np =310 x 10° 2
% 1 Ti
J(Te)) —JR2T3K) 1 —e @

AvY Tjem™?, (25
j

where T; is the best-fitting model main beam temperature of the
of the ith hyperfine component in the jth velocity channel. The
frequencies and Einstein A coefficients of the hyperfine transitions
are taken from Daniel, Cernicharo & Dubernet (2006), while the
parameters B = 4.65869 x 10'"s™! and up = 3.40D are taken
from the CDMS data base (Miiller et al. 2001). Summing over all
hyperfine components, the total NoH* column density is

15
NN,H') = Z N;. (26)

i=1

The equivalent H, column density is found using the conversion
factor X(N,H*) = 5.2 x 107! (Pirogov et al. 2003). We note that
Pirogov et al. (2003) determined this value of X(N,H™") by consider-
ing the mean N,H" abundance across 36 massive molecular cloud
cores; the applicability of this abundance to a low-to-intermediate-
mass star-forming region such as Ophiuchus is not certain. Friesen
et al. (2010) find N,H™ abundances in the range 2.5-17 x 107'% in
Oph B, while Di Francesco et al. (2004) find a mean N,H" abun-
dance of 1.3 x 107!% in Oph A, indicating N,H* depletion in the
Oph A region. These results suggest that the Pirogov et al. (2003)
value of X(N,H™) is applicable to our cores, but that a wide scatter
about this abundance is to be expected, and hence our H, column
densities determined using this abundance are likely to be accu-
rate to within a factor of 2-3 in regions without significant NoH™"
depletion.

Fig. 8 compares the masses derived from each of our tracers, and
shows that the masses of cores measured in N,H' and in continuum
emission correlate fairly well, although with significant scatter about
the line of unity, whereas those from C'®0 do not. This correlation
indicates that N;H™ and dust are tracing the same material. The
excess in continuum mass over NoH' mass in the most massive
cores in Oph A indicates that N;H* is not tracing the very innermost
regions of the densest cores. As discussed above, depletion of NoH ™
in the densest regions of Oph A has been previously noted by Di
Francesco et al. (2004). There is also considerable variation in core
mass from region to region, as shown by the coloured symbols. We
return to a discussion of this variation in Section 6.
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Figure 8. Comparison of masses calculated from continuum, N;H* and C'80 emission. Panel (a) compares continuum- and NyH™-derived masses, for the
23 cores for which NpH™ data are available. Panel (b) compares continuum- and C!80-derived masses, for the 35 cores for which C'®0 data are available.
Panel (c) compares NoH*- and C!80-derived masses, for the 23 NoH cores. Colour coding is as in Fig. 5. The dashed line is the line of unity.

It should be noted that different subsets of our set of starless cores
are shown in each panel of Fig. 8. C'30 data are available at the
positions of 35 of the 46 starless cores which we are analysing (as
shown in Fig. 8 b). N;H' data are available for 23 of these 35 cores
(shown in Fig. 8 a). There are no cores for which N,H* data are
available and C'3O data are not (i.e. the samples shown in Figs 8(a)
and (c) are identical, and are a subset of those in Fig. 8 b). The C'*0
and N,H™ masses of all cores for which data are available are listed
in Table 5. The virial analysis in Section 5 is performed only on
those 23 cores for which continuum, C'*0O and N,H* data are all
available.

5 ENERGY BALANCE AND STABILITY

We estimate the magnitude of each of the terms in the virial equation
in order to determine the energy balance, and hence the stability
against collapse, of the cores in our sample. We consider the virial
equation in the form

1..
5L =29 + Q6 + Qu + . 27)

where T is the second derivative of the moment of inertia, Qk is
the internal energy, Q2 is the gravitational potential energy, Q2 is
the magnetic energy, and Qp is the energy due to external pressure
acting on the core. If 7 <0, a core’s net energy is negative, and
hence the core is collapsing. Conversely, a core with >0 wil
be dispersing, and the virially stable mass of a core is the mass at
which Z = 0.

5.1 Gravitational and internal energy

The first two terms on the right-hand side of equation (27) can be
estimated from directly measured quantities. The internal kinetic
energy of a core of mass M and one-dimensional (1D) velocity
dispersion o is given by the relation

Qx = =Mo?, (28)

where o is the velocity dispersion for the mean gas particle, related
to the velocity dispersion in the tracer molecule (oy,u+) by

1 1
07 = 0 e + kT (— - > , (29)
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Figure 9. Comparison of mean non-thermal linewidths for the 23 cores
for which NpH™T data are available, as measured in C180 and NoH*. The
dashed line shows the mean gas sound speed at a temperature of 7 K. Grey
lines show the 1:1, 2:1 and 3:1 C'30:N,H* linewidth ratios. Colour coding
is as in Fig. 5.

where Ty, is the typical gas temperature of the material traced by
N,oH™ (see Fuller & Myers 1992). We assume that N,H™ traces
material at Ty, & 7 K (Stamatellos, Whitworth & Ward-Thompson
2007). We apply a similar correction to the C'80 linewidths, there
taking Ty, to be the mean line-of-sight temperature of the core.
However, as discussed below, C'30 linewidths are significantly
supersonic, making the effect of this correction minimal.

The non-thermal component of the linewidth, o t, can be derived
using the gas temperature Ty, and the relation o2 = o + oy,
where the sound speed, oy, is given by /k;Ty,s/m, and m is the
mass of the molecule being considered (m.s, = 30 atomic mass
units (amu); my,,+ = 29 amu). Fig. 9 compares the non-thermal
N,H* and C'®O linewidths of our cores, with the sound speed in
gas at 7 K marked as a vertical line.

MNRAS 450, 1094-1122 (2015)
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All of our cores have supersonic non-thermal velocity disper-
sions in C'"®0. The non-thermal velocity dispersions in NyH* are
consistently smaller than those measured in C'30, typically being
transonic or mildly supersonic. This indicates a loss of turbulence
between the material traced by C'®0 and the denser material traced
by NoH*. Transitions from supersonic turbulence at low densi-
ties to coherence at high densities have been observed in dense
cores both in molecular clouds (e.g. Goodman et al. 1998; Caselli
et al. 2002; Pineda et al. 2010) and in isolation (Quinn 2013).
This behaviour is consistent with models of turbulent dissipation
(e.g. Klessen et al. 2005; Offner, Klein & McKee 2008). The ratio
between the non-thermal velocity dispersion in C'#0 and the non-
thermal velocity dispersion in N;H™ varies from region to region:
in Oph B, onx1(C'30)/o Nt (NoH') ~ 2.5 while in Oph C, the ratio
is ~5, suggesting that turbulence has been dissipated more in Oph
C than in Oph B.

In keeping with the model used to characterize our sources,
the gravitational potential energy is that of a spherically sym-
metric Gaussian density distribution, p(r) = poe " /%" (o =

FWHM/+/8In2):
1 GM?

NG
(see Appendix C for a derivation). We take « to be the geometric
mean of the deconvolved Gaussian widths of each of our cores.

For our mean core mass, 0.27MQ©®, and deconvolved
size, FWHM = 0.01 pc, the gravitational potential energy
[{Qc)| ~ 4 x 10* erg, and for our mean 1D N,H* velocity disper-
sion, 225 ms~! (equivalent to o = 262m s~!), the kinetic energy
term in the virial equation is 2(Qx) & 11 x 10*' erg. Hence, these
two terms are of similar order to one another, with the kinetic term
slightly dominant.

Qe =

(30)

5.2 External gas pressure

Previous studies of starless cores in Ophiuchus have suggested
that external gas pressure might be instrumental in confining dense
cores. Maruta et al. (2010) estimate a typical surface pressure on
cores in Ophiuchus of (Pgxr)/k; ~ 3 x 10° K cm~2, sufficient to
influence the energy balance of the cores. Similarly, Johnstone et al.
(2000) estimate core surface pressures Pexr/k; ~ 107 Kem™3 by
treating the starless cores they identify in Ophiuchus as pressure-
confined Bonnor-Ebert (BE) spheres.

We consider the gas pressure in material traced by C'30 to be the
external pressure acting on our starless cores, since CO becomes
significantly depleted through freeze-out on to dust grains at densi-
ties 2> 10° cm~* (Di Francesco et al. 2007), and as such is expected
to trace the outer layers, or envelopes, of starless cores. Higher-
density tracers such as NoH™ are expected to trace the denser inner
material of the cores themselves.

The external pressure term in the virial equation, Q2p, is given by

Qp = —3PpxtV = —4mPexTR> 31

for a core of volume V being acted on by an external pressure Pgxr.
Pgxr can be estimated from the ideal gas law:

Pext & petso (05, s, 32)

where p.is, is the density at which the transition between C'30
and NoH™ being effective tracers occurs, and (‘ngas J18,) 18 the mean
gas velocity dispersion in material traced by C'30. We assume

that C'80 does not trace densities higher than 10° cm™>. We must
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estimate a radius at which core density drops to 10° cm™ in order

to determine the volume over which this surface pressure acts. We
continue to assume that our cores are characterized by Gaussian
density distributions, in which case the radius at which the density
drops to p.is, is given by

roisy = @ 21n( ro ) 33)
Pclso

The peak core density py can be estimated from the measured mean
density (ppwuv) Of each core (listed in Table 3), which is determined
over an area of radius 1 x FWHM:

-1
_ { Orwin) 3/2 T _ 4/ 2In2
o= L8 In2) (\E erf (2«/@) . .

(34)

These equations give typical r.s, values in the range ~0.7-1.5
FWHM.

The mean energy due to external gas pressure on the material
traced by NoH* estimated from this method is 9 x 10*! erg, roughly
the same order of magnitude as the mean internal kinetic energy of
our cores. This is equivalent to (Pgxr)/k; ~ 1.8 x 10K cm ™3,
an order of magnitude higher pressure than that found by Maruta
et al. (2010), but similar to the total pressure in Ophiuchus P /k; ~
2 x 107 K cm ™3 estimated by Johnstone et al. (2000).

5.3 External pressure from ionizing photons

In Ophiuchus, the effects of the B2V star HD 147889 dominate the
effects of the interstellar radiation field (Stamatellos et al. 2007).
According to the cloud geometry model of Liseau et al. (1999), Oph
A is the region of the cloud closest to HD 147889, at a distance of
1.1 pc. Furthermore, the B3—B5 star S1 appears to be influencing
Oph A. We estimate the pressure on cores in Oph A from ionizing
photons from these B stars, as being indicative of the maximum
external pressure acting on any of the cores in our sample.

The pressure term of the virial equation due to ionizing photons
from an early-type star irradiating one side of a starless core is given
by Ward-Thompson et al. (2006) as

Qp A 27R Py ~ (35)

D

4Rk, T, (37tNLyCR) i
oy ’

where R is the radius of the core; D is the distance from the core to
the exciting star; 7, ~ 10* K is the canonical temperature for gas
in an Hu region; a, ~ 2 x 107! cm?® s7! is the recombination
coefficient for atomic hydrogen into excited states at 7, and NLyc
is the rate at which Lyman continuum photons are emitted from the
exciting star.

We take the number of Lyman continuum photons emitted per
unit surface area of the star, nyc, from Dottori (1980), assuming
in both cases log g ~ 4.25 (Strom & Peterson 1968). The total rate
of ionizing photons is then NLyC = 47'[RmeEyC, where the stellar
radii are listed in Table 4. We take the distance to HD 147889 to be
1.1 pc, and the distance to S1 to be 0.06 pc, the plane-of-sky distance

Table 4. Adopted B star properties.

Star Luminosity Tetr Radius  log 10(NEYC)
LO) K RO (emZsh

HD 147889 4700 22 300 4.6 20.4

N 1500 17 200 4.4 18.5
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between the star S1 and the core SM1 at our assumed distance to
Ophiuchus. For a core radius equal to our mean deconvolved core
FWHM, 0.01 pc, the external pressure terms for a core in Oph A in
close proximity to S1 will be

Qo ~ 3.4 x 10¥erg (36)

Qust ~ 6.6 x 10¥erg. 37)

Hence, the maximum value we expect the ionizing photon pressure
term to take anywhere in Oph A is Qp < 10*! erg, and outside Oph
A, where the effect of HD 147889 will be lessened, and the effect of
S1 will be minimal, we expect Qp ~ 10* erg. Hence, we conclude
that ionizing photon pressure represents a small correction to the
virial balance of our cores, typically being one to two orders of
magnitude smaller than the gravitational and kinetic energy terms,
and that we are justified in neglecting it in our virial analysis.

5.4 Magnetic energy density

Neither the strength nor the relative importance of magnetic fields
in Ophiuchus are well known. There have to date been only a few
reliable measurements of magnetic fields in the cloud (Crutcher
et al. 1993; Goodman & Heiles 1994; Troland et al. 1996). The
magnetic field at intermediate densities, measured through Zeeman
splitting in OH (Crutcher et al. 1993; Troland et al. 1996), is what
we consider in the subsequent analysis, as more representative of
the magnetic field in the molecular gas. Troland et al. (1996) find
the line-of-sight magnetic field strength |Bj| to be 10 uG at a
density of 10*>?cm™3, and find a 1D velocity dispersion in OH of
~0.57km s~

The magnetic field strength in the turbulent ISM is commonly
related to the non-thermal velocity dispersion and density of the
ISM (see e.g. Basu 2000, and references therein):

ont n\ 2
B = By — ; (38)

ONT,0 \ "0

where the subscript ‘0’ indicates the reference (measured) value of
each quantity. We note that this relation implies a constant ratio
between turbulent and magnetic energy. The magnetic energy can
be expressed as

BV 1 B?
QM = = — g MO'ﬁT, (39)
2u0  2p0 \ PoOG NT

while the non-thermal component of the kinetic energy, Qk. nr,
is given by 1.5M o3, (see equation 28). Thus, the ratio between
turbulent and magnetic energy is given by

Qum 1 B}

=— ; (40)
QeNt  3H0 P0OG Nt

which, for the values of By, py, and oo Nt given by Crutcher et al.
(1993) and Troland et al. (1996), gives a ratio of Qy;/Qx nt = 0.11
for the Ophiuchus molecular cloud. Therefore, for our cores (if
equation 38 holds) the magnetic energy of a core cannot exceed
~10 per cent of the core’s internal energy. In the case of transonic
or subsonic motions within the core, the fraction will be smaller
still. Furthermore, the internal energy term in the virial equation is
2Qk, while the magnetic energy term is merely €2);. Consequently,
the contribution of magnetic energy to core stability will in this
case be ~5 per cent that of the turbulent kinetic energy. Therefore,
we also neglect the magnetic energy term in our virial analysis. We
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note the need for further measurements of magnetic field strengths
in high-density regions, in order to test the validity of analyses of
this kind.

5.5 Core stability

On average, for those cores in our sample for which NoH* and
C'30 data are available, the gravitational potential energy and the
external pressure energy are of similar magnitude, and together
slightly dominate over the internal energy. However, there is a wide
variation from core to core. Table 5 lists the values of gravitational
potential energy, internal energy, external pressure energy, and the
virial parameter for all those cores for which data are available.

Fig. 10 shows the ratio of Qg to Qp plotted against
—(Q26 + Q2p)/2L2, the virial stability criterion. The vertical dashed
line marks the locus of virial stability. It can be seen that the majority
of our cores lie to the right of this line, indicating that they are virially
bound. Of the 23 cores for which N,H* data are available, 22 are ei-
ther bound or virialized, having a virial ratio —(2g + Qp)/2Qk > 1.
However, as can be seen in Fig. 10, one core, in Oph A’, is marginally
unbound, with virial ratio < 1, and with uncertainty on this ratio
such that a ratio of 1 is consistent.

The horizontal dashed line on Fig. 10 marks the division between
those cores that are gravitationally bound (above the line) and those
that are pressure-confined (below the line). There is a wide variation
from region to region, with Oph A being the most gravitationally
bound and Oph C being the most highly pressure-confined. These
differences are discussed further in Section 6. It should be noted that
a full virial analysis has only been performed on those cores located
in regions targeted for N,H ™' observations, i.e. the regions of highest
column density. The results of this analysis cannot necessarily be
generalized to the cores for which NoH™ data are not available.

5.6 BE critical mass

The BE model of a starless core (Bonnor 1956; Ebert 1955) is fre-
quently used as a measure of the stability of starless cores (e.g.
Alves, Lada & Lada 2001). The BE model treats a core as an
isothermal, self-gravitating, polytropic sphere bounded by external
pressure. The mass at which a BE sphere at temperature 7, with
sound speed ¢(7), and bounded by external pressure Pgxr, i criti-
cally stable against gravitational collapse is given by

e(T)*

MBE,Cl‘il = 118?
PE)/(TG3/2

“n
The critical BE mass is often considered a useful proxy for virial
mass as, if the critically-stable BE model is appropriate and the
radius at which cores are bounded by external pressure can be
estimated, the stability of a core can be estimated without velocity
dispersion data, as cores with observed masses greater than their
critically-stable BE mass (i.e. M /My i > 1) will be undergoing
gravitational collapse.

We investigated whether the critical BE stability criterion
(M /My i) can accurately predict the virial balance of starless
cores in L1688, and hence whether it can be reliably used as a
proxy for virial mass in regions for which line data are not avail-
able. We determined the critically stable masses of our cores by
considering the external pressure, Pgxr, on our cores to be the gas
pressure in C'%0. The critically stable BE masses and continuum
masses of the subset of our cores for which N,H" data are available
are compared in Fig. 11. Critically stable BE masses for the remain-
der of the set of cores for which C'30 data are available are listed
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Table 5. Properties of starless cores, derived from spectral line data and from virial arguments and the BE criterion.

Source Source NoH™* mass C80 mass Bonnor-Ebert mass —Qg Qx —Qp %j
index name Mp) Mp) M@) (x 10" erg)  (x 10*M erg)  (x 10*' erg)  (x 10*! erg)
1 SM1 0.184 £0.023  0.503 4+ 0.086 0.261 £ 0.196 124.2 36.3 5.9 —574
2 SMIN 0.179 £0.020  0.353 +0.056 0.221 £0.168 82.4 27.3 5.9 —33.7
3 SM2 0.201 £0.016  0.450 4+ 0.057 0.308 £+ 0.244 27.9 13.4 11.3 —124
5 A-MM5 0.345 £0.048 0.511 +0.056 0.305 £ 0.242 2.7 52 10.1 23
6 A-MM6 0.391 £0.053  0.532 £ 0.061 0.297 £ 0.239 21.7 18.1 19.9 —-5.5
7 A-MM7 0.260 £ 0.013  0.354 4+ 0.045 0.425 £0.374 3.1 6.9 8.0 +2.6
8 A-MMS 0.174 £0.019  0.321 4+ 0.042 0.387 + 0.303 3.8 4.0 4.4 —0.3
9 A-MM1 - 0.188 £ 0.024 0.180 £ 0.136 0.4 - 7.2 -
10 A-MM4 0.186 £ 0.035  0.343 £ 0.045 0.288 + 0.207 0.6 1.7 3.0 —0.2
11 A-MM4a  0.088 £ 0.006  0.126 £ 0.022 0.255 £0.179 0.3 0.6 0.3 +0.7
19 A-MM30 - 0.251 £+ 0.038 0.151 £ 0.107 0.2 - 4.2 -
20 A-MM31 - 0.200 £ 0.023 0.580 £ 0.530 0.3 - 2.7 -
23 A-MM34 - 0.138 £ 0.017 0.624 + 0.569 0.4 - 2.5 -
26 A2-MM1 - 0.132 £0.018 0.202 £ 0.145 0.2 - 3.0 -
27 A2-MM2 - 0.097 £ 0.017 0.143 + 0.098 0.1 - 1.7 -
28 A3-MM1 - 0.187 £ 0.023 0.220 £ 0.169 0.3 - 6.6 -
29 B1-MM3 0.124 £ 0.019  0.263 4+ 0.033 0.113 + 0.067 3.5 4.1 10.8 —6.1
30 Bl-MM4a  0.156 £0.012  0.217 £ 0.028 0.107 £ 0.062 42 6.5 10.7 —-1.9
31 B1-MM4b  0.068 +0.010  0.105 £ 0.019 0.109 £ 0.064 0.4 1.1 1.2 +0.5
32 B1-MM5 - 0.274 £ 0.038 0.121 £ 0.071 14 - 5.8 -
35 B2-MM2a - 0.177 £0.023 0.116 £ 0.066 1.5 - 6.0 -
36 B2-MM2b - 0.223 £ 0.028 0.092 £ 0.054 1.9 - 11.3 -
37 B2-MM4 - 0.103 £0.018 0.101 £ 0.060 3.0 - 0.8 -
38 B2-MM6  0.523 £0.296  0.220 £ 0.026 0.081 £ 0.047 13.6 25.0 25.8 +10.6
41 B2-MM9 1.021 £0.394  0.240 £+ 0.026 0.085 £ 0.051 13.7 18.6 33.8 —104
43 B2-MM13  0.242 +0.049  0.213 £+ 0.027 0.079 £ 0.043 18.9 21.4 15.2 +8.7
44 B2-MM14 0310 £0.044  0.319 £ 0.035 0.069 £ 0.038 23.6 19.7 40.7 —24.9
45 B2-MM15 0.164 £+ 0.020  0.196 £ 0.028 0.071 £ 0.042 6.8 7.3 20.3 —12.3
46 B2-MM16  0.057 £0.005 0.100 £ 0.018 0.092 £ 0.050 10.5 7.3 0.7 +3.4
48 C-MM3 0.157 £0.011  0.301 +0.038 0.084 £ 0.055 2.6 33 21.2 —17.2
49 C-MM6a  0.101 £0.011  0.195 £ 0.029 0.085 £ 0.058 0.4 1.1 7.1 53
50 C-MM6b  0.148 £0.022  0.295 £+ 0.037 0.091 £ 0.063 0.4 1.3 12.2 —10.0
53 E-MM2d  0.056 £ 0.004 0.218 £ 0.034 0.134 £ 0.088 1.2 1.6 7.2 5.2
58 F-MM1 0.027 £0.005  0.224 +0.041 0.139 £ 0.097 0.5 0.7 0.9 +0.0
70 H-MMI1 — 0.148 £ 0.018 0.223 +0.124 5.8 - 2.2 -

in Table 5, but are excluded from Fig. 11 in order to aid comparison
with Fig. 10.

Fig. 11 shows that there is no correlation between observed mass
and critical BE mass, indicating that, as would be expected for a set
of virially unstable cores, our cores cannot be modelled as static,
critically-stable, BE spheres. Moreover, the critical BE stability
criterion does not reliably predict the either virially bound state or
the energy balance of the N,H™ cores. A core lying to the right of
the line of unity on Fig. 11 has no stable BE solution and must,
according to BE analysis, be collapsing under its own gravity, while
a core lying to the left of the line of unity may be modelled as a
stable, pressure-confined BE sphere.

We find that the BE criterion typically overpredicts the degree
to which our cores are gravitationally unstable. Of the 15 cores
predicted to be collapsing under gravity according to Fig. 11, 9
are in fact found to pressure-confined. However, there are no cases
where the BE analysis suggests a core is pressure-confined and it
is found to in fact be gravitationally bound. The degree to which
cores are virially bound is in many cases also overestimated. For
example, the BE criterion predicts that all six of the cores in Oph
B2 will be strongly gravitationally bound, whereas Fig. 10 shows
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that of these six cores, four are approximately virialized, and the
other two, while virially bound, are confined by external pressure.

A possible explanation for these discrepancies is that in this anal-
ysis we have used the standard BE mass formula (equation 41),
which does not account for the contribution of non-thermal mo-
tion to internal support. However, as shown in Fig. 9, our cores
typically have transonic or mildly supersonic internal motions at
the radii traced by NoH™, and hence assuming all support against
collapse is thermal is likely to overestimate the degree to which
our cores are both gravitationally unstable and virially bound.
An accurate parametrization of the effect of non-thermal inter-
nal motion on core support might improve the accuracy of the
BE analysis.

Another important consideration is that while in principle the
eight cores lying to the left of the line of unity in Fig. 11 can
be modelled as stable, pressure-confined BE spheres, Fig. 10
shows that many of our cores, whether confined by pressure or
by gravity, are not in virial equilibrium. Caution must be exer-
cised when applying an equilibrium model such as a BE sphere
to a non-equilibrium set of objects such as the cores in this
sample.
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dashed line are collapsing according to the critical Bonner—Ebert criterion.
Colour coding is as in Fig. 5.
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6 REGIONAL VARIATIONS IN CORE
PROPERTIES

Fig. 10 shows that most of the cores in our sample for which N,H™*
data are available are either bound or virialized. Fig. 5 shows that
our cores occupy the part of the mass/size plane in which prestellar
cores are expected to lie. However, whether our cores are gravi-
tationally bound (i.e. prestellar) or pressure-confined varies from
region to region. Gravity strongly dominates over external pressure
in the most massive cores in Oph A, the well-known prestellar cores
SM1, SMIN, and SM2. Cores in Oph A’ and B are typically in ap-
proximate equipartition between gravitational and pressure energy
or marginally pressure dominated. However, cores in Oph C and E
are strongly pressure-dominated and virially bound.

It is noticeable from all of the above that the properties of the
starless cores, including the degree to which cores are bound, as well
as whether they are gravitationally bound or pressure-confined, and
the extent to which turbulence is dissipated, vary more between
regions than within them. This suggests that the local environment
has a significant effect on the nature of the starless cores. Enoch
et al. (2009) provide a catalogue of deeply embedded Class 0 and
Class I protostars in L1688 and L1689, marked as yellow stars on
Fig. 1. We refer to this catalogue in the following discussion.

6.1 Oph A

Oph A is the only region in L1688 within which substantially gravi-
tationally bound cores are found (see Fig. 10). Temperatures in Oph
A are higher than in other parts of the cloud. The Oph A region is
also the part of the cloud most clearly being influenced by stars that
have already formed: the B2 protostar HD 147889 drives a PDR
at the western edge of Oph A, while on the eastern side of Oph
A there is a reflection nebula associated with the B4 protostar S1,
both of which can be seen in Fig. B1. This suggests a morphology
in the region in which the dense gas that makes up the central,
submillimetre-bright cores of Oph A is being influenced by its local
environment. However, as shown in Fig. 10, cores in the densest re-
gions of Oph A do not appear to be dominated by external pressure.
Enoch et al. (2009) list only one protostar embedded in Oph A: the
Class O protostar VLA 1623 (the only Class 0 source in L1688).
This is consistent with star formation in this dense clump being in
its early stages.

6.2 Oph A’

The cores in Oph A’ are at similar temperatures to those in Oph A,
but are among the least bound of the cores in our sample. Gravity and
external pressure appear to be contributing approximately equally to
the confinement of these cores. This region is confused, particularly
along its western edge, where much of the emission is from the PDR
associated with HD 147889. Enoch et al. (2009) list three embedded
Class I protostars in Oph A’.

6.3 Oph B

The Oph B region appears to be relatively quiescent: it is the coldest
of the regions; there are few embedded protostars; and the cores are
typically virialized or marginally bound. Enoch et al. (2009) list
four embedded Class I protostars in Oph B: none in Oph B1; one
in Oph B1B2; and three in Oph B2, of which one is the outflow-
driving source IRS 47 (White et al. 2015). Cores in Oph B1 and
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B2 typically show similar behaviour, although the ratio of gravita-
tional to pressure energy is consistently in the range 0.3-0.4 in B1,
and more varied in B2. As shown in Fig. 9, cores in B2 have the
highest non-thermal linewidths measured in NoH™, suggesting that
turbulence is not being effectively dissipated in this region. We hy-
pothesise that this could be due to the influence of the outflow from
IRS 47, as protostellar outflows have been shown to inject and sus-
tain turbulence on small scales in molecular clouds (Duarte-Cabral
et al. 2012).

We note that the pre-brown dwarf candidate Oph B-11 (Pound
& Blitz 1995; Greaves, Holland & Pound 2003; André, Ward-
Thompson & Greaves 2012), located between Oph B1 and B2,
is detected in SCUBA-2 850 pm emission. Oph B-11 is discussed
in detail in Appendix D.

6.4 Oph C

Oph C appears to be extremely quiescent, and substantially less
evolved than the rest of the Oph C-E-F ‘filament’ of which it
appears to be a part. The three cores we identify within Oph C
are all substantially bound and pressure-confined, with broad C'30
linewidths, as shown in Fig. 9. The N,H™" linewidths, however, in-
dicate that the cores in Oph C are among the least supersonic in
N,H*. The reason for this apparently very effective dissipation of
turbulence is not clear, although the lack of embedded sources driv-
ing outflows might be a possibility. The lack of embedded sources
in Oph C, along with its considerably lower aspect ratio than its
neighbours Oph E and Oph F, lead us to suggest that Oph C may
have a slightly different line-of-sight distance than other regions,
possibly being further from influences such as HD 147889. There
are no embedded protostars in Oph C listed by Enoch et al. (2009).

6.5 Oph E and F

We consider Oph E and Oph F together, due to the low number of
cores detected in these regions, along with the similarities between
the two regions. These appear to be the most evolved regions of
L1688, with a high ratio of embedded sources to starless cores: Oph
E has four embedded Class I sources, while Oph F has six. Cores in
Oph F are at a similar temperature to those in Oph A and A’, although
without any obvious external heating. The core in Oph F for which
an energy balance can be determined appears to be marginally
pressure-confined, while the core in Oph E is strongly pressure-
confined. C'80 linewidths show substantial turbulence, similarly to
Oph C, while these cores are the least supersonic in NoH™. Again,
we hypothesise that this effective dissipation of turbulence may be
the result of a lack of outflows in either of these regions.

6.6 L1689 and L1709

The starless cores we find in L1689 and L1709 are typically of
similar mass to those in Oph B, C and E. We find six starless cores
in L1689S; four in L1689; and one in L1709. Enoch et al. (2009)
list four embedded Class I protostars in L1689S; one Class 0 source
in L1689N; and two Class I sources in L1709. The low number of
cores relative to L1688, the low ratio of embedded sources to starless
cores, and the presence of the Class O source IRAS 16293—2422
suggests that L1689 and L1709 are likely to be less evolved than,
or forming stars less efficiently than, L1688. This was explained by
NWAO6 as due to L1689 being further from the Sco OB2 association
than L1688, and hence less active.

MNRAS 450, 1094-1122 (2015)

6.7 Gradients across the cloud

It is clear from the discussion above that the different regions of
the L1688 cloud do not show the same properties or evolutionary
stage, despite being in close proximity both to one another and to
HD 147889. There is a marked variation in temperature across the
cloud, with Oph A and A’ being the warmest regions, followed by
Oph E E, C, B1, and B2, in that order. Oph A and A’ are clearly
being influenced by the nearby B stars. As discussed in Section 5.3,
the flux of ionizing photons from the two B stars is not a dominant
term in the virial equation in Oph A. However, these stars will be
heating the gas and dust within Oph A.

Fig. 12 shows in blue the warm dust traced by Spitzer 8§ um
emission (Evans et al. 2003; Enoch et al. 2009), which surrounds
Oph A and A’ on two sides. It should be noted that while the relative
influence of HD 147889 on L1688 as a whole must be much greater
than that of S1, the flux of ionizing photons from S1 on Oph A is
approximately twice that of HD 147889; the S1 reflection nebula
is likely to have at least as much influence on Oph A as the PDR
driven by HD 147889, even though the former is much smaller.

Oph A and Oph B appear to be at similar evolutionary stages,
despite their marked difference in temperature. Both regions have
embedded sources driving outflows, which may be hindering the
dissipation of turbulence within the region. However, while Oph A
shows the influence of local effects, Oph B appears to be evolving
in a more quiescent location: it is the coldest of the regions, and
Fig. 12 shows no sign of it being bordered by PDRs or reflection
nebulae.

Cores in Oph A and Oph B are typically of similar mass (see
Fig. 8). However, as shown in Fig. 10, while some of the cores in
Oph A are strongly gravitationally dominated, the cores in Oph B
are close to equipartition between gravitational potential energy and
pressure. It is possible that material in Oph A might have been swept
up by the PDR and the reflection nebula, increasing local density
and hence leading to the strongly gravitationally bound prestellar
cores in this region.

Oph E and F appear to be at a later evolutionary stage than Oph
A and B, with a high ratio of protostars to starless cores, several
embedded sources, and no embedded sources young enough to be
driving outflows. Those starless cores that are found are among the
least massive in L1688 (see Fig. 8). These regions are both at an
intermediate temperature. There is no obvious source of external
heating, similarly to Oph B, suggesting that the embedded sources
in Oph E and F might be heating their surroundings. What might
have led these regions to begin forming stars earlier than Oph A and
B is not clear.

Oph C is noticeably different from the other regions in L1688,
being an apparently entirely quiescent region, with only a few low-
mass, pressure-confined cores and no embedded sources. As dis-
cussed above, this leads us to suggest that Oph C might be at a
slightly different line-of-sight distance than the neighbouring re-
gions.

There appears to be a general gradient in evolutionary stage from
south-west to north-east across the cloud (except for Oph C). This
could be due to the influence of the Sco OB2 association, located
behind and to the south-west of Ophiuchus (Mamajek 2008); HD
147889, also behind Ophiuchus (Liseau et al. 1999), appears to be
primarily of importance in Oph A, and to have relatively limited
influence elsewhere.

While a global south-west/north-east gradient in evolutionary
stage can be inferred, and is consistent with previous studies
(Loren 1989; NWA06), it must be emphasized that the properties of
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Figure 12. Three-colour image of L1688, with regions labelled. Red channel: SCUBA-2 850 um data (this work). Green channel: Herschel 100 um data
(Ladjelate et al., in preparation). Blue channel: Spitzer 8 pm data (Evans et al. 2003).

regions within L1688 appear to be determined substantially by local
effects. In particular, the differences in temperature and energy bal-
ance between cores in Oph A and Oph B, two regions apparently at
similar evolutionary stages, but with different immediate local envi-
ronments (Oph A being heavily influenced by two B stars, and Oph
B evolving in a less disturbed location), indicate the importance of
local effects in determining the properties of starless cores.

7 CONCLUSIONS

In this paper, we have extracted a set of sources from the SCUBA-2
850 um map of the Ophiuchus molecular cloud, and have char-
acterized the properties of these cores using SCUBA-2, Herschel,
IRAM, and HARP data sets.

We identified sources using the CuTEx curvature-based source
extraction algorithm, which gave us a catalogue of 93 sources, 70 of
which were in the central region of the L1688 subcloud. Of these 93
sources, 46 were identified as protostellar, and 47 were identified
as starless cores. Of the 70 sources in L1688, 47 were uniquely
identified with a source in the SO8 catalogue.

We determined the dust temperature of each source by SED
fitting, which allowed an accurate mass determination to be made
for each source. The distribution of masses of the starless cores is
consistent with the expected shape of the CMF. The low counting
statistics of our sample did not allow us to accurately determine
the power-law index of our CMF, although the two slope values
determined, @ = 2.0 £ 0.4 and 2.7 & 0.4 are both consistent with
the expected behaviour of the high-mass IMF.

We calculated the masses of our cores from N,H* and C'*0
emission. We found that the mass of a core determined from 850-pm
continuum emission and the mass determined from N, H* emission
correlate well, indicating that NoH" and continuum emission are
tracing the same material. The most massive cores, those in Oph

A, have consistently higher continuum masses than N,H" masses,
indicating that as expected, No,H™ emission does not trace the very
densest material in prestellar cores.

We performed full virial stability analyses for the 23 cores for
which both C'30 and N,H* data were available, estimating the
contributions of gravitational energy, internal pressure (both thermal
and non-thermal) and external pressure to the energy balance of
the cores. Existing measurements of the magnetic field strength in
Ophiuchus suggest that magnetic energy is unlikely to significantly
alter the energy balance of our cores. We found that most of our
cores are bound or virialized, with a virial ratio > 1.

We calculated the BE critically stable masses for each of the 23
cores for which NoH™ data are available. We found that our cores
cannot be modelled as critically stable BE spheres, and that the BE
critically stable mass is not a good estimator of the bound state
of the cores for which we can perform a full virial analysis, typi-
cally overestimating the degree to which cores are gravitationally
bound.

We found that whether our cores are gravitationally bound or
pressure-confined depends strongly on the region in which they are
located. Cores in the centre of Oph A are gravitationally bound,
while cores in Oph C and E are pressure-confined. Cores in Oph A’,
B, and F are in approximate equipartition between gravitational po-
tential energy and external pressure energy, with pressure typically
slightly dominating.

We see a loss of turbulence between core linewidths measured
in C'®0 and core linewidths measured in NoH*. This supports a
picture in which dissipation of turbulence occurs in the dense centres
of starless cores. At the radii traced by N,H™ emission, turbulence
is dissipating, but is not yet fully dissipated, with a transonic or
mildly supersonic non-thermal component to the core linewidth still
present even when the core is on the brink of gravitational collapse.
The degree to which turbulence is dissipated varies between regions,
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with turbulence being dissipated more within Oph C, E, and F than
within Oph A, A’, and B.

These results show that starless cores in the Ophiuchus molecular
cloud are non-equilibrium objects with complex relationships with
their local environments, and that a detailed analysis of their energy
balance, of the sort we have carried out here, is required in order to
accurately determine their virial state. In particular, we have shown
that external pressure is of key importance to the energy balance of
most of the densest starless cores in Ophiuchus, and thus cannot be
neglected in a virial analysis. The wealth of continuum and kine-
matic data now available for many galactic star-forming regions
now allows for detailed analyses of the virial balance of starless
cores in other regions to be performed, and a thorough understand-
ing of their behaviour and relationship with their environments to
be developed. In future papers, we will carry out such studies in
other Gould Belt star-forming regions.
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APPENDIX A: DATA

We show in full the regions within Ophiuchus observed using
SCUBA-2. Fig. Al shows the 850-um flux density data. Fig. A2
shows the 850-um variance map. Fig. A3 shows the 450-pum flux
density data. Fig. A4 shows the 450-pum variance map. Figs A1-A4
all show the data in square-root scaling. Fig. A5 shows the mask
used to define areas of significant emission in both the 850 and
450-um data.
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Figure A1. The 850-um flux density measured in Ophiuchus with SCUBA-
2, shown in square-root scaling.
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Figure A2. The variance on the SCUBA-2 850-pum flux density data, shown
in square-root scaling.
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Figure A3. The 450-um flux density measured in Ophiuchus with SCUBA-
2, shown in square-root scaling.
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APPENDIX B: RGB IMAGES OF L1688

Figure B1. Three-colour image of L1688. Red channel: SCUBA-2 850 pum data. Green channel: spatially-filtered Herschel 250 pm data. Blue channel:
spatially-filtered Herschel 160 pm data.

Figure B2. Three-colour image of L1688. Red channel: SCUBA-2 850 um data. Green channel: SCUBA-2 450 um data. Blue channel: spatially-filtered
Herschel 250 pm data.
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APPENDIX C: GRAVITATIONAL POTENTIAL
ENERGY OF A GAUSSIAN DISTRIBUTION

We give here a brief derivation of the gravitational potential energy
of a Gaussian distribution, as used in our virial analysis. This is the
first time that this has been shown.

For a radially symmetric potential, the gravitational potential
energy Qg is given by

Qg = —4nG /00 drr p(r)yM(r), (&)
0

where p(r) and M(r) are the density and mass at radius r, respec-
tively. M(r) is given by

M(@r) =4n / dr' r?p@). (C2)
0
We assume a radially symmetric Gaussian density distribution
_r2042
p(r) = poe™" ", (C3)
for which the total mass at radius r is given by

M(r) = 4mipg [) dr' r?e /2 (c4)

= 4mp, {oﬁ\/gerf (%) - azre_’z/zaz} , (C5)
a

and the total mass summed over all radii is given by

M = dmpy [ dr' rPe 2 (C6)

= 2321 pya®. (C7)
Using equations (B1) and (BS), Q¢ is given by
Qs = —16m*Gpla?

o 29,2 Tt r 29,2
X drre /2 {a —erf <—) —re " ] C8
/0 \V 2 o3 (C8)

3
= —16mG pla® x (#) (C9)

= 4G pla’. (C10)

Combining equations (B7) and (B10), the gravitational potential
energy of a Gaussian distribution of characteristic width « and total
mass M is

1 GM?
2Jm o

This is used in equation (30) in Section 5.1 in the text.

Qg = (C11)

APPENDIX D: OPH B-11

We investigated whether the pre-brown dwarf source Oph B-11 was
detectable in our 850-um map of Ophiuchus. Originally detected
and identified as a pre-brown dwarf candidate in a DCO™ search
(Pound & Blitz 1995), Oph B-11 was observed using SCUBA by
Greaves et al. (2003), who classed the source as a very young
‘isolated planet’. André et al. (2012) observed Oph B-11 using the
IRAM Plateau de Bure Interferometer, determining that the source
was in fact a gravitationally bound pre-brown dwarf, with mass
0.02-0.03 M@.
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Figure D1. Unsharp-masked SCUBA-2 850 um image of the region sur-
rounding Oph B-11, smoothed to 15 arcsec resolution. Our peak position
for Oph B-11 is marked as a white star. B1-MM3 is marked as a black star.
Other sources identified by Greaves et al. (2003) are marked as black circles.
The approximate area observed by Greaves et al. (2003) is enclosed by the
dashed line. Contour levels are 28, 66, 94, 115 and 129 mly (15 arcsec
beam) ! above the local minimum, to approximately match the contours of
Greaves et al. (2003).

When observed by Greaves et al. (2003), the integration time for
the 2.7 arcmin diameter field was 2 h, resulting in a very sensitive
SCUBA map with 1o rms noise of 6 mJy (15 arcsec beam)~'.
The 1o rms noise in our SCUBA-2 map of the same region is
6.3 mJy (15 arcsec beam)~!, almost identical. This was achieved
using 4 x PONG1800 observations, taking a total of 2 h 40 min
(i.e. essentially the same integration time as with SCUBA) to cover
a field of 30 arcmin diameter, compared to 2.7 arcmin with SCUBA
(i.e. roughly 120 times the area in the same time).

In order to detect this extremely faint source, we repeated the
unsharp-masking process used by Greaves et al. (2003) on their
SCUBA map of the region. We smoothed the SCUBA-2 map with
a 30 arcsec Gaussian filter, and subtracted the smoothed emission
from the original map, removing all structure significantly more
extended than the 14.1 arcsec beam. The data were them smoothed
to a 15 arcsec beam to match the SCUBA data of Greaves et al.
(2003).

After removing the extended structure in this way from the
SCUBA-2 map, we were able to detect Oph B-11. The emis-
sion peaks at RA = 16"27™1430, Dec. = —24°28'39". Greaves
et al. (2003) found the source position to be RA = 16M"27™1430
Dec. = —24°28'31”, while André et al. (2012) give the source po-
sition as R.A. = 16"27™13396 Dec. = —24°28'2973. All of these
positions are consistent within the quoted errors.

We measure a peak flux density above the local background for
Oph B-11 of 55 £ 6 mly (15 arcsec beam)~! with an uncertainty
on the local background of +9 mJy (15 arcsec beam)~!. Greaves
et al. (2003) find a peak 850-um flux density for Oph B-11 of
39 & 6 mly (15 arcsec beam)~', with an uncertainty on their local
background of £5 mJy (15 arcsec beam)~!. Thus, our measurement
of the peak flux density of Oph B-11 is consistent with that of
Greaves et al. (2003). We converted our peak flux density to a mass
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using the Greaves et al. (2003) temperature estimate of 12-20 K,
taking kgsp um = 0.01 cm? g~!, and assuming a distance of 138 pc.
We find a mass range for Oph B-11 of 0.011-0.024 M. Thus,
our data are consistent with the IRAM mass estimate (André et al.
2012), and hence with the pre-brown dwarf interpretation of Oph
B-11.
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