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ABSTRACT

Context. Hatchell et al. (2005) (Paper 1) published a submillimetre continuum map of the Perseus molecular cloud, detecting the starless and
protostellar cores within it.

Aims. To determine the evolutionary stage of each submm core in Perseus, and investigate the lifetimes of these phases.

Methods. We compile spectral energy distributions (SEDs) from 2MASS (1-2 um), Spitzer IRAC (3.6, 4.5, 5.8, 8.0 um), Michelle (11 and
18 um), IRAS (12, 25, 60, 100 um), SCUBA (450 and 850 um) and Bolocam(1100 xm) data. Sources are classified starless/protostellar on
the basis of infrared and/or outflow detections and Class I/Class 0 on the basis of Ty, Lpoi/Lsnm and Fzg/Fgso. In order to investigate the
dependence of these evolutionary indicators on mass, we construct radiative transfer models of Class O sources.

Results. Of the submm cores, 56/103 (54%) are confirmed protostars on the basis of infrared emission or molecular outflows. Of these, 22 are
classified Class 1 on the basis of three evolutionary indicators, 34 are Class 0, and the remaining 47 are assumed starless. Perseus contains a
much greater fraction of Class 0 sources than either Taurus or Rho Oph. We derive estimates for the correlation between bolometric luminosity
and envelope mass for Class | and Class O sources.

Conclusions. Comparing the protostellar with the T Tauri population, the lifetime of the protostellar phase in Perseusis 0.25-0.67 Myr (95%
confidence limits). The relative lifetime of the Class 0 and Class 1 phases are similar, confirming the results of Visser et a. (2002) in isolated
cores. We find that for the same source geometry but different masses, evolutionary indicators such as T,y vary their value. It is therefore not
always appropriate to use afixed threshold to separate Class 0 and Class | sources. More modelling is required to determine the observational
characteristics of the Class 0/Class | boundary over arange of masses.
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1. Introduction

The submillimetre (submm) surveys of the Perseus molecular
cloud with SCUBA (Hatchell et al. 2005,hereafter Paper |) and
Bolocam (Enoch et al. 2006) have for the first time produced
a fairly complete census of the star formation activity in this
cloud, identifying all the submm cores above their flux detec-
tion limits. Previously, these submm cores have been discussed
in terms of their masses, clustering and their relationship to the
molecular cloud (Hatchell et a. 2005; Enoch et al. 2006; Kirk
et al. 2006) but so far there has been little attempt to identify
their evolutionary status. With an identification of the proto-
stars amongst the ~ 100 submm cores, questions of the star
formation rate, the timescales of the prestellar and protostel-
lar phases, and the detailed evolution of protostars can be ad-
dressed.

Send offprint requests to: hatchell @astro.ex.ac.uk

The timescales involved in protostellar formation are par-
ticularly important as constraints on the underlying physics
controlling the protostellar collapse. If cores form at the point
where turbulence rapidly completely dissipates, then collapse
should occur on roughly a free-fall time. If, on the other hand,
magnetic fields and ambipolar diffusion play an important role
in the evolution of the cores, then the time for a core to col-
lapse can be greatly increased (Tassis & Mouschovias 2004) .
Current stimates for the ratio of the prestellar to the protostellar
lifetime vary from 23 (Visser et al. 2002; Lee & Myers 1999)
to 10 (Ward-Thompson et al. 1994; Jessop & Ward-Thompson
2000).

Estimates for the lifetime of an embedded low-mass proto-
star are 1-2x10° Myr (Greeneet al. 1994; Kenyon & Hartmann
1995; Wilking et al. 1989; Kenyon et a. 1990). These early es-
timates were based on infrared surveys (eg. IRAS) with very
incomplete counts of protostars. Now that we have a submm-
based census of the protostellar counts in Perseus, combined
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with much more complete estimates of the T Tauri popula-
tion down to below the brown dwarf limit (Muench et .
2003; Wilking et al. 2004; Jargensen et a. 2006), and new
age estimates for the T Tauri population using updated pre-
main-sequence (PM S) evolutionary tracks (Wilking et al. 2004,
Mayneet al. in prep.), it istime to revisit these estimates.

A catalogue of protostellar sources also provides a valu-
able resource for followup study (eg. with interferometers
such as ALMA) as subsamples with particular properties (star-
lesg/protostellar, mass, luminosity) can beidentified in order to
investigate specific aspects of protostellar or starless core evo-
lution.

An established method of differentiating between proto-
stars and starless cores is on the basis of their spectral energy
distributions (SEDs). Perseus has now been surveyed not only
in the mm/submm by SCUBA and Bolocam but also across the
infrared by 2MASS, Spitzer and IRAS, so fluxes are available
across awide range of wavelengths. Using these publicly avail-
able data we can compile a set of spectral energy distributions
for the submm sources in Perseus which is based on ahomoge-
nous dataset. These consistent spectral energy distributions are
an important tool in determining evolutionary stage.

In this paper we collate the spectral data on the submm
sources in Perseus and discuss the evolution and lifetimes of
protostars within the cloud. In Sect. 2 we discuss the derivation
of fluxes for the SEDs, including the new mid-infrared obser-
vations with Michelle on UKIRT, and in Sect. 2.2 the resulting
SEDs. Sect 3 discusses the resulting classification and its im-
plications. In Sect 4 we present models of early Class 0 sources
and their implications for the classification. In Sect. 5 we con-
sider the lifetime of the embedded protostellar phase and our
conclusions are summarised in Sect. 6.

Throughout, we assume adistance of 320 pc for the Perseus
molecular cloud based on the Hipparcos distance of 1C348 (de
Zeeuw et al. 1999), consistent with our earlier paper (Paper 1),
though other recent studies (Kirk et al. 2006; Enoch et al. 2006)
have assumed a closer distance of 250 pc based on extinction
studies (éerni s & Straizys 2003,and references therein).

2. Spectral energy distributions

We have compiled aspectral energy distribution (SED) for each
submm source in Perseus, based on an extended version of the
850 um catalogue given in Paper |. With a mass limit of of
0.1 M, for a30 K protostellar envelope or 0.5 M, for a 10 K
starless core, the sources we expect to detect in the submm are
those at the earliest stages of protostellar evolution — starless,
ClassOand Class|.

2.1. Contributions to the SED

Spectral energy distributions were compiled from fluxes ei-
ther from images or catalogues from the following datasets:
2MASS (1-2um), Spitzer IRAC (3.6, 4.5, 5.8, 8.0 um),
Michelle (11 and 18 um), IRAS (12, 25, 60, 100 um), SCUBA
(450 and 850 um, Paper 1) and Bolocam (1100 um, Enoch et al.
2006).

2.1.1. SCUBA 850 um and master catalogue

SCUBA 850um fluxes are taken from our SCUBA map
(Hatchell et a. 2005). The JCMT beam size at this wavelength
isl14”.

The SCUBA chop resultsin poor sensitivity and noise arte-
facts in reconstructed maps on angular scales > 100" (see
Johnstone et al. 2000; Visser et al. 2002,Fig. 1). To avoid false
detections and large uncertainties on measurements of the ex-
tended flux we take out the large spatia scales by applying
an unsharp mask (USM) filter. This filter removes structure on
scalesof > 2’ (40,000 AU at 320 pc). Thiswasimplemented by
convolving the map with a2’ FWHM Gaussian and subtract-
ing the resulting smoothed map from the original. Thisfiltering
also selects appropriate spatia scales for candidate protostars
(eg. Motte et a. 1998).

To find integrated source fluxes for the 850um sources
we ran Clumpfind (2D version) (Williams et a. 1994) and
Sextractor (Bertin & Arnouts 1996) on the SCUBA data from
Paper |I. Clumpfind allocates pixels (and therefore flux) below
the highest closed contour to sources using a friend-of-friends
method. We also used Sextractor to extract fluxes within a
fixed 90” aperture. We ran Clumpfind with a base level of 3o
and increments of 1o (o0 = 35 mJy/beam at 850um and 200
mJy/beam at 450um) and a minimum pixel count of 5 (3" pix-
els).

The catalogue for which we calculate SEDs (the master
catalogue) consists of (a) all sources with a peak flux above
50 a 850um and a Clumpfind detection from the SCUBA
850um USM map; (b) Clumpfind detections with a peak flux
above 30~ at 850um and either an identification in Paper I,
or a Bolocam 1.1mm detection with Clumpfind (Enoch et
a. 2005). We additionally included the well known Class |
source IRAS 03410+3152 which is a 30- 850um detection with
Clumpfind in this category. The requirement for a Clumpfind
detection means that we can allocate 850um source integrated
fluxes to every source presented here in a consistent way. The
50 detection limit provides a peak flux limited catalogue. Our
aim in the wider compilation including the 30~ sources with
multiple detectionsis to include as many real sources as possi-
ble while minimising the number of artefacts.

The requirement of 5 pixels above 30~ with a 50 peak
should include any true point source with a peak above 50
while ruling out noise spikes. The corresponding point source
mass limit at 850um is 0.5 M, at 10 K. The maximum mass
within one beam of a starless core which escapes our detection
limit is therefore 0.5 My (see Sect. 2.2.2 for the details of the
mass calculation). The masses calculated from flux within the
Clumpfind area do not take into account low level flux < 3o
outside this area. Where the integrated flux is less than the
peak flux per beam, the peak flux per beam is used to calcu-
late masses. This affects 12 low mass sources, mainly Bolocam
detections with an 850um peak < 50. The lower requirement
of 5 pixels above 30~ with a peak of at least 30~ correspondsto
amass of 0.3 Mg, at 10K.

Several further sources which we identified by eye in
Paper | were aso not identified by Clumpfind as separate
sources but merged into one clump. Sextractor 90 aperture
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fluxes are aso included in the SEDs for comparison with the
Clumpfind fluxes to give an idea visualy of the uncertainties
due to the differing clump extraction methods. The Paper |
source numbers (in some cases multiple) correspondingto each
Clumpfind source are listed in Table 5 along with the cross-
identification from the 2MASS and Bolocam catal ogues and
other known namesfor each source. The source positionslisted
in Table 5 and used for cross-identification with sourcesat other
wavelengths are the positions of peak 850um flux. Pointing
with SCUBA istypically good to within 3”.

2.1.2. SCUBA 450um

SCUBA 450um integrated fluxes (beam size 8”) were also
taken from our SCUBA maps (Paper I). As for the 850um
data, 2D Clumpfind was run on the unsharp masked map.
Contours were set to 30, 30 + 2" x 10 with n = 0-6 and
o = 200mJy/beam. For many of the 850um sources, no corre-
sponding 450um peak was identified largely due to the higher
relative noise level on the 450um map. The 450um fluxes are
generaly integrated over a smaller area than the 850um fluxes
due to the higher noise level at this shorter wavelength.

2.1.3. Bolocam

Bolocam 1.1mm fluxes were taken from Enoch et al. (2006)
where Bolocam peak positions were within 20" of the 850um
peak. The large offset allowed takes account of the compar-
atively large beam of Bolocam (30” compared to SCUBA's
14’"). The median offset between SCUBA and Bolocam peaks
was9”.

2.1.4. IRAS

Upper limits on the IRAS fluxes were taken from HIRES pro-
cessed maps. The HIRES processing was carried out with 120
iterations at 60 and 100um and 40 at 12 and 25um, follow-
ing the method used successfully on the L1448 cluster (Wolf-
Chase et a. 2000). The resulting beams are typically 50-90"
at 100um and 25-60" at 12um. Despite the HIRES process-
ing many of the sources are still confused. As the 100um beam
sizes are usually large compared to the 850um sources, the FIR
flux for each submm core falls within one HIRES beam, and
therefore the HIRES peak flux per beam for each source can
be used as an estimate of the total flux. There may also be a
contribution from nearby neighbours where sources are tightly
packed, and for that reason the IRAS HIRES fluxes are marked
as upper limits on the SEDs.

2.1.5. Michelle on UKIRT

Observations were carried out using MICHELLE on UKIRT?
on the nights of 14 September to 21 September 2002. The in-
strument has a field of view of 67" by 50” with 0.21” pixels.

1 The United Kingdom Infrared Telescope (UKIRT) is operated by
the Joint Astronomy Centre on behalf of the U.K. Particle Physicsand
Astronomy Research Council.

Using 11.6um and 18.5um narrowband filters contiguous re-
gions were imaged to cover the brighter SCUBA submillime-
tre peaks, concentrating on the regions known to contain clus-
ters: the IC348(HH211), L1448, L1455 and NGC1333 regions.
During the observations the seeing had a FWHM of ~ 0.7”
at 11.6um and ~ 1” at 18.5um. Source fluxes were measured
in2” or 2.5” aperatures and the typical 1-sigma noise levels
reached in the observations were 30 mdy at 11.6um and be-
tween 90 mJy and 200 mJy at 18.5um.

2.1.6. Spitzer IRAC

Spitzer IRAC maps at 3.6, 4.5, 5.8, 8.0 um observed as part
of the Cores to Disks legacy project (Evans et al. 2003) were
extracted from the archive using Leopard. Source positions
and fluxes were extracted using Sextractor (Bertin & Arnouts
1996) and source detection was carried out on the median map.
Fluxes were measured within isophotal areas down to athresh-
old of twice the local background, which was typically 0.1-
0.2 MJy Sr! at 3.6 um and 6-15 MJy Sr~! at 8 um. Spitzer
sources were considered to be associated with SCUBA sources
where they lay within 12" or the Clumpfind source FWHM,
whichever was the larger, of the peak. No preselection was
made on Spitzer colours, unlike Jargensen et al. (2006).

2.1.7. 2MASS

JHK fluxeswere taken from the 2M A SS point source catalogue
for sourceswith rising (red) spectral indicesH —K > 0.8 which
lay within 12 or the submm source FWHM (as determined by
Clumpfind), whichever was the larger, of the SCUBA 850um
peak.

2.2. Results

SEDs for each source are shown in Fig. 7. Every SED in-
cludes the 850um flux from Clumpfind, a Bolocam 1100um
flux or limit, IRAS HIRES upper limits, and Spitzer IRAC
and 2MASS fluxes or upper limits. Additionally, an 850um
flux in a 90” aperture is shown for the majority of sources
(those identified by SEXTRACTOR), a 450um integrated flux
for sources identified by Clumpfind on the 450um map, and
Michelle 11.6 and 18.5um fluxes where available. For a few
well-known sources further flux constraints are available in the
literature but we have not included these as our aim was to
compile as homogeneous a dataset as possible. The differing
flux extraction methods, in particular the necessarily different
areas for flux measurement, result in some mismatches in the
SEDs. In a very few cases there are apparent mismatches be-
tween a submm source and an infrared source with falling spec-
trum (sources 12, 13, 58, 62, 65, 70).

2.2.1. Tho and Lpg

For each source we calculated the bolometric temperature
Tho @nd bolometric luminosity Ly USing a piecewise integra-
tion between the flux measurements following Myers & Ladd
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(1993). Where there is no Spitzer, Michelle or 2MASS detec-
tion, both Ty and Lyg are taken as upper limits to reflect the
fact that the HIRES fluxes are upper limits. The bolometric
temperature Ty IS robust to calibration uncertainties or miss-
ing fluxes with even a factor 2 change between submm and
MIR wavebands changing T by only afew kelvin. The bolo-
metric luminosities are set largely by the far-infrared limits set
by IRAS HIRES, which we estimate in uncrowded regions are
good to 30% but in crowded regions may lead to overestimates
of the luminosity due to flux contributions from neighbouring
Sources.

2.2.2. Masses

We cal cul ate envel ope masses based on a constant dust temper-
ature of Tq = 10K and a850um dust opacity of 0.012cm? g1.
The temperature of 10 K was required by the constraints of
the SCUBA 850um and IRAS HIRES 100um fluxes on mod-
ified blackbodies (assuming Ossenkopf & Henning (1994) icy
coagulated dust type OH5 and optically thin dust emission at
60 micronsand longward). Even at 12 K, 8% of the 100 micron
upper limitsfall below the prediction of the greybody. M odified
blackbodiesat T4 = 10K are plotted on the SEDsin Fig.7. The
Ossenkopf & Henning (1994) dust givesavery similar curveto
k oc 177 opacitieswith3 = 2. Note that the 850 micron aperture
fluxes (90" diameter aperture, solid triangles) are often lower
than the Clumpfind fluxes and the 450 micron fluxes, which
also often fall below the modified blackbody curve, are calcu-
lated over a smaller area. Higher temperatures, even as high as
20 K (which would reduce masses by 2/3), were ruled out for
the main component of mass in most sources.

For comparison, models of Class 0 and Class | sources
(Shirley et al. 2002; Young et a. 2003) suggest that the isother-
mal dust temperature with which to calculate representative
masses should be 13.8 + 2.4 K for Class 0 sourcesand 16 + 4 K
for Class 1 sources, consistent with 10 K. Temperaturesderived
from modelling the cores in Perseus as Bonnor-Ebert spheres
(Kirk et al. 2006) indicate temperatures between 10-19K. The
10 K to which we are constrained by the greybodieslies at the
low end of the expected temperature range, at least for the pro-
tostellar sources if not the starless cores. Thus our SEDs point
to detection of alarger fraction of cold dust than is often mea-
sured for protostars, for which mean dust temperatures of up to
30 K are often assumed when cal culating masses from submm
fluxes.

A reason for the detection of more cold dust in our sample
could be that the submm fluxes are taken from the Clumpfind
deconvolution rather than more limited apertures, even though
the map was prefiltered to remove structure on scales above 2’
before running Clumpfind. IRAS HIRES fluxes also provide
tighter upper limits on the source fluxes than the IRAS PSC by
reducing the contribution from nearby emission. However, the
Clumpfind components are no bigger than the IRAS HIRES
beam at 100um (typicaly 80”) so the SED should give a fair
representation of the clump. Considering al the uncertainties
in calculating masses, we find that the true masses could be
lower than our estimates but are unlikely to be higher. Firstly

thisisaresult of thelow T4 compared to studies which assume
higher temperatures - afactor of 3 comparedto 15K or 6 com-
pared to 30 K. Secondly, we assume 320 pc whereas 250 pc is
also an arguable distance for Perseus (éerni Ss& Straizys 2003),
which would reduce masses by a factor 1.9. Note, though, that
our masses are consistent with the Bolocam study of Perseus
(Enoch et al. 2006), which also assumed 10 K, oncetheir lower
assumed distance is taken into account. Our dust opacity of
0.012 cm? g1, taken from Ossenkopf & Henning (1994) as-
suming agas/dust ratio of 161 by mass, is also at the low end of
the range. Some authors prefer 0.02 cm? g~ at 850 um, which
also would reduce masses by afactor 1.7. In summary, with a
different choice of factors and fluxes measured in a more lim-
ited aperture, masses could be up to a factor of 10 lower than
these we give.

The results for masses along with Ty and Lo are givenin
Table 4.

3. Classification

The shape of the SED only depends on the dust distribution
relative to the heating source and this depends on many pa-
rameters — envelope mass, which determines the overall op-
tical depth (Ivezic & Elitzur 1997); clumpiness (Indebetouw
et al. 2006); orientation of any outflow cavity (Whitney et al.
2003); and location of heating source on the near or far side of
the clump. However, there are well known general trends with
evolutionary stage, as the overall envelope mass reduces and
the size of the outflow cavity increases (Whitney et al. 2003;
Arce & Sargent 2006). Bearing the caveats in mind, we apply
a number of evolutionary indicators to classify of our objects
based on their SEDs. Aswe are largely interested in statistics,
individual misclassifications due to an edge-on or pole-on ori-
entation are less important as to some extent they cancel out
across the population as awhole. What is important is that we
use a consistent set of measurements across our sample, and
therefore can directly compare between sources.

We assume our sources fall into the usua classification
scheme of starless core, Class 0 or Class | protostar. Starless
cores are those that do not contain a hydrostatic core (though
some starless cores are protostellar cores which will go on to
form one); observationally they are cold and show no evidence
for embedded infrared, radio or outflow sources. The boundary
between thetwo protostellar classes, Class0and |, is defined by
the point in evolution when the mass of the envelope equalsthe
stellar mass. However, we have no way of measuring the stellar
mass and instead must rely on criteria from modelling and/or
observation to separate Class 0 and Class | sources based on
evolutionary indicators derived from observables.

The first two evolutionary indicators we use are the stan-
dard ones. bolometric temperature T, and the ratio of submm
to bolometric luminosity, Lpo/Lsnm- Thol 1S plotted against en-
velope mass Mg, in Fig. 1. Ty = 70 K is used to draw a
line between Class 0 and Class | embedded protostars (Chen
et a. 1995). As our Ty are often upper limits where there are
no near- or mid-infrared detections, we have plotted the identi-
fied protostars and the sources with upper limits separately (the
SCUBA 850um detection limits are also shown). The highest
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Fig.1. Evolutionary indicators vs. envelope mass. TpyVS.Men,. Left: confirmed protostars only. Right: all sources. Upper horizontal line:
Class 0/Class | boundary at Tpo= 70 K (Chen et al. 1995). Lower horizontal line: 30 K. Solid vertical line: SCUBA detection limit. Dashed
diagonal line: Early Class 0 models (Sect. 4). Class| sources (see Sect. 3.2) are marked by circles (magenta).

mass sources are cold Class 0 sources, which we would expect
to evolveto less massive and warmer objects.

The ratio of submm to bolometric luminosity is plotted in
Fig. 2. For the submm luminosity we estimate L13 from the
850um integrated flux, which is available for al our sources,
measured in a bandwidth of 50 GHz and corrected to 1.3 mm
using F13 = Fegso X (850/1300)3° assuming that dust opacity
is optically thin and follows a power law with index g = 1.5.
The boundary between Class 0 and Class 1 sources was cal-
culated by Andre et al. (1993) to lie at Ly /L1z = 20,000,
but in order to exclude well known Class | sources such as
L1455 IRS2 we are required to lower it to Lyg /L3 = 3, 000.
The upper limits from IRAS introduce some uncertainty in cal-
culating Lo, and it may be that the differing analysis of the
IRAS fluxes here and in Andre et al. (1993) is responsible for
some the difference. However,a reduction of a factor of 4 in
Lpol /L1.3 for the Class 0/Class | boundary was also required by
Visser et al. (2002) using a similar dataset and it seems likely
that the Andre et al. (1993) limit was simply set too high onthe
basis of the Class | sources known at thetime. The Andre et al.
(1993) limit was consistent with a simple model with a single
accretion rate which may not apply in al cases: the limit should
increase to account for increased accretion rates at higher mass
with models suggesting that the boundary lies somewhere be-
tween Lpy o« Meny'? (dternatively, o« Lgnm™® when Mgy is

calculated with afixed Tq ashere) and Lo ¢ Meny?® o Lgmm?°
(Smith 2000). Note that as envelope masses and submm lumi-
nosities are both proportional to the submm flux, this indicator
is equivalent to plotting Ly VS. Meny (€g. Andre & Montmerle
(1994)).

A third measurement linked to the shape of the SED is the
ratio of Spitzer IRAC to submm emission. This has the advan-
tage of being reliable even when the IRAS dataare confused. In
Fig.2 we also plot the 3.6/850 um flux ratio vs. the 850 um flux
together with rough ranges for this ratio based on the evolu-
tionary models of Whitney et al. (2003), as athird evolutionary
indicator.

Statistics (mean and standard deviation) for the three evo-
lutionary indicators are given in Table 1. The mean value
of log;o Thal cOrresponds to 78 K for the total population in
Perseus and 91 K for the 56 confirmed protostars (excluding
the sources with upper limits on Tyg; See Sect.3.1). As atem-
perature of 70 K isused to divide the Class 0 and Class | popu-
lations (see Sect. 3.2) these low valuesindicate already that the
protostellar population contains a significant fraction of deeply
embedded sources. The mean values of the other indicators
(log10(Lboi /L1.3), 10919(F3.6/Feso)) also support this.
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Fig. 2. Further evolutionary indicators vs. envelope mass. Top: confirmed protostars only. Bottom: all sources. L eft: Lygi/Lsmm, converting Lgsg
to L1z (Andre et al. 1993), Right: F36/Fgso With classification based on the models of Whitney et a. (2003). The boundaries between classes
are shown at representative values but in fact there is overlap between classes because of the effects of orientation. Class | sources (on the basis
of 2/3 indicators) are marked as circles (magenta) and luminosity/flux upper limits are given for sources with no Spitzer IRAC detection.

3.1. Protostars and starless cores subset of this sample (Hatchell et a. 2006, Paper 111). These
sources are b1-bN/S (2) and NGC1333 SK 31 (47). These were
not detected by Spitzer, in the case of b1-bN/S apparently be-
cause the driving sources are still too deeply embedded, in the
case of NGC1333 SK31 (46) because any associated infrared
source is masked by the scattered light from the bright neigh-

Near- or mid-infrared detections by Spitzer and/or 2MASS
identify 54/103 sources (52 + 7%) as definitely protostellar.
An additional two sources are identified as protostellar on the
basis of molecular outflows by our 2CO outflow survey of a
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Table 1. Mean and standard deviation for each of the evolutionary

indicators 10g;4(Twol /K), 10010(Looi /Lsmm), 109:0(Fz6/Fsso) for (top)
confirmed protostars; (bottom) all sources, as plotted in Fig. 2

Table 2. Counts of starless and protostellar cores by region. The last
column gives the probability (from the Binomial distribution) of the
counts occuring by chance assuming the sources are drawn randomly
from a population with a starless fraction of 47/103.

Confirmed protostars (56) Mean Standard deviation

100;0(Tbat /K) 1.96 (91K) 0.33 Source Starless  Protostellar % starless Prob.
109(Lpoi /(3000 X Lgnm)) -0.0256 0.617 NGC1333 10 26 28% 0.013
10g;0(Fas/Feso) -2.92 (0.012) 1.24 1C348! 13 6 68% 0.026

. L1 1 4 20% .2

All sources (103) Mean Standard deviation Lljgg 5 5 280/:: 8 22
100,50(Too1 /K) 1.89 (78K) 1.04 B1 1 5 17% 013
109,(Lpoi /(3000 X Lgmm)) -0.0431 0.691 Isolated 20 10 67% 0.016
|0910(F3.6/ ngo) -3.28 1.07 Tota 47 56 6%

bour NGC1333 ASR114 (45). This brings the total of con-
firmed protostarsin Perseus up to 56. A number of sources are
first identified as protostellar by this survey, namely numbers
14 and 15 (near 1C348), 36 (SE of L1448), and 58, 60 and 61
(in NGC1333).

The remaining 47 sources have no positive detection of a
protostellar indicator (IR, outflow) and therefore could be star-
less. Further infrared, radio or outflow observations are needed
to detect any further protostarsin this remaining sample, partic-
ularly at the low end of the mass range where any IR emission
is likely to be faint and outflow masses low. Whereas the two
luminosity-based indicators rely on IRAS upper limits and are
not useful for the classification of the non-detections, F 35/ Fsso
on the other hand clearly placesall sourceswith IR limitsin ei-
ther the Class 0 or starless category (Fig. 2, third panel).

Table 3.1 gives the counts of starless and protostellar cores
for each subregion of Perseus. The percentage of starless cores
varies between regionsfrom 17 to 68% compared to the overall
mean of 46%. To investigate whether this variation is signifi-
cant, we calculate the probability of these percentages occur-
ing by chance assuming the sources are drawn at random from
apopulation which is 46% starless. The resulting probabilities,
calculated from the binomial distribution, are given in the last
column of Table 3.1. The small clusters (L1448, L1455, B1)
contain small numbers each and are consistent with the cloud
average. NGC1333, which hasahigh fraction of protostars, and
1C348 and the distributed population of isolated cores, which
contain larger fractions of apparently starless cores, all show
significant variation from the cloud average. In each of these
cases the probability of being consistent with a 46% starless
fraction is less than 3%. This suggests that in individual re-
gions, there is significant variation in the star formation rate
on timescales of order the lifetime of a starless or protostel-
lar core. Alternatively, it is possible that the starless popula-
tion in NGC1333 is underestimated as starless cores are hard
to identify in richly clustered regions, and this may be biasing
the cloud averageto alow fraction of starless cores. Excluding
NGC1333, the percentage of starless cores rises to 55% in the
rest of the cloud, from which the 1C348 and the isolated popu-
lation are less significantly different.

Comparing the number of submm cores in 1C348 and
NGC1333 to their PMS populations of 348 and 213 stars, re-
spectively (Sect.5), shows that IC348 is threetimes asrich in
submm cores as NGC1333. Spitzer observations (Jergensen

L Including the filament to the S of 1C348 which contains HH211.

et al. 2006) also show that the ratio of Class I1+I11 to Class |
sources is higher in 1C348 than other parts of the cloud. The
reason for thisis that 1C348 has been forming stars for longer
(> 3Myr, Luhmanet a. 2003; Muench et a. 2003) and has had
time to build up alarger fraction of Class 11/111 sources. 1C348
has certainly been active for longer than NGC1333 and also,
possibly, than the remainder of the cloud, though it is harder
to be definite on this because the Spitzer observations do not
rule out a more spatially extended distributed population of
young PMS stars, as recently discovered in Taurus (Slesnick
et al. 2006). Spitzer area selection on the basis of high A, bi-
ases towards younger sources still associated with molecular
cloud material.

We find 53% of submm cores and 57% of protostars in
large clusters (1C348 and NGC1333). The fraction for proto-
stars confirms our pre-classification result, based on the submm
cores aone, of at least 40% of star formation large clus-
ters (Paper 1). These fractions are aso consistent with the
> 50% star formation in large clusters found by 2MASS for
Perseus/Orion/Monoceros (Carpenter 2000) and ~ 60% by
Spitzer for Orion/Ophiuchus (Allen et al. 2007). Jargensen
et a. (2006) find for the youngest Spitzer-selected Class |
sources in Perseus that a somewhat smaller fraction of 39%
lie in clusters. The reason for the discrepancy with our re-
sultsis that not all the Spitzer sources associated with submm
peaks satisfy the c2d colour criteria. Jargensen et al. (2007)
find that positional association with MIPS sources identifies
more sourcesin clusters as protostarsthan IRAC coloursaone.
Taken together theresultsare al consistent with 40% of current
star formation in Perseus taking place in the distributed popu-
lation of isolated stars and small (< 100 member) clusters.

From the definite detections, the ratio of protostars to star-
less coresis at least 47/56 = 0.8. Previous estimates for the
starlesg/protostellar ratio are higher, ranging from 2—3 Visser
et al. (2002); Lee & Myers(1999) to 10 (Ward-Thompsonet al.
1994; Jessop & Ward-Thompson 2000). This would appear to
suggest that our survey is incomplete to prestellar cores, al-
though it is difficult to believe that we underestimate the num-
ber of starless cores by the factor of 12 necessary to reach the
ratio measured by Jessop & Ward-Thompson (2000).

Assuming that the star formation rate in Perseus is con-
stant, we estimate that the average lifetime of starless cores
above our detection limit is 0.8 times the lifetime of the em-
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bedded protostars. If more protostars are later identified among
the apparently starless population, the relative lifetime of de-
tectable starless cores will be reduced. On the other hand,
prestellar cores begin their life below our detection limit so the
full timescale for prestellar development will be longer than
the time over which we could detect them in these observa-
tions. Starless coreswith aflattened central density distribution
which peaks below our mass per beam sensitivity limit could
till contain considerable (distributed) mass and remain unde-
tected by our survey. We concludethat prestellar timescales are
roughly equal to or longer than protostellar lifetimes.

3.2. Class 0 and Class | sources

Based on the three evolutionary indicators in Fig. 2 (T,
Lol/L1.3, F36/Fgs0), 16/103 sources are certain Class | objects
(see Table 4). A further six are likely Class Is based on two
out of three evolutionary indicators bringing the total number
of Class Isto 22. More spectral/spatial information is required
in order to determine the true nature of a further five sources
(58,76,84,88, and Bolo62), which are classified Class | on T g
but are classified as Class 0 on the other two indicators. For
these sources, the temperature is high but the estimated |u-
minosity is too low to be consistent with a Class | identifica-
tion. We assume these are Class 0. The classifications based on
each evolutionary indicator, and the mgjority vote, are givenin
Table 4 and the spatial distribution of the sources is shown in
Fig.6.

Thus, of the 56 confirmed SCUBA-detected protostars, the
number of Class Isis only 22 out of 56 (39%). The remain-
ing 34 confirmed protostars must be Class 0. On the basis of
these counts, SCUBA -detected Class Os are more common than
ClassIsin Perseus.

That raises the question of how many Class | sources we
fail to detect with SCUBA because they fall below our detec-
tion limit. We can only detect 10 K envel ope masses of 0.3 M,
and are complete above 0.5 M,. Class | sources begin by defi-
nition with an envelope mass equal to the stellar mass and the
envel ope mass subsequently reduces. For Class Isforming stars
below about 0.6 M, therefore, we would not expect to detect
the envelope for more than half of the Class | lifetime.

We can, however, estimate the number of Class Is which
we fail to detect with SCUBA as Spitzer is more sensitive
to Class | sources. Jergensen et a. (2006) make an indepen-
dent estimate of the number of Class | sourcesin Perseus from
the Spitzer survey, which covers a similar area as SCUBA, on
the basis of their infrared spectral index in the Spitzer IRAC
and 2MASS bands. As the infrared spectral index classifica-
tion (Greene et al. 1994) does not include a separate category
for Class 0 sources (as at that time they were not detected in the
infrared) both Class 0 and Class | sources are included in the
Jorgensen et a. (2006) Class | count of 54. Of their sources,
14 lie outside the SCUBA map boundary and 29 coincide with
SCUBA-detected protostars. The remaining 11 sources in the
Jorgensen et al. (2006) Class | list lie within the SCUBA map
but were not detected in the submillimetre. These could be
Class | sources with low envelope masses below the SCUBA

detection limit. Including these Spitzer detections, the total
number of Class | sourcesin our mapped area could therefore
beashigh as 22 + 11 = 33, bringing the total number of proto-
starsin Perseus up to 56 + 11 = 67. The 34 confirmed Class O
sources therefore still make up more than half of the total num-
ber of protostars. This fraction may be even higher if more of
the IR non-detections later turn out to be protostellar through
identification of molecular outflows or radio sources, as these
must also be Class 0: the limits on the infrared emission rules
out Class Ison the basis of F36/Fgso (Fig.2).

The ratio of Class Os to Class Isin Perseus is quite unlike
Ophiuchusand Taurus cloudswhere Class | sources outnumber
Class Os by 10:1 (Andre & Montmerle 1994; Motte & André
2001) and exceeds even Serpens where at least 25% of sources
are Class 0 (5 Class Os identified by Hurt & Barsony (1996)
comparedto 19 Class|sfrom Kaaset a. (2004)). Althoughitis
possible that there are some further undetected Class | sources
which were not identified by Jergensen et al. (2006) it is hard
to imagine (given the sensitivity of the Spitzer c2d survey) that
these outnumber the detections by 10:1.

One explanation for the large numbers of Class 0 sources
in Perseus could be that Perseus has undergone a recent burst
of star formation — perhaps triggered by 40 Persei, a BO.5 star
in Per OB2 (Walawender et al. 2005; Kirk et al. 2006) — and
this has produced a large number of protostars which are till
in the Class 0 phase. Perseus has been forming stars from at
least 3-4 Myr ago 1C348 until the present day (Luhman et al.
2003; Muench et al. 2003). Therefore multiple triggering
events would be required to explain both the earlier forma-
tion of 1C 348 and the star formation in the last few x0.1 My,
which would be necessary to explain a current population of
Class 0s. The average star formation rate in Perseus is consis-
tent with steady star formation and a protostellar core lifetime
of afew x10° years, in agreement with previous studies (see
Sect. 5, Paper |).

An obvious difference between Ophiuchus and Taurus on
the one hand and Perseus, Serpensand Orion on the other isthat
the protostellar envel opesare more massive in Serpens, Perseus
and Orion. Roughly similar flux sensitivity limits mean obser-
vations trace the higher-mass end of the population in these
more distant clouds (Perseus 320 pc, Serpens 259 pc, Orion
400 pc compared to Ophiuchus and Taurus, both at ~ 150 pc).
The Class 0 sources in Serpens have envelope masses above
0.6 Mg (Hurt & Barsony 1996); the Perseus Class Os al have
masses above 0.5 My(see Fig.3). In fact, no Class O sources
with envelope masses less than ~ 0.2 M, are found in any
of these clouds, or indeed in the recent compilation of known
Class 0 sources (Froebrich 2005). This is very clearly seen
in Fig. 2 of Bontemps et a. (1996), and is partly due selec-
tion effects: targetted submm surveys were largely based on
known infrared and radio sources and therefore only picked
up Class Is and a limited number of high mass (luminous)
Class 0s. Our SCUBA survey, on the other hand, is more sen-
sitive to Class Os than starless cores or Class | sources, though
we may be missing the equivalents of many of the lower-mass
objects in Rho Oph and Taurus in Perseus. Note that the ma-
jority of Perseus Class 0 sourceswould still have masses above
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Fig. 3. Histogram of masses for all sources (solid line), Class I's (dot-
dash), Class Os (dashed) and starless cores (dotted line).

0.2 Mg, even if the masses were reduced by the maximum un-
certainty factor of 10.

The higher mass of the Perseus population could be di-
rectly responsible for longer Class O lifetimes, if the evolu-
tion of protostars depends on mass in a way which favours
long Class 0 lifetimes for higher mass objects. Such a varia-
tionis predicted, for example, by gravoturbulent fragmentation
(Schmeja& Klessen 2004). It isalso aconsequence of the com-
petitive accretion model (Bonnell et al. 2001; Bate et a. 2003;
Bonnell & Bate 2006), as higher mass cores continueto acquire
material from the surrounding cloud during the Class 0 phase
and only embark on the Class | loss of envel ope mass when the
reservoir of material has run out.

The Class I/Class 0 classification of protostars is also af-
fected by mass, because in practice the classification relies on
observational indicators such as Ty rather than a direct com-
parison of the mass in the envelope and the stellar mass, which
cannot be directly measured. More massive sources also have
greater optical depth in their envelopes and therefore SEDs
which peak at longer wavelengths for the same dust geometry.
As a source evolves, loses envel ope mass and evacuates a cav-
ity, it emits more infrared radiation relative to submillimetre,
and passes from Class 0 to Class | on the basis of Lgnm/Lpol OF
Thol- More massive sources, with greater initial optical depth,
have to lose relatively more of their envel ope massto reach the
required Ty threshold to be classified as Class |. The lower
envelope mass sources have higher Ty and Lgnm/Lpol because
of lower envelope optical depth and apparently make the tran-
sition from Class 0 to Class | earlier in their evolution. Fig. 3,
which shows the mass distribution for the cores separated by
class, showsthat the Class 0 sourcestend to have higher masses
than the Class Is. In order to investigate this effect further, we

model the emission from a Class 0 geometry envelope with a
range of masses in Sect. 4 and discuss the implications for the
classification of Class | and Class 0 sources, but before we can
do this we consider the relationship between mass and lumi-
nosity.

3.3. Relationship between Lyg and Mepy.

The relationship between luminosity and envelope mass is
shown in Fig. 4. Mass is measured from the submm flux as-
suming a constant temperature of 10 K whereas luminosity is
measured by integration across the entire spectrum and thus
is most dependent on the IRAS fluxes. Note that although a
higher luminosity source will have higher temperature compo-
nents than a lower luminosity source of equivalent mass, the
bulk of the mass is in cold gas therefore the constant temper-
ature assumption in the mass calculation still holds. There is
a general trend for higher mass sources to have higher lumi-
nosity. But there is not a tight relationship between envelope
mass and luminosity. This scatter is intrinsic, and due to the
fact that we are plotting not just Class | protostars (as Reipurth
et al. (1993)) but aso Class 0s, which have higher masses for
the same luminosity. This scatter was al so seen in the sampl e of
Bontemps et al. (1996), and it is this scatter which enabled us
to use Lpgl /Lsmm Which is proportional to Lo/ Meny to estimate
the evolutionary state of a core (Sect. 3).

Higher mass accretion rates — and therefore higher lumi-
nosities — are clearly driven by higher initial envelope masses.
The evolution of luminosity with mass depends on the de-
tails of the accretion process, and evolutionary tracks for L pg -
Menvhave been suggested based on various accretion models
(see Froebrich 2005, and references therein). A possible sce-
nario is that mass accretion rates and therefore accretion lumi-
nosity initially increase exponentially and then reduce, result-
ing in Men—Lpo trackswhich rise rapidly in luminosity (up and
dightly to the left in Fig. 4) during the Class 0 stage and then
decrease in both luminosity and mass (down and to the left in
Fig. 4). An example of such an evolutionary track, from Smith
(2000,Fig. 6), scaled by a factor 30 in mass in order to match
the high envelope massesin Perseus, is plotted in Fig. 4. In this
example the luminosity decrease during the Class | phase fol-
lows Lpg o« Meny® With power law index a between 1 and 2.
Of course, accretion rates and luminosity may also vary during
both the Class 0 and Class | evolutionary stagesif accretion is
variable, asis known to be the case for mass gjection in the jet
(eg. Hartigan et al. 2005)), so evolutionary tracks are probably
not as simple as this model represents.

Luminosity evolution during the Class O stage can produce
a selection bias towards high mass Class 0Os as they reach lu-
minosities at which infrared or outflow emission can be de-
tected earlier in their lifetimes. Therefore, higher mass Class Os
may be visible as protostars for longer. This bias is strong
if the luminosity evolution is slow and wesk if it is fast. If
mass accretion rates rise very rapidly to a maximum during the
Class 0 phase (Henriksen et al. 1997; Schmeja& Klessen 2004,
Whitworth & Ward-Thompson 2001; Stamatellos et al. 2005),
then the Class Os will spend most of their lifetime close to the
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Fig. 4. Bolometric luminosity vs. envelope mass for confirmed pro-
tostars. Class | sources (see Sect. 3) are marked with circles. Power
law fits to al sources, Class Os and Class Is are shown (see text).
An evolutionary track from Smith (2000), scaled by a factor 30
in mass, is shown for illustration with arrows at log,,(age) =
3.5,4.0,4.5,5.0,5.5 yr (in green)

Class | boundary and the number of Class Os which remain un-
detected will be small. There is supporting evidence for this
fast luminosity evolution in Fig. 4 as high mass sources with
low luminosities are absent. This suggests either that the time
taken to reach high luminosities (roughly, within two orders of
magnitude of the maximum for a given mass) is much shorter
than the subsequent evolution through the Class 0 and Class |
phases, or the proposed evolutionary track iswrong. For exam-
ple, high mass Class 0 sources could evolve from lower-mass
Class 0 sources through competitive accretion.

We fitted a straight line to 10g;(Loa) VS. 109;0(Meny), as-
suming uncertainties in 10g9,9(Men) of 0.5 (factor of 3) and
100,0(Lbor) Of 0.3 (factor of 2). For the entire sample of known
protostars,

100;0(Lbal) = 10939(Meny) % (1.96 + 0.36) — (1.09 + 0.30).

Fitting just Class O sources, the gradient is similar but the lu-
minosities are lower:

Fitting only Class s, thefit is
100;0(Lbat) = 109;9(Meny) X (1.85 + 0.52) — (0.46 + 0.35),

with a gradient consistent with the index of 1.6 found for
Class | sources driving Herbig-Haro objects (Reipurth et al.
1993). These fits are plotted in Fig. 4. There are two selec-
tion effects: firstly, low-luminosity low-mass Class Os are se-
lected against so the slope of the best fit line for Class Os and
the whole sample are probably too low; secondly, we believe
some of the low mass Class | sources should be reclassified as
Class Os (see Sect. 4), so the slope of the best fit linefor Class s
is probably too high. The uncertainties on the fits are high and
the scatter is large, so they should in any case be treated with
caution. Nonetheless, the results are consistent with Class Is

Menw /Mg | 005 01 02 05 10 30 100
Tho /K | 674 681 681 548 481 401 349

Table 3. Dependence of Ty With Mg, for Class 0 models with iden-
tical geometry.

having generally higher luminositiesthan Class Os and a power
law index between 1 and 2, consistent with the Smith (2000)
model.

4. Radiative transfer modelling of Class 0
geometry sources with different masses

We computed radiative-transfer models of Class 0 objects us-
ing the Monte-Carlo radiative-transfer code torus (Harries
2000; Harries et a. 2004), The code is based on the radiative-
equilibrium method described by Lucy (1999) and uses an
adaptive mesh in order to adequately resolve sub-solar-radius
scales in parsec-scale computational domains (Kurosawa et al.
2004).

Our Class 0 geometry is based on the models described by
Whitney et a. (2003). In brief, this consists of a blackbody
source of radiation surrounded by a flared accretion disc which
isin turn embedded in an infalling envel ope. L ow-density bipo-
lar cavities exist perpendicular to the disc. For simplicity we
adopt 1SM-type grains, although more sophisticated models
could allow for evolution of both the grain size distribution and
the dust chemisty. We give full details of the density descrip-
tion, along with the dust grain size distribution and chemistry
adopted, in the Appendix.

4.1. Model parameters

We computed models for a range of envelope masses between
0.05M, and 10Mg. The luminosity for each model was se-
lected by adjusting R, to follow [0g;(Lpor) oc 1.5 10g;19(Meny)
with luminosities appropriate to masses calculated at 30 K
(consistent with Bontemps et al. (1996)). Theresulting absolute
[uminosities are higher (for the same mass) than for the Class 0
sources (Sect. 3.3) but the relative scaling (and therefore the
relative effect on Tyq) is consistent. A constant Men,: M. ratio
of 3 (Whitney et al. 2003) was assumed to represent the same
evolutionary stage for sources of different masses. The basic
model parametersare listed in Table A. 1.

We computed all the SEDs assuming an inclination of 90°;
the shape of the SED is essentially independent of viewing an-
gle except for pole-on orientations, in which case the near-to-
mid IR portion of the spectrum is enhanced by direct and scat-
tered radiation that escapes along the polar cavities.

4.2. Model results

Thedependence of T With Mg, for Class 0 modelswith iden-
tical geometry isgivenin Table 4.2.

This dependence is plotted as a dashed line in Fig.1. Low
mass Class 0 sources have significantly higher Ty, than their
higher-mass counterparts, for the same geometry. Our models
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of young Class 0 sources reach Ty ~ 70 for 0.2 Mg and be-
low and are on the borderline of being classified as Class I.
Furthermore, although we chose to model a geometry repre-
sentative of the very earliest Class 0 sources, a Tpg—Meny de-
pendence also holds for other geometries as it is a fundamen-
tal property of radiative transfer, so models of more evolved
envelopes with a higher luminosity to mass ratio and a wider
outflow cavity would cross the Class 0/Clasg/| boundary at
Twho = 70 K at higher Mgn. Low mass sources are therefore
more likely to be classified as Class | on the basis of Ty de-
spite having a Class 0 type envel ope geometry.

4.3. Class 0 and Class Is revisited.

Using the models, we can revisit the classification of protostars
in Perseus and consider why we see so many more Class 0
sources compared to lower-mass samples such as Bontemps
et a. (1996). All the Class 0 sources which have Ty, above
the predictions of the model as shown in Fig.1 would bereclas-
sified as Class | sources on the basis of Ty if their envelopes
werereducedto < 0.2 My, whileretaining the Class 0 geometry.
This means that essentialy all our Class 0 sources— excluding
only the three sources b1-bN/S (2), NGC1333 SK22(70) and
HH340B(71) — would have been classified as Class | had they
had the same geometry but lower mass. This conclusion holds
even if we were to calculate envelope masses assuming a con-
stant 30 K rather than 10 K, which reduces the masses by a
factor of 7, for consistency with Bontempset al. (1996): in that
case 7 rather than 3 sources would retain their Class O classifi-
cation.

Thus, if Perseus had been forming lower mass stars with
envelope masses under 0.2 Mg, but with the same enve-
lope geometry, the fraction of sources classified Class O to
Class 1 would drop to around 7/49, similar to the 20% found
by Bontemps et a. (1996). This potential misclassification of
Class 0-geometry sources with low envelope massescould ac-
count entirely for the high number of sources classified Class 0
in Perseus — which we believe are truly Class 0 sources (see
below) — compared to studies of lower mass regions where we
believemany Class|-classified sourcesmay in fact have Class0
geometry.

If this is the case, and Perseus is representative, then the
relativelifetimesof Class| and Class O phasesarenot, asearlier
suggested, 10:1 (Andre & Montmerle 1994; Motte et al. 1998),
but instead roughly 1:1, as found in Perseus and in Lynds dark
clouds (Visser et a. 2002), assuming that the star formation
rateis constant.

How are the other SED-based evolutionary indicators
shown in Fig.2 affected by mass? The SED-based indicator
F36/Fsso should also decrease towards higher masses for the
same envelope geometry as the peak of the SED shifts long-
wards (see Fig. A.2). The remaining evolutionary indicator,
Lpol/Lsmm, iS based on input properties of the modelsas M, is
derived from Lgnm. From Fig. 4, and as al so suggested by mod-
€els (Smith 2000), the Lpoi / Meny boundary between Class | and
Class 0 sources should rise with Mg, and therefore so should
Lol /Lsmm- On this indicator, low mass sources should require

lower Lpo/Lsmm (Lbol/Meny) to be classified as Class 0. The
higher masses in our sample do not explain why we have to
set alow Lo /L33 boundary at 3000 rather than 20,000 (Andre
et al. 1993), aswewould expect Lo / Lsnm at the Class 0/Class|
boundary to rise with mass leading to a higher threshold for
Perseus.

Could many of the apparent Class 0 sources in Perseus be
misclassified and in fact be Class 1s? As higher-mass sources
have lower Ty, for the same geometry, it is the warm, high-
mass sources in the Class 0 classification which might in
fact be Class Is despite Tpg less than 70 K. This assumes
that the Class 0/Class | boundary lies roughly paralel to the
Menv—Tha track shown on Fig.1, only higher in Ty . Therefore
sources such as L1448 NW (27), NGC1333 IRAS2 (44), and
NGC1333 IRAS7 (46), HH 211 (12), L1448 NW (27) and
L1448 C (29) are the most likely sourcesto have a Class I-like
geometry. In the case of some these sourcestheir high Ty can
be explained by their multiplicity (see Sect.5.2). However, this
list contains many classic bright Class 0 sources, which cluster
in this part of the Men—Tpo diagram; if the number of Class Os
in Perseusisto be reduced by reclassification then Class O pro-
totypes such as HH211 and L1448 C will be among the first
sources to go. This seems unlikely as the collimated molecular
outflows from these sources also support the young age esti-
mates (eg. Hirano et al. 2006; Dutrey et a. 1997). Thereforewe
conclude that it is unlikely that a large number of our Class O
sources need reclassification on the basis of the mass depen-
dence of the evolutionary indicators. It is more likely that we,
too, have misclassified low-mass sources with Ty close to
70 K as Class | when they should be Class 0 — eg. sources 84
and Bolo62 which fail on two evolutionary indicators.

It is clear the evolutionary indicators — Tpo, Lpo/Lsmm
Fs6/Fgso — which we use to classify protostars should al
vary with mass. All of these evolutionary indicators are cur-
rently set, based on models or observations, at a fixed bound-
ary appropriate to only a small range of masses. How exactly
they vary at the Class 0/Class | boundary needs further in-
vestigation. It is clear that more radiative transfer modelling
is needed in order to define the observable characteristics of
the Class O/Class 1 boundary at Mg, = M, and before the
numbers of sources in each class can be determined reliably.
Alternatively, it may make sense to consider all the embedded
sources (Class 0 and |) as a single class with variation within
that class.

4.4. Protostellar brown dwarf candidates

Our modelled Class 0 geometry, with only a narrow outflow
cavity, is intended to correspond to the earliest stage in pro-
tostellar evolution. If this were true then these models would
definea“birthline” for protostars with no protostarsfalling be-
low the line. Fig.1 shows that the majority of protostars do in-
deed lie above the line. Protostars must begin with lower lu-
minosities than those we have modelled, but the early phase
is both shortlived and difficult to detect in the infrared or out-
flows. Protostars then are predicted to evolve steeply upwards
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and to theleft inthe Men—Tpo diagram (Smith 2000; Froebrich
2005,e9. ).

Protostellar brown dwarfs forming in isolation, if such
things exist, will be found among the sources with envelope
masses up to a few times the substellar mass limit and fitting
the Class 0 envelope model. Our lowest mass, lowest Tyq can-
didate Class 0 brown dwarfswith Spitzer detections are sources
84 (0.77 Mg, 74 K) and Bolo62 (0.5 M, 103 K), both of which
are too massive and warm to be serious Class 0 brown dwarf
candidates. Earlier, more embedded candidates may be found
among the low mass sources without Spitzer detections, if any
of these can be confirmed as protostel lar. These sourcesinclude
the Bolocam sources which were only detected by SCUBA at
the 30~ level and cluster around the 30~ detection limit in Fig.1,
of which the lowest Ty candidateis Bolo70, if this source can
be demonstrated to be protostellar. Given the dependence of
Thot ON Mgy and that in protostars the main source of lumi-
nosity is accretion, young brown dwarfs are likely to rapidly
evolveto Ty > 70 evenin the Class 0 phase.

5. Lifetime of the protostellar phase

To estimate the full duration of the protostellar phase, Class 0
plus Class |, we can compare our census of protostars in
Perseus to the older pre-main-sequence (PMS) T Tauri pop-
ulation, for which age estimates exist, following the method
of Kenyon et al. (1990) and Wilking et al. (1989). Most of the
Class |1 and 111 sources near the Perseus molecular cloudsliein
the two main clusters 1C348 and NGC1333. On larger scales,
the OB association Per OB2 contains 90% of the B stars in
Perseus but with photometric age estimates of 6-15 Myr (de
Zeeuw & Brand 1985; Gimenez & Clausen 1994) we assume
that 1C348 and NGC1333 contain the only star formation in
the last 5 Myr. Using the pre-main-sequence population and
age estimates for these two clusters, we can estimate the re-
cent star formation rate and compare to the currently forming
population of embedded protostars.

The most complete estimate of the population of 1C348
is 348 + 47 stars with mg < 16.75 in an area of 20.5 x
20.5 arcmin? (Muench et a. 2003). The mean age for this clus-
teris3-4 Myr (Luhmanet a. 2003; Muench et a. 2003,Mayne,
priv.comm.). Any star formation before this time was either
a a lower level or is an artefact due to the uncertainties
in ages derived from colour-magnitude diagrams (Hartmann
2001; Burningham et al. 2005).

Wilking et a. (2004) detected a total of 213 stars in
NGC1333 above a similar magnitude limit of mx = 16 (note
the K-band luminosity function is falling off rapidly at these
magnitudes, so the slight difference in sensitivity between the
two PM S surveys makes little difference to the counts). In the
centre of the northern cluster alone, they detect 126 stars of
which an estimated 15 are field stars. Assuming the field star
fraction is the same in the wider area, the total of pre-main-
sequence stars is 188 + 25 stars. Age estimates for individual
stars in NGC1333 vary from 0.3 Myr (Wilking et a. 2004) to
several Myr (Aspin 2003), though it is generally accepted to be
lessthan 1 Myr old.

Thetotal number of PMS stars in both clustersis therefore
536 + 53 stars. As both Wilking et al. (2004) and Muench et al.
(2003) find that the IMF is falling off towards lower masses,
better sensitivity to PM S stars within the observed cluster re-
gions would not increase this number significantly; this is an
almost complete census of the PMS population within these
limited areas. SCUBA, Spitzer and 2MASS observations all
have found that the fraction of stars forming in the distributed
population in Perseus, in isolated cores or small groups outside
the main 1C348 and NGC1333 clusters, comprises 20-40% of
the total (ie. an additional 20-60% over NGC1333 and 1C348)
(Carpenter 2000; Hatchell et a. 2005; Jargensen et al. 2006;
Megeath & al. 2006; Allen et al. 2007). To get the total past
star formation rate in Perseus we correct the star countsin the
clusters by this factor, including the ~ 20% uncertainties. An
additional population of 20-60% increases the star count over
the past 3.5 Myr to 750 + 130 stars.

We compare the PM S count to the population of 56 proto-
starsidentified in the submm (Sect. 3.2).

In order to estimate a lifetime for the protostellar popula-
tion we have to make an assumption about the current star for-
mation rate. The simplest assumption is that the star formation
has been constant over the lifetime of star formation in the re-
gion. There does not appear to be any strong evidence, fromthe
Spitzer data or otherwise, that this is either a particularly ac-
tive or inactive time for star formation in Perseus, which would
justify using a different value than the time average for the cur-
rent star formation rate. Star formation in individual regions of
the cloud does vary with time — for example, star formation
in NGC1333 only began ~ 1 Myr ago. However, the temporal
variationsin the star formation rate in individual regionsare as-
sumed to average out when spatially averaged over the whole
cloud. Clearly, the moreregions oneincludesin such acalcula-
tion, the more likely this assumption isto hold, and in asingle
molecular cloud with just two main clusters and a distributed
population, temporal variations in the star formation rate are
likely to be our greatest source of error.

The average star formation rate derived from 750 + 130
PMS stars formed over the last 3.5 Myr is 214 stars per Myr
with 95% confidence limits of 168-306 stars per Myr, where
the uncertainties include only the uncertainties on the PMS
count and age.

A lower limit of 0.26 Myr on the protostellar lifetimeiscal-
culated by assuming the 56 confirmed submm-detected proto-
stars are the entire protostellar population. However, this sim-
ple estimate does not take into account any corrections for ei-
ther compl eteness and multiplicity, both of which may increase
the true number of protostars above those detected.

5.1. Completeness

If we are going to compare source counts at the protostellar
and PM S stages, we need to ensure that we are comparing like
with like and selecting objects corresponding to asimilar range
of final stellar masses at each stage. The PMS studies extend
well below the brown dwarf limit. Our SCUBA survey, on the
other hand, isincomplete to low mass protostars: the 30 detec-
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tion limit for 10 K protostarsis 0.3M,. Spitzer c2d has a sim-
ilar sensitivity limit to embedded sources (Evans et al. 2003),
though a complementary bias towards the more evolved cores,
resulting in a small number of additional MIR detections of
protostars. Itis unlikely that either of these surveyswould have
detected the protostellar phase of any lower-mass PM S objects
if they form individually. Stars of ~< 0.1 My may never have
had envelope masses above the detection limit of 0.3 M and
simply would not be detected by our SCUBA survey. As en-
velope mass reduces with time until it reaches zero, essen-
tially any protostar ultimately drops below the submm detec-
tionlimit. What fraction of the total number of protostarsdo we
detect? The variation of protostellar envelope masswithtimeis
poorly understood, and made more complex by disparate esti-
mates for the relative numbers of Class 0 and Class | sources,
so using models of envel opeevolution doesnot seemto beare-
liable basis for an estimate. The detection limits are also made
more complex by the presence of protostellar disks, which can
also be detected in the submm. Uncertainties in the envelope
masses due to uncertain dust opacities, dust temperature and
cloud distance introduce further systematic errors when com-
paring the two populations. In summary, we must take into ac-
count afraction of undetected protostars, but exactly how large
that fraction isis hard to estimate.

5.2. Multiplicity

We also have to correct for multiplicity. If a significant frac-
tion of protostellar coresform multiple sources simultaneously,
and those sources could be resolved in the infrared studies once
they reached the PM S stage (ie. are not close binaries), then the
number of protostarsis higher than the number of protostellar
cores which we count and we will underestimate the protostel-
lar lifetime. Note that if cores form stars sequentially and then
gject them then the number of coreswill still represent the num-
ber of stars being formed at any one time, so sequential star
formation does not introduce any error in our lifetime estimate.

How much evidenceis there for multiplicity in our sample?
Some of the coresin our sample are known to be forming bina-
ries or higher-order systems: could these result in multiple in-
frared detections? NGC1333 IRAS4A and B are each binaries
or higher order systems (Lay et a. 1995); NGC1333 SVS13is
abinary (Anglada et a. 2000); L1448 IRS2 is a binary (Wolf-
Chase et a. 2000; O'Linger et al. 2006). Most of these would
not be resolved at the T Tauri stage in infrared studies equiva-
lent to those of 1C348 or NGC1333. The overall binary fraction
in1C348is 19 + 5% (Duchéneet al. 1999) and we estimate the
fraction of resolved binaries to be < 20% of this, assuming the
period distribution in Duquennoy & Mayor (1991). On that ba-
sis 4%+1% of our sources will form binaries which would be
resolved in the infrared at alater stage, which introduces only
asmall correction to the lifetime.

Do we see any evidence for protostar-protostar multiplic-
ity other than close systems which would not be resolved
in the PMS studies? With a 14” beam we might expect to
find confusion especidly in the clustered regions, and we do.
L1448 N A/B (27) is an obvious example. B1-BN/S (2) is po-

tentially a pair of protostars, though there is no clear detection
of a second infrared source or outflow (Hirano et a. 1999a).
Several NGC1333 sources are also multiple when examined at
higher resolution (Sandell & Knee 2001) or with radio obser-
vations Rodriguez et al. (1997); Rodriguez & Reipurth (1998):
IRAS2A/B (44), SSV13 (43), IRASY (46), and ASR114 (45)
are al believed to contain multiple protostars with separations
that would beresolved in theinfrared. These sourcesare among
the most massive in our sample and therefore the easiest in
which to detect multiplicity. On the above count of six sources
we estimate 10% is a lower limit to the number of cores con-
taining multiple protostars, but the true number is likely to be
more as only these massive, luminous protostars have been in-
vestigated with sufficient sensitivity and resolution. Note that
this multiplicity is not easily identified in the infrared: many
of these sources contain a luminous protostar which swamps
fainter neighbours and in the few cases where one can resolve
multiple Spitzer detections, these appear to be due to shocked
H, outflow components rather than additional protostars.

It is also possible that some of our cores contain both a
protostar and a collapsing prestellar core. Such sources would
appear overmassivefor their luminosity and thereforeclassified
Class 0. Class 0 sources account for slightly more than half our
total population of cores, which places an upper limit on the
number of cores of thistype.

Increasing multiplicity also increases the protostellar life-
time, as our submm core count again underestimates the true
number of protostars. This effect is not entirely independent to
that of incompleteness, however, as many of the objectsformed
in multiple cores will be low mass sources which would not
have been detected as protostarsif isolated because of their low
envel ope masses.

5.3. Bayesian probability-based estimate of
protostellar lifetimes.

Our current state of knowledge does not allow us to place def-
inite numbers on either the mean fraction of the protostellar
lifetime to which our SCUBA survey is sensitive or the mul-
tiplicity of the submm sources. But it does alow us to place
some limits and al so make some informed estimates about the
most likely scenarios.

We can use this additional information to improve on the
simplelower limit on the lifetime calcul ate earlier and estimate
the range of possible protostellar lifetimes. To do thiswe use a
Bayesian methodology to derive a probability distribution for
the protostellar lifetime, based on probability distributions for
the factorsinvolved — the number of protostars, number of pre-
main-sequence stars, and duration of star formation in 1C348.
The Bayesian treatment has the advantage of alowing arbi-
trary distributions to be treated rather than making the usual
implicit assumption that all variables follow a normal distri-
bution. In our case our state of knowledge about the number
of protostars, which has a well-defined lower limit but a long
tail to high numbers (allowing for high multiplicity or incom-
pleteness), are poorly represented by a Gaussian, and therefore
a more complex treatment is required. The other parameters -
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Fig.5. Probability distribution for protostellar lifetimes. Top:
Assumed probability distribution for the number of protostars based
on SCUBA detection of 56 above 0.3M,. Centre: Probability dis-
tribution for the star formation rate (SFR) based on the duration of
star formation in 1C348 and the number of pre-main-sequence starsin
Perseus. Bottom: Resulting probability distribution for the protostel-
lar lifetime.

the age of 1C348 and the number of PM S stars - are represented
by Gaussian variablesin the usual way.

Considering in detail the probability distribution for the
number of protostars, P(Nprot0), We have a lower limit: we
know that there are at least 56 protostellar cores. Including
the additional Spitzer detections, we take a count of 67 pro-

tostars to be more probable than 56. Taking into account the
known multiplicity of at least 10%, we would anticipate that
74 protostars is even more probable. We represent this by a
rising probability from 56 to 74 following a partial Gaussian
exp—(Nproto — 74)%/(2 x 9?). Above this count we have to
correct for the unknown number of undetected low-mass en-
velopes and the amount of multiplicity, about which our state
of knowledge is very uncertain, but again we can place some
limits. If protostellar envelope masses mirror the IMF, then
we would expect our SCUBA detections above 0.3Mg, to ac-
count for only 40% of the total population (Muench et al. 2003)
and the total count could number as many as 140; however, as
envelopes have, on average, masses greater than the resulting
protostars and some lower-mass stars will form inside higher-
mass multiple cores we consider such a high count to be un-
likely. To represent this, we assign a probability above the peak
probability a Npoo = 74 initially remaining high but ulti-
mately falling steeply to a low but finite probability to val-
ues close to the maximum of 140, following an exponentia
P(Nproto) o €Xp—((Nproto — 74) /54.8)8. The resulting compos-
ite probability distribution is shown in the top panel of Fig. 5.
These assignments of probabilities are necessarily somewhat
arbitrary but consistent with the data and our state of belief
about the system. As we will see, the large uncertainties in
Noroto Will manifest themselves as a broad spread in protostel lar
lifetimes.

The probability distribution for the age of the clusters, P(A)
wetake as asimple Gaussian, mean 3.5 Myr, standard deviation
0.5 Myr. The probability of the number of pre-main-sequence
stars, P(Npvis), is aso a Gaussian given by the product of the
536 + 53 stars identified in NGC1333 and 1C348 and a factor
representing the 43% + 20% additional distributed population.
The resulting distribution is also Gaussian with a mean of 652
and a standard deviation of 97. From these two distributions —
age and number of PMS stars — we derive the corresponding
distribution for the star formation rate, shown in the middle
panel of Fig. 5, using the formula:

P(SFR) = f ) P(A) P(Npus = A x SFR) dA.
0

We then assume that the star formation rate has been con-
stant since the onset of star formation in |C348 until the present
day, and calculate thelifetime of the protostellar phase by com-
paring the star formation rate with the number of protostars,
Tproto = Nproto/ SFR. The corresponding probability distribu-
tion,

P(Tproto) = f P(Nproto) P(SFR = Nproto/ Tproto) deroto»
0

is shown in the bottom panel of Fig. 5.

The result is that the most probable lifetime is 0.43 Myr
with 95% confidence limits of 0.25 — 0.67 Myr. The distribu-
tion is not Gaussian but skewed towards longer lifetimes, re-
flecting the tail of probability towards high numbers of proto-
stars. Thereis alarge range of lifetimes with high probabilities
within the 95% confidence limits. The 95% confidence range
interval is much more robust against changes in the details of
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the probability distribution than the position of the peak prob-
ability.

The uncertain submm detection rate for protostars and the
uncertain multiplicity in the submm cores contribute the ma-
jority of the ~ 40% uncertainties in the protostellar lifetime.
This will to a large extent be addressed by the next genera-
tion of more sensitive submm surveys, which have an order
of magnitude better mass sensitivity and will therefore detect
envelopes down to below the substellar mass limit. Sensitive
mid-infrared, outflow or radio observations will be required to
determine if such low-mass objects are indeed protostars. The
uncertain age spreads in 1C348 and NGC1333 and the uncer-
tain count of recent (< 4 Myr) T Tauri stars outside these main
clusters also contribute to the uncertainties. Much recent work
has been done on age spreadsin PM S clusters (Hartmann 2001,
Burningham et a. 2005) and these are unlikely to improve sig-
nificantly but a better count of the distributed population may
come from wide-field surveys.

An embedded phase lifetime of 0.25-0.67 Myr (95%
confidence limits) is consistent with the simple lower limit
(0.25 Myr) we calculated at the beginning of this section but
somewhat longer than the previous estimates of 0.2 + 0.1 Myr
in Rho Oph (Wilking et a. 1989; Greene et al. 1994) and
0.15+0.05Myr in Taurus-Auriga(Kenyon et al. 1990; Kenyon
& Hartmann 1995). Unlike these mid-infrared based studies,
we are comparing with both a larger sample of T Tauri stars,
due to more sensitive photometry, and a much more complete
sample of embedded stars, which includes Class O objects to
which the earlier surveys were blind, so it is unsurprising that
we reach a different conclusion.

6. Summary and conclusions

The Perseus molecular cloud is a well known site of star for-
mation containing a population of pre-main-sequence stars
similar to Ophiuchus and intermediate between Taurus and
Orion (Luhman & Rieke 1999; Bricefio et al. 2002; Luhman
et al. 2003). We have compiled spectral energy distribu-
tions from the near-IR to mm wavelengths (using data from
Bolocam, SCUBA, IRAS, Spitzer, Michelle (where available)
and 2MASS) for the 103 known submm cores across the
molecular cloud. These cores lie within the boundaries of our
SCUBA map of the Perseus molecular cloud, which covers
roughly the area with 3CO integrated intensity greater than
4K kms™or A, > 4 (Paper 1). From the presence of a near-
and/or mid-infrared source or molecular outflow, we haveiden-
tified 56 cores which are definitely protostellar. A further 11
Class | sources have been identified by Spitzer, bringing the to-
tal number of definite protostarsin Perseusto 67. There may be
further protostars among our submm detections which are not
yet luminous enough to be detected in the IR or be identified
by their outflow activity (Paper I11).

We use three evolutionary indicatorsto classify the sources
on the basis of their spectral energy distributions. Ty,
F36/Fsgs0 and Lgnm/Lpol. On the basis of these indicators, 22
protostars are Class | (33 including additional Spitzer-only de-
tections) and 34 are Class 0. Thisis a much higher fraction of
Class 0 sources than is found in Ophiuchus or Taurus. On the

basis of these counts, the lifetimes for the Class 0 phase are
similar to the Class | phase, rather than much shorter as has
been previously found.

Protostellar envelopes in Perseus are more massive than
those in Ophiuchus or Taurus and this is the main reason for
the high number of Class O-classified sources in Perseus. It
is generaly true that higher mass envelopes have higher op-
tical depth envelopes and therefore SEDs which pesk at longer
wavelengths, resulting in lower Ty. We have demonstrated
this by modelling atypical Class 0 geometry at a range of dif-
ferent masses and find that the bolometric temperature rises as
the mass decreases so that a source which would be classified
Class 0 at 1 Mg, would be classified Class | below 0.2 Mg on
the basis of this evolutionary indicator. Low envelope mass
sources, such asthe mgjority in Taurus or Ophiuchus, arethere-
foremorelikely to beclassified Class | whereasthe higher mass
envel opes which are detected in Perseus are more likely to be
classified as Class 0. This classification issue arises because
of the difficulty in defining the Class 0/Class | boundary in
terms of observable evolutionary indicators, al of which (T g,
Lpol/Lsnm F3.6/Fgs0) Vary with envelope mass for the same ge-
ometry of source. More investigation with radiative transfer
models is needed to determine where the boundary should lie.
However, despite the issues in classification we believe that the
count of Class 0 sourcesin Perseusis roughly correct and sim-
ilar to the number of Class Is, and that therefore — assuming a
constant star formation rate — the lifetimes of these two phases,
at least for stars starting from envelopes of half a solar mass or
more, are similar.

Thereis aso a possible physical explanation for why mas-
sive clusters might contain more Class 0 sources. If there is
competitive accretion for material within the cloud, then more
massive sources may continue to accrete material onto their
envelopes and maintain their Class O status for longer. It is
possible that this mechanism operates to maintain the Class 0
sources in Perseus and that thisis why there are so many in the
clustered environments.

We find that bolometric luminosity and envelope
mass are roughly correlated with 109;9(Lboi/Le) o
100;0(Meny/ M) 19038 consistent  with the results for
Herbig-Haro flows (Reipurth et a. 1993) and the protostellar
models of Smith (2000). Class 0 sources and Class | sources
follow approximately the same power law but the Class O
sources have, on average, an order of magnitude lower
luminosities.

Our estimate for the lifetime of the entire embedded proto-
stellar phaseis0.25-0.67 Myr. Thisestimate, higher than previ-
ous estimates of ~ 0.2 Myr, is based on our survey of protostars
with corrections for multiplicity and incompleteness, and with
counts and age estimates for T Tauri stars from recent censuses
of the populations in 1C348 and NGC1333, assuming a con-
stant star formation rate in Perseus over the last 3.5+ 0.5 Myr.

Theratio of starless cores above the submm detection limit
to protostarsin Perseusis at most 0.8, though this could reduce
as apparently starless cores may yet beidentified as protostellar
by more sensitive IR or outflow observations. Thelifetimefor a
detectable starless core (> 0.3 M, within one SCUBA beam) is
therefore at least 0.8 times the protostellar lifetime or 0.4 Myr.
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Table 4: Source properties: integrated 850um flux Fgso; integrated 450um flux
F4s0; bolometric luminosity Ly ; envelope mass Mg, calculated at 10 K; thethree
evolutionary indicators — bolometric temperature Ty ; Lenm/Lbol; and Fz6/Fgso
(the number in brackets is the power of ten); and classification. Sources are
classed as starless (S) if there is no infrared source or outflow, otherwise the
classification is based on the three evolutionary indicators discussed in Sect.3,
which, giving the condition for aClass| are: Tpg > 70 K; Lpoi /Lemm > 3000; and
F36/Fgso > 0.003. Thefina classification is based on the mgjority of the indica-
torswith results of individual indicators given in bracketsin the order listed here.
The commonly used source nameisgiven in the last column; see 5 for aternative
names and references.

Source Feso  Faso Lbo  Meny Tho  Lbo/Lsnm  Fas/Faso | Class Name
RYRRY, L, M, K x1/3000
1 631 378 37 177 53 05  24(-5) | 0(000) | bic
2 931 522 | <25 261 | <25 <02 <10(-5) | 0(000) | bl-bS
4 537 504 | 26 150 32 04  51(-5) | 0(000) | bi-d
5 3.67 - <03 103 < 33 <01 <26(-5 | S
7 1.00 - 1.3 2.8 158 1.2 1.4(-2) | 1 (1) IRAS 03301+3057, B1 SMM6
10 0.32 - 04 09| 117 11 70(=3) | 1) | BLSMM11
12 8.19 83.3 45 229 31 0.5 1.8(-4) | 0(000) | HH211
13 3.59 17.6 19 101 59 0.5 4.6(-4) | 0(000) | 1C348 MMS
14 198 159 56 55| 180 26  58(2) | 1()
15 157 20 19 44 67 11 91(-4) | 0(00)
16 1.43 7.2 <16 40 | <103 <10 <67(-5 | S
17 118 .| <20 33| <78 <16 <81(-5)| S
18 0.61 - <06 1.7 < 86 <08 <16(-4) | S
19 0.68 S| <12 19| <e1 <16 <14(-4) | S
20 144 .| <09 40| <70 <05 <67(-5)| S
21 0.62 - <12 1.7 <81 <18 <16(-4) | S
23 0.32 - <12 0.9 < 89 <33 <30(-9 | S
24 0.56 - <0.9 1.6 <93 <14 <17-9 | S
25 0.39 - <10 1.1 < 85 <24 <25-4) | S
26 152.43 <08 27- < 84 <07 <10(-4) | S
27 11.03 - 54 309 53 0.5 1.1(-4) | 0(000) | L1448 NW
28 583 196.9 170 16.3 53 2.7 3.3(-4) | 0(0I0) L1448 N A/B
29 6.51 68.4 6.3 182 49 0.9 1.1(-3) | 0(000) | L1448C
30 585 511 41 164| 50 07  12(-4) | 0(000) | L1448 IRS2
31 426 265 19 119 38 04  17(-5) | 0(000)
32 4.36 2.9 <02 122 <20 <00 <22-5 | S
35 1.89 184 7.0 53 105 34 5.3(-4) | 1(110) L1455 FIR4
36 191 98 31 53 59 15  56(-4) | 0(0I0)
37 252 205 33 71| 672 12 56(-2) | 1() | L1455PP9
39 0.72 1.6 0.8 2.0 394 1.0 7.3(-2) | I(0r) L1455 FIR1/2
40 0.89 - < 0.6 25 < 63 <06 <11(-4 | S
41 1861 1310 85 521 35 0.4 9.1(-6) | 0(000) | NGC1333IRAS4A
42 9.00 94.6 76 252 39 0.8 8.9(-5) | 0(000) | NGC13331RAS4B
43 12.70 159.9 295 356 180 2.1 1.1(-2) | 1) NGC1333 SV S13
44 9.73 95.6 227 2712 58 2.2 29(-4) | 0(0I0) | NGC1333IRAS2A
45 8.82 91.3 10.2 247 164 11 1.6(=2) | (1) NGC1333 ASR 114
46 6.10 32.8 6.1 17.1 67 0.9 6.4(-4) | 0(000) | NGC1333 ASR 32/33
47 433 263 | <18 121 | <54 <04 <22(-5)| 0(000) | NGC1333 SK31
48 2.92 20.9 3.2 8.2 49 1.0 2.0(-4) | 0(000) | NGC1333IRAS4C
49 2.59 211 6.8 7.3 140 2.4 1.2(-2) | 1(I) NGC1333 SK6
50 258 7.1 56 7.2 88 20 27(-4) | 1(110) | NGC1333 HH 7-11 MMS 4
51 3.01 10.1 <15 8.4 < 37 <05 <32(-5 | S NGC1333 SK16
52 2.17 - 4.4 6.1 57 19 3.5(-4) | 0(0I0) NGC1333 HH7-11 MMS 6
53 2.14 29.7 <37 6.0 <54 <16 <45-5)| S NGC1333 SK26
54 3.01 78.8 106.9 8.4 138 32.7 1.6(=2) | (1) NGC1333 SK28
55 296 144 10 83 50 03  58(-6) | 0(000)
56 1.96 | 191 55| 124 90  71(=2) | 1) | NGC1333 K29
57 2.10 15.1 <80 59 <81 <35 <46(-5 | S NGC1333 SK33
58 156 - 03 44 82 02  7.8(-5) | 0(100)
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Table 4: continued.

Source Faso Faso Loot  Meny Too Lbo/Lsnm  Fse/Feso | Class Name!
y Y L, M K x1/3000
59 2.21 - <13 6.2 <83 <05 <43(-5 | S
60 2.95 - <12 83| <215 <04 <33(-5 | S
61 142 25| 10 40| 64 07  38(-4) | 0(000)
62 121 61| 27 34| 50 20  7.4(-5) | 0(010) | NGC1333 SK18
63 0.76 - 2.8 2.1 103 3.4 51(-=2) | () NGC1333 SK32
64 0.92 - <0.3 2.6 <52 <03 <10(-4 | S NGC1333 Per 4A3/4D
65 0.72 2.1 0.4 2.0 56 0.5 3.1(-3) | 0(00l) | NGC13331RAS4B1
66 1.03 - <42 2.9 < 65 <38 <93(-5 | S NGC1333 SK30
67 151 | 84 42| 127 51 18(=2) | 10
68 134 82| 13 37| 69 09  7.4(-3) | 0(00l)
69 0.23 | o004 06| 436 02 182 | 10
70 0.53 - 2.6 15 45 45 6.3(-4) | 0(0I0) NGC1333 SK22
71 0.75 - 0.03 2.1 37 0.0 2.5(-4) | 0(000) | NGC1333 HH 340B
72 0.42 - <01 1.2 < 64 <03 <23-9 | S
74 0.24 | 006 07| 144 02  54(-3) | I (0]
75 0.43 Sl 01 12| 67 03 7.7(-5) | 0(000)
76 5.60 215 24 157 109 0.4 4.2(-4) | 0(100) B1 SMM5
77 2.26 33 0.7 6.3 60 0.3 7.7(-5) | 0(000) | B1SMM7
78 1.49 - 4.7 4.2 181 29 2.3(=2) | (1) B5 IRS1
79 1.16 - <14 32| <175 <11 <83(-5 | S
80 0.86 12.1 1.9 2.4 86 2.0 3.9(-3) | () IRAS 03235+3004
81 0.42 - 08 12| 133 18 15(=2) | 1(I) | IRAS03271+3013
82 0.65 - <07 1.8 < 53 <09 <15-4 | S B1SMM1
83 0.19 - | <0.10 0.5 < 68 <06 <68(-4) | S
84 0.28 -| o006 o8| 74 02  16(-4) | 0(100)
85 0.11 - | <0.00 03| <196 <01 <39-3)| S IRAS 03254+3050
86 0.79 | o006 22| 49 01  58(-5) | 0(000)
88 0.55 -| o005 15| 83 01  40(-5) | 0(100)
89 0.66 - <02 1.9 < 45 <02 <14-4 | S B1 SMM9
20 0.33 - <0.9 0.9 < 66 <27 <29-4 | S Per 7
o1 0.58 | <01 16| <74 <02 <17(-4|s Per 4A
101 0.13 - 1.6 0.4 463 35.2 27(0) | 11 IRAS 03410+3152
Bolol1l 0.20 - <0.2 0.6 < 60 <10 <48(-4 | S
Bolo26 0.13 - | <0.01 0.4 < 64 <00 <87-4 | S
Bolo27 0.13 - | <0.05 04 | <103 <04 <94(-4 | S
Bolo44 0.14 - <10 0.4 <55 <106 <11(-3)| S
Bolo62 | 018 | o007 05| 103 04  40(-4) | 0(100)
Bolo64 0.20 - <01 06 | <237 <05 <48(-4 | S
Bolo70 | 011 -] <01 03| <42 <17 <15(3) | s
Bolo89 0.11 - <09 0.3 < 58 <132 <15-3)| S
Bolo90 0.14 - 1.7 0.4 943 24.9 7.3(-21) | (1) IRAS 03380+3135
Bolo92 0.12 - <11 0.3 < 68 <192 <19(-3)| S
Bolo94 0.11 - <11 0.3 <71 <284 <28(-3)| S
Bolol111 0.18 - <15 0.5 <52 <76 <53(-4 | S
Bolo112 0.15 - 0.01 0.4 222 0.1 1.3(-2) | I (0l
Bolo113 0.13 - <20 0.4 < 59 <142 <74-4) | S
Bolol114 0.13 - | <0.01 0.4 < 56 <00 <72-4 | S
Bolol121 0.11 0.9 <11 03| <231 <342 <33(-3)| S
clf55 0.23 - | <001 0.6 < 67 <00 <78+-4 | S
clf68 0.39 - | <0.03 1.1 < 42 <01 <25-4) | S
clf70 0.51 70.2 <51 14 <34 <93 <19-4 | S
clf74 0.83 - <02 2.3 < 84 <02 <12-49 | S
clf77 0.50 24.5 <11 1.4 < 26 <20 <19-4 | S
dlf79 058 37| <02 16| <27 <03 <17(-4)| S
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Table 5: Source peak positions and cross-identification with Hatchell et al.
(2005), Bolocam (Enoch et a. 2006), 2MASS, and other names commonly asso-
ciated with the source.

Source | RA(J2000)  Dec(J2000) Paper | Bolocam | 2MASS Other associated source names
h:m:s d.’.”
1 03:33:17.9  31:09:334 1 Bolo80 bl-c (Hirano et a. 1999b), B1 SMM2 (Walawender
et al. 2005)
2 03:33:21.4  31:07:30.7 2,3 Bolo81 bl-bS; bl-bN (Hirano et a. 1999b), B1 SMM1
(Walawender et al. 2005)
4 03:33:16.3 31.06:54.3 4 — bl-d (Hirano et al. 1999b), B1 SMM3 (Walawender
et al. 2005)
5 03:33:01.9 31:04:23.2 5,6,8,9,11 | Bolo74 none
7 03:33:16.5 31.07:51.3 7 — 03331667+3107548 IRAS 03301+3057, B1 SMM6 (Waawender et al.
2005)
10 03:33:27.3 31:07:10.1 10 — B1 SMM11 (Walawender et al. 2005)
12 03:43:56.5 32:00:49.9 12 Bolo103 HH211 (McCaughrean et a. 1994; Chandler & Richer
2000); HH211 VLA2 (Avilaet al. 2001)
13 03:43:56.9 32:03:04.8 13 Bolo104 IC348 MMS (Eidloffel et a. 2003)
14 03:44:43.9 32:01:32.0 14 Bolo116 | 03444389+3201373, | none
03444330+3201315
15 03:43:50.8 32:03:24.2 15 Bolo102 | 03435056+3203180 1C348-SMM3 (Walawender et al. 2006)
16 03:44:01.0 32:01:54.8 16 Bolo106 none
17 03:43:57.9 32:04:01.5 17 Bolo105 none
18 03:44:03.0 32:02:24.3 18 Bolo107 CXOPZ 15 (Preibisch & Zinnecker 2001)
19 03:44:36.8  31:58:48.9 19 Bolol115 none
20 03:44:05.5 32:01:56.7 20,22 Bolo110 none
21 03:44.02.3 32:02:48.5 21 Bolo107 none
23 03:43:37.8  32:03:06.2 23 Bolo99 none
24 03:43:42.3 32:03:23.2 24 — none
25 03:44:485  32:00:30.8 25 Bolol117 none
26 03:43:44.4  32:02:55.7 26 Bolo100 none
27 03:25:35.9 30:45:30.0 27,34 Bolo8 03253643+3045252 L1448 NW (Barsony et a. 1998; Bachiller &
Cernicharo 1986; Curiel et a. 1990; Looney et al. 2000)
28 03:25:36.4 30:45:15.0 28,34 Bolo8 03253652+3045070, | L1448 N A/B (Barsony et a. 1998; Curiel et a. 1990;
03253643+3045252 Looney et al. 2000), L1448 IRS 3A/3B (Bachiller &
Cernicharo 1986), IRS2 VLAG6 (Anglada & Rodriguez
2002)
29 03:25:38.8 30:44:03.6 29 Bolol10 L1448C (Barsony et a. 1998; Bachiller et a. 1991,
Curiel et a. 1990)
30 03:25:22.4  30:45:10.7 30 Bolo5 IRAS03222+3034, L1448 IRS2 (O’ Linger et al. 1999),
L1448 IRS2 VLA4 (Anglada & Rodriguez 2002)
31 03:25:25.9 30:45.02.7 31 — none
32 03:25:49.0 30:42:24.6 32,33 Bolo13 none
35 03:27:39.1 30:13:00.6 35 Bolo22 IRAS 03245+3002, L1455 FIR4 (Tapia et a. 1997),
RNO15 FIR (Rengel et a. 2002)
36 03:27:42.9 30:12:28.5 36 Bolo23 none
37 03:27:48.4  30:12:08.8 37,38 Bolo24 03274767+3012043 L1455 PP (Tapiaet a. 1997), GN 03.24.7 (Magakian
2003)
39 03:27:38.1 30:13:57.3 39 Bolo21 03273825+3013585 L1455 FIR1/2 (Tapiaet a. 1997)
40 03:27:39.9 30:12:09.8 40 — none
41 03:29:10.4  31:13:30.0 41 Bolo48 NGC1333 IRAS 4A (Jennings et a. 1987), VLA25
(Rodriguez et a. 1997), SK4 (Sandell & Knee 2001)
42 03:29:12.0 31:13:10.0 42 Bolo48 NGC1333 IRAS 4B (Jennings et al. 1987), SK3
(Sandell & Knee 2001)
43 03:29:03.2 31:15:59.0 43 Bolo43 03290375+3116039 NGC1333 SVS13 (Strom et a. 1976), ASR 2 (Aspin
et al. 1994), IRAS 03259+3105,HH7-11 MMSL (Chini
et al. 1997a), VLA 4gb (Rodriguez et a. 1997)
44 03:28:55.3 31:14:36.4 44 Bolo38 NGC1333 IRAS 2A (Jennings et a. 1987)
45 03:29:01.4 31:20:28.6 45 Bolo42 03290116+3120244, | NGC1333 ASR 114 (Aspin et a. 1994), VLA 42/43
03290149+3120208, | (Rodriguez et a. 1997), SK24 (Sandell & Knee 2001)

03290051+3120284
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Table 5: continued.

Source | RA(J2000) Dec(J2000) Paper | Bolocam | 2MASS Other associated source names
h:m:s d’”

46 03:29:11.0 31:18:274 46 Bolo49 NGC1333 ASR 32/33 (Aspin et al. 1994), IRAS 7
SM1/2 (Sandell & Knee 2001),VLA 2 (Snell & Bally
1986)

47 03:28:59.7 31:21:34.2 47 Bolo40 NGC1333 SK31 (Sandell & Knee 2001)

48 03:29:13.6  31:13:55.0 48 — NGC1333 IRAS4C (Jennings et a. 1987; Looney et al.
2000), SK5 (Sandell & Knee 2001), VLA29 (Rodriguez
et al. 1999)

49 03:28:36.7 31:13:29.6 49 Bolo29 03283609+3113346 NGC1333 SK6 (Sandell & Knee 2001), IRAS
03255+3103

50 03:29:06.5 31:15:38.6 50 — 03290642+3115348 NGC1333 HH 7-11 MMS 4 (Chini et al. 1997b) ASR6
(Aspin et a. 1994), SK15 (Sandell & Knee 2001), HH8
(von Hippel et a. 1988)

51 03:29:08.8 31:15:18.1 51 Bolo46 NGC1333 SK16 (Sandell & Knee 2001)

52 03:29:03.7 31:14:53.1 52 — NGC1333 SK14 (Sandell & Knee 2001), HH7-11
MMS 6 (Chini et al. 1997b)

53 03:29:04.5 31:20:59.1 53 — NGC1333 SK26 (Sandell & Knee 2001)

54 03:29:10.7 31:21:45.3 54 — 03291063+3121469 NGC1333 SK28 (Sandell & Knee 2001)

55 03:28:404 31:17:51.3 55 Bolo31 none

56 03:29:07.7 31:21:56.8 56 — 03290773+3121575, | NGC1333 SK29 (Sandell & Knee 2001)

03290704+3121578

57 03:29:18.2 31:25:10.8 57 Bolo53 NGC1333 SK33 (Sandell & Knee 2001)

58 03:29:24.0 31:33:20.8 58 Bolo57 none

59 03:29:16.5 31:12:34.6 59 Bolo51 none

60 03:28:39.4 31:18:27.1 60,73 — none

61 03:29:17.3 31:27:49.6 61 Bolo52 none

62 03:29:07.1 31:17:23.7 62 Bolo45 NGC1333 SK18 (Sandell & Knee 2001)

63 03:29:18.8 31:23:16.9 63 Bolo54 NGC1333 SK32 (Sandell & Knee 2001)

64 03:29:25.5 31:28:18.1 64 Bolo58 NGC1333 Per 4A3/4D (Ladd et al. 1994)

65 03:29:00.4 31:12:01.5 65 Bolo4l NGC1333 IRAS 4B1 (Jennings et al. 1987), SK1
(Sandell & Knee 2001)

66 03:29:05.3 31:22:11.3 66 — NGC1333 SK30 (Sandell & Knee 2001)

67 03:29:19.7 31:23:56.0 67 — 03292003+3124076 none

68 03:28:56.2 31:19:12.5 68 Bolo39 NGC1333 MBO146 (Wilking et a. 2004)

69 03:28:34.4  31.06:59.2 69 Bolo28 none

70 03:29:15.3 31:20:31.2 70 Bolo50 NGC1333 SK22 (Sandell & Knee 2001)

71 03:28:38.7 31.05:57.1 71 Bolo30 HH 340B (von Hippel et a. 1988)

72 03:29:19.1 31:11:38.1 72 Bolo55 none

74 03:28:325 31:11:07.7 74 Bolo25 03283258+3111040 NGC1333 38 (Lada et al. 1996)

75 03:28:42.6  31:06:10.0 75 Bolo33 none

76 03:32:17.8  30:49:46.3 76 Bolo66 IRAS 03292+3039, B1 SMM5 (Waawender et al.
2005)

77 03:31:21.0 30:45:27.8 77 Bolo65 IRAS 03282+3035, B1 SMM7 (Waawender et al.
2005)

78 03:47:41.6 32:51:44.0 78 Bolo122 | 03474160+3251437 IRAS03445+3242, B5 IRS1 (Motte & André 2001),
HH 366 VLA 1 (Rodriguez & Reipurth 1998)

79 03:47:39.1 32:52:17.9 79 — none

80 03:26:37.6  30:15:24.2 80 Bolo18 03263742+3015283 IRAS 03235+3004

81 03:30:15.5 30:23:42.8 81 Bolo60 03301515+3023493 IRAS 03271+3013

82 03:33:13.1 31:19:51.0 82 Bolo78 B1 SMM1 (Walawender et a. 2005)

83 03:32:489 31:09:40.1 83 — none

84 03:32:.21.9 31:04:55.6 84,87 — none

85 03:28:32.5 31:00:53.0 85 — IRAS 03254+3050 (Dent et al. 1998)

86 03:26:30.9 30:32:27.6 86 — none

88 03:31:31.6  30:43:32.2 88 — none

89 03:32:25.9 30:59:05.0 89 Bolo67 B1 SMM9 (Walawender et a. 2005)

20 03:45:16.5 32:04:47.1 20 Bolo119 Per 7 (Barnard et al. 2004)

91 03:29:23.3 31:36:08.6 91 — Per 4A (Ladd et a. 1994)

101 03:44:12.8 32:01:33.9 101 — 03441297+3201354 IRAS 03410+3152

Bololl | 03:25:46.5 30:44:17.8 — Bololl none
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Table 5: continued.

Source | RA(J2000) Dec(J2000) Paper | Bolocam | 2MASS Other associated source names
h:m:s d’”
Bolo26 | 03:28:32.7 31:04:55.9 — Bolo26 none
Bolo27 | 03:28:32.7 30:19:51.1 — Bolo27 none
Bolo44 | 03:29:04.9 31:18:41.2 — Bolo44 none
Bolo62 | 03:30:32.3 30:26:27.4 — Bolo62 none
Bolo64 | 03:30:51.3 30:49:14.7 — Bolo64 none
Bolo70 | 03:32:44.3  31:00:09.7 — Bolo70 none
Bolo89 | 03:40:49.3 31:48:50.1 — Bolo89 none
Bolo90 | 03:41:09.3 31:44:38.1 — Bolo90 03410913+3144378 IRAS 03380+3135
Bolo92 | 03:41:40.7 31:57:59.8 — Bolo92 none
Bolo94 | 03:41:46.1 31:57:22.9 — Bolo94 none
Bolo111l | 03:44:14.4 31:57:57.6 — Bolo111 none
Bolo112 | 03:44:15.6 32:09:15.0 — Bolol112 CL* IC 348 LRL 329 (Luhman et a. 1998)
Bolo113 | 03:44:23.9 31:59:25.2 — Bolo113 none
Bolo114 | 03:44:23.2 32:10:10.1 — Bolo114 none
Bolo121 | 03:47:32.7 32:50:50.2 — Bolo121 none
clf55 03:32:14.7 31:23:36.8 — — none
clf68 03:28:51.4 30:13:40.2 — — none
clf70 03:28:21.5 30:20:30.7 — — none
clf74 03:28:24.5 30:20:28.3 — — none
clf77 03:28:41.1 30:25:31.6 — — none
clf79 03:28:24.8  30:20:49.4 — — none
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Table A.1. Model parameters. The envelope mass (Mg ), Stellar mass
(M,), and stellar luminosity (L.) arelisted in solar units.

Mew (M) M. (M) L. (Lo)
10.00 333 759
3.00 1.00 14.9
1.00 0.33 34
0.50 0.17 13
0.20 0.07 0.38
0.10 0.03 0.15
0.05 0.02 0.06

Appendix A: Class 0 models

Below we provide details of the Class O structure used in the radiative
transfer modelling.

A.1. Density structure

We describe the geometry of the Class 0 sources using a similar den-
Sity structure to that of Whitney et al. (2003). In summary, the geom-
etry consists of a central source of mass M,, radius R,, and tempera-
ture Teg = 4000K surrounded by a canonical flared disc (Shakura &
Sunyaev 1973):

=l enl 33

where r is the radia distance in the midplane and z is the distance
perpendicular to the midplane. The flare is imposed by a power-law
dependence of the scale-height honr: h = hy(r/R.)?. The disc mass
Miaisc IS then used to define pg via

B Maisc(B — @ + 2)
(27T)3/2h0R§7/3(R0uter — Rinner)po+2

For al the models described below we adopt the following disc pa-
rameters; B = 125, « = 225 h = 0.01IR, Mg = 0.01Mg,
Rinner = 7.5Rs, and Rouer = 10AU (Whitney et . 2003).

The disc/star system is enshrouded by an infalling envelope of
mass Men, Which has a density structure described by a rotationally
flattened infalling envelope (Ulrich 1976):

= —Menv (GM* )_1/2 1+ i o i
P= " \ 773 Mo

(A1)

Po (A2)

+ —

Ho r (A-3)

ZuSRc)‘l
where Mew is the mass infall rate, R; is the centrifugal radius, 4 =
cosf = z/+/(zZ2+r?2) and yo is the cosine of the polar angle of a
streamline of infalling material asr — oo, and is found by solving:

g+ po(r/Re— 1) — u(r/R) = 0

We fix the inner radius of the envelope at R and set the outer ra-
diusto 5000 AU. Weinclude narrow, fixed opening angle (5°) opening
angle, low density (10-2* gcm3) cavitiesin the polar directions. The
density structure of the inner region of this Class 0 model can be seen
inFigure A.1.

(A9

A.2. Dust properties
We adopt a standard MRN (Mathis et a. 1977) grain-size distribution

n(@) da « a>°da (A.5)

2x10%
X [10"%m]

1.5%x10%
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Fig. A.1. Thedensity structure of theinner region of the Class 0 source
used in the radiative-transfer modelling.
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Fig.A.2. Model SEDs for Class 0 objects. The flux of the object, in
AF; (Wm~3) is plotted against wavelength in microns.

where n(a) is the number density of grains with diameter a. We use
minimum and maximum grain sizes of 0.005um and 1um respec-
tively. We assume that the dust is composed of 62.5% *astronomical’
silicate and 37.5% graphite grains, with the usual 2:1 ratio of ortho-
and para- graphite (Draine & Malhotra 1993). The cross-sections and
Mie phase matrices were computed directly from the refractive indices
tabulated by Draine & Lee (1984). A dust:gas ratio of 1:100 was used
for al models.



