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ABSTRACT

Context. The classification of young stellar objects (YSOs) is typically done using the infrared spectral slope or bolometric temper-
ature, but either can result in contamination of samples. More accurate methods to determine the evolutionary stage of YSOs will
improve the reliability of statistics for the embedded YSO population and provide more robust stage lifetimes.
Aims. We aim to separate the truly embedded YSOs from more evolved sources.
Methods. Maps of HCO+ J = 4–3 and C18O J = 3–2 were observed with HARP on the James Clerk Maxwell Telescope (JCMT)
for a sample of 56 candidate YSOs in Perseus and Taurus in order to characterize the presence and morphology of emission from
high density (ncrit >106 cm−3) and high column density gas, respectively. These are supplemented with archival dust continuum maps
observed with SCUBA on the JCMT and Herschel PACS to compare the morphology of the gas and dust in the protostellar envelopes.
The spatial concentration of HCO+ J = 4–3 and 850 µm dust emission are used to classify the embedded nature of YSOs.
Results. Approximately 30% of Class 0+I sources in Perseus and Taurus are not Stage I, but are likely to be more evolved Stage II
pre-main sequence (PMS) stars with disks. An additional 16% are confused sources with an uncertain evolutionary stage. Outflows
are found to make a negligible contribution to the integrated HCO+ intensity for the majority of sources in this study.
Conclusions. Separating classifications by cloud reveals that a high percentage of the Class 0+I sources in the Perseus star forming
region are truly embedded Stage I sources (71%), while the Taurus cloud hosts a majority of evolved PMS stars with disks (68%).
The concentration factor method is useful to correct misidentified embedded YSOs, yielding higher accuracy for YSO population
statistics and Stage timescales. Current estimates (0.54 Myr) may overpredict the Stage I lifetime on the order of 30%, resulting in
timescales down to 0.38 Myr for the embedded phase.
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1. Introduction

Low-mass young stellar objects (YSOs) have traditionally been
classified based on their observed infrared slope (αIR) in the
wavelength range from 2 to 20 µm (Lada & Wilking 1984) or
their bolometric temperature (Tbol, Myers & Ladd 1993). In the
earliest phases of star formation, most of the emission appears
at far-IR and submillimeter wavelengths. Such observationally
based evolutionary schemes start with Class 0 (Andre et al.
2000), the earliest phase of low-mass star formation, where the
protostar is still deeply embedded. This phase only lasts a short
time, 0.15−0.24 Myr according to Dunham et al. (2015). Class
0 is followed by Class I, with a combined Class 0+I halflife of
0.46−0.72 Myr representing the embedded phase of the proto-
star, then Class II, and Class III as the spectral energy distri-
bution (SED) of the source shifts towards optical wavelengths
and gradually loses intensity at far-IR/sub-mm wavelengths. The
term “Class” refers only to an observational phase defined by αIR
and/or Tbol, whereas “Stage” refers to a phase of low-mass star
formation based on physical parameters.

Physical definitions of YSOs use parameters such as star,
disk, and envelope mass ratios to determine the evolutionary

stage (Adams et al. 1987; Whitney et al. 2003b,a; Robitaille
et al. 2006). In Stage I, the protostar is surrounded by a col-
lapsing envelope and a circumstellar disk through which ma-
terial is accreted onto the growing star (Menv > Mstar at very
early times). This stage is critical for the subsequent evolution
since the mass of the star and the physical and chemical struc-
ture of the circumstellar disk are determined here. These pro-
tostars also power bipolar outflows with a very high degree of
collimation, and there is evidence of shock processing of molec-
ular gas even in cases of very low stellar luminosity (Tafalla
et al. 2000; Dunham et al. 2008). As the YSO evolves the en-
velope is dispersed by the outflow, the disk grows, the object
becomes brighter at IR wavelengths, and the outflows dimin-
ish in force. Stage I embedded sources (Mdisk/Menvelope < 2 and
[Mdisk + Menvelope] < Mstar) differ from Stage II gas-rich clas-
sical T Tauri stars (Menvelope . 0.2 M� and Mdisk/Mstar � 1),
which are more evolved pre-main sequence (PMS) objects and
often have an associated circumstellar disk. Stage I sources may
also be distinguished from Stage II sources through enhanced
continuum veiling of the young central star, as seen in their
near-infrared spectra (e.g., Casali & Matthews 1992; Greene &
Lada 1996; White & Hillenbrand 2004).
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Lifetimes of astronomical objects are generally inferred by
counting the number of objects in each phase and taking the
age of one of these phases to be known (e.g., Evans et al. 2009;
Mottram et al. 2011). In star formation, the reference for low-
mass protostars is usually the lifetime of the Class II T Tauri
phase, generally corresponding to Stage II physical parameters,
which is ∼2–3 Myr based on current estimates (Haisch et al.
2001; Spezzi et al. 2008; Muench et al. 2007; Evans et al. 2009).
However, this method assumes that the classification methods
for all phases are correct and complete. Previous studies have
shown that the above-mentioned criteria based on αIR or Tbol
lead to samples with significant contamination: some Class 0+I
sources turn out to be edge-on Stage II PMS stars with disks,
or sources obscured by cloud material due to projection effects
(Brandner et al. 2000; Lahuis et al. 2006). Models indicate that
such confusion may be quite common and can include up to 30%
of the total embedded sources (Whitney et al. 2003b; Robitaille
et al. 2006; Crapsi et al. 2008). Comparison between single-dish
and interferometric (sub-)mm observations is able to correctly
identify such sources (Lommen et al. 2008; Crapsi et al. 2008).
However, the capabilities of current interferometers make this
method quite time consuming, and it is limited to only a small
number of the brightest sub-mm sources.

Using the 345 GHz Heterodyne Array Receiver Program
(HARP, Buckle et al. 2009) and Submillimeter Common-User
Bolometer Array (SCUBA, Holland et al. 1999) instruments on
the James Clerk Maxwell Telescope1 (JCMT), van Kempen et al.
(2009) identified truly embedded sources without the need for
interferometry, by instead comparing maps of HCO+ J = 4–3,
C18O J = 3–2, and 850 µm dust emission over an approxi-
mately 2′ region around each source at a spatial resolution of
∼15′′. In these maps, HCO+ 4–3 (ncrit > 106 cm−3 ) emission
traces the presence of dense gas in the envelope , and C18O 3–2
(ncrit > 104 cm−3) traces the column density. HCO+ 4–3 can
also be an effective tracer of outflows in early phase YSOs and
over large spatial regions (Walker-Smith et al. 2014). Both the
absolute line strengths and their variation over the region (con-
centration) play a crucial role in the identification of embedded
sources. van Kempen et al. (2009) applied this method to all
sources in Ophiuchus that were thought to be Class I based on
the traditional criteria, and they found that all tracers are cen-
trally concentrated for truly embedded sources, with the possi-
ble exception of C18O. Some sources appear unresolved, but are
still bright in both HCO+ 4–3 and C18O 3–2 (>1 K km s−1). In
contrast, edge-on disks or obscured sources have weak point-like
and/or flat sub-mm dust emission, respectively, when observed
with SCUBA. In molecular emission they have a flat C18O 3–2
emission distribution (if any) and/or a HCO+ 4–3 intensity of at
most 0.3 K km s−1. By using this method, 16 out of 38 Class I
and flat SED (intermediate between Class I and II) sources were
found to be truly embedded Stage I YSOs in Ophiuchus, whereas
the remainder were characterized as Stage II evolved PMS stars
with disks and/or obscured sources (van Kempen et al. 2009).
An earlier single pointing HCO+ 3–2 study by Hogerheijde et al.
(1997) of a number of Taurus Class I sources also found a sig-
nificant fraction of them to be Stage II objects.

These new statistics clearly affect the lifetime of the em-
bedded phase, implying that the Stage I lifetime has been

1 The James Clerk Maxwell Telescope has historically been oper-
ated by the Joint Astronomy Centre on behalf of the Science and
Technology Facilities Council of the United Kingdom, the National
Research Council of Canada and the Netherlands Organisation for
Scientific Research.

overestimated, at least for Ophiuchus. This paper aims to apply
these same criteria to sources in the Perseus and Taurus star-
forming regions. In addition, the robustness of using just a sin-
gle HCO+ spectrum at the source position versus complete maps
to classify sources is investigated: only central source spectra
are available for the bulk of the many hundreds of Class 0+I
and flat-spectrum sources found in nearby star-forming regions
(Heiderman & Evans 2015).

The structure of the paper is as follows: Sect. 2 outlines the
telescopes and instruments used during observations and the data
collected from previous surveys. Section 3 provides details on
the properties of central spectra extracted from the observations
and categorizes the morphology of the spatial data at each wave-
length. Section 4 describes the method to classify the objects
in the sample as truly embedded YSOs versus more evolved
sources. Section 5 describes the LOMASS database. Section 6
provides the conclusions.

2. Observations

An overview of the source list is given in Table 1. Sources and
their coordinates are taken from the following: Perseus Class 0+I
sources from Jørgensen et al. (2007), Taurus targets from the
Class 0+I sample in Hartmann (2002) with additional sources
derived from a comparison between SCUBA and Spitzer data
in the region (Jørgensen, priv. comm.), and Serpens sources se-
lected from Enoch et al. (2007). The sources were chosen to in-
clude known Class 0+I (αIR ≥ 0.3) objects in these clouds at
the time of selection (2008), with some borderline flat spectrum
sources (0.3 > αIR ≥ −0.3) included. Table 1 includes alternate,
more common names for many of the objects, which are some-
times included parenthetically in the text.

Infrared slope values (αIR) obtained from the c2d catalogue
are presented in Col. 7 of Table 1 for all overlapping sources
observed in the c2d survey. These values may differ from αIR
at the time of selection, hence the list now includes a few Flat
spectrum and Class II sources. Extinction-corrected slopes ob-
tained from Dunham et al. (2015) are also shown. There is only
one source for which there is a change in Class assignment:
J032738.2+301358 (L1455-FIR 2) moves from a Flat spectrum
to a Class II source. All other sources are unaffected.

Spatially resolved maps are obtained for 56 sources in the
Perseus (d = 250 pc) and Taurus (d = 140 pc) star form-
ing molecular clouds in both HCO+ 4–3 at 356.734 GHz and
C18O 3–2 at 329.330 GHz with the JCMT HARP instrument
(Buckle et al. 2009) using the ACSIS backend (Dent et al. 2000)
in jiggle position-switch mode. An additional nine sources in
the Serpens (d = 260 pc) cloud were mapped in C18O 3–2 only.
HARP is a heterodyne array with 16 SIS detectors in a 4 × 4
configuration with pixel separations of 30′′. Array pixels have
typical single side-band system temperatures of 300−350 K. The
total foot print of the receiver is 2′ × 2′ with a diffraction limited
beam of ∼15′′. The offset switch used a slew of 1 degree in RA
for sky background measurements.

The HARP observations were carried out between 2008 and
2011 in good atmospheric conditions (optical depth τ225GHz ≤

0.1). Typical rms noise levels are 0.15 K after resampling the
spectra into 0.2 km s−1 bins. To achieve these noise levels, typ-
ical integration times were ∼30 min on- and off-source to scan
the whole 2′ × 2′ region for both lines. All HARP data were
converted to main beam brightness temperature Tmb = T ∗A/ηmb,
where the beam efficiency of HARP is set to ηmb = 0.63.
Calibration errors are estimated to be ∼20% (Buckle et al. 2009).
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Table 1. Source coordinates, infrared slope values, and central spectra properties.

HCO+ 4–3 C18O 3–2
Object name Alternate name(s)a Cloud RA [J2000] Dec [J2000] Classb αIR

c Vlsr
d

∫
TmbdV Tmb FWHM

∫
TmbdV Tmb FWHM

[hh:mm:ss] [dd:mm:ss] [km s−1] [K km s−1] [K] [km s−1] [K km s−1] [K] [km s−1]
J032522.3+304513 L1448-IRS 2, Pers01 Perseus 03:25:22.4 30:45:13.6 I (I) 2.3 (2.2) 4.1 2.9± 0.09 1.9 1.5 2.4± 0.06 2.8 0.7
J032536.4+304523 L1448-N, Pers02 Perseus 03:25:36.5 30:45:23.2 I (I) 2.6 (2.6) 4.6 14.8± 0.1 6.2 2.2 6.7± 0.2 4.0 1.4
J032637.4+301528 Pers-4, Pers04 Perseus 03:26:37.5 30:15:28.2 I (I) 1.1 (1.0) 5.2 1.1± 0.04 1.1 0.5 0.8± 0.08 1.1 0.8
J032738.2+301358 L1455-FIR 2 Perseus 03:27:38.3 30:13:58.5 F (II) −0.2 (−0.4) 4.4 1.7± 0.06 1.0 1.7 0.8± 0.09 0.7 1.0
J032743.2+301228 L1455-IRS 4 Perseus 03:27:43.3 30:12:28.9 I (I) 2.4 (2.2) 5.0 2.2± 0.06 2.0 0.9 1.2± 0.1 1.3 1.2
J032832.5+311104 Pers-9 Perseus 03:28:32.6 31:11:04.8 I (I) 0.8 (0.5) 7.5 2.5± 0.1 1.4 1.9 E/A E/A E/A
J032834.5+310705 Pers-10 Perseus 03:28:34.5 31:07:05.5 I (I) 0.5 (0.3) − E/A E/A E/A A A A
J032837.1+311328 IRAS03255+3103, Pers05 Perseus 03:28:37.1 31:13:28.3 − − 7.3 4.0± 0.08 4.0 1.2 2.1± 0.08 3.0 0.7
J032839.1+310601 Pers-12 Perseus 03:28:39.1 31:06:01.6 I (I) 1.7 (1.6) 7.2 0.6± 0.05 1.2 0.5 0.5± 0.07 0.8 0.4
J032840.6+311756 Pers-13 Perseus 03:28:40.6 31:17:56.5 I (I) 1.0 (1.0) 8.1 1.3± 0.1 1.4 1.0 1.0± 0.06 1.6 0.8
J032845.3+310541 IRAS03256+3055 Perseus 03:28:45.3 31:05:41.9 I (I) 1.1 (1.1) 7.4 1.0± 0.04 1.4 0.7 E/A E/A E/A
J032859.5+312146 Pers-17 Perseus 03:28:59.3 31:21:46.7 II (II) −0.8 (−1.1) 7.7 6.4± 0.06 4.0 1.5 7.2± 0.1 4.5 1.6
J032900.6+311200 Pers-18, Pers07 Perseus 03:29:00.6 31:12:00.4 I (I) 2.2 (2.0) 7.4 2.6± 0.06 2.4 1.0 1.5± 0.1 1.1 1.3
J032901.6+312028 Pers-19, Pers08 Perseus 03:29:01.7 31:20:28.5 − − 7.9 12.1± 0.06 8.0 1.5 9.2± 0.1 6.0 1.3
J032903.3+311555 SVS13 Perseus 03:29:03.3 31:15:55.5 − − 8.2 12.4± 0.08 7.0 1.6 8.3± 0.1 4.7 1.5
J032904.0+311446 HH 7–11 MMS6 Perseus 03:29:04.1 31:14:46.6 I (I) 1.4 (1.3) 9.0 8.3± 0.08 4.4 1.9 4.7± 0.1 2.5 1.9
J032910.7+311820 Pers-23, Pers10 Perseus 03:29:10.7 31:18:20.5 I (I) 2.0 (1.9) 8.6 5.7± 0.1 3.7 1.4 4.8± 0.09 3.2 1.3
J032917.2+312746 Pers-27 Perseus 03:29:17.2 31:27:46.2 I (I) 1.8 (1.7) 7.6 2.6± 0.06 2.7 0.9 2.7± 0.07 3.3 0.7
J032918.2+312319 Pers-28 Perseus 03:29:18.3 31:23:19.9 I (I) 1.3 (1.1) 7.7 1.2± 0.07 2.1 0.6 3.6± 0.08 4.2 0.9
J032923.5+313329 IRAS03262+3123 Perseus 03:29:23.5 31:33:29.4 I (I) 1.5 (1.5) 7.5 1.0± 0.05 1.7 0.6 0.9± 0.08 1.9 0.4
J032951.8+313905 IRAS03267+3128, Pers13 Perseus 03:29:51.9 31:39:05.6 I (I) 3.4 (3.4) 8.0 3.5± 0.05 3.5 1.0 1.8± 0.1 2.0 0.7
J033121.0+304530 IRAS03282+3035, Pers15 Perseus 03:31:21.0 30:45:30.0 I (I) 1.0 (1.5) 7.0 3.3± 0.07 2.8 1.3 1.0± 0.2 1.0 1.4
J033218.0+304946 IRAS03292+3039, Pers16 Perseus 03:32:18.0 30:49:46.9 I (I) 1.1 (0.9) 7.0 3.9± 0.07 3.8 1.2 2.8± 0.2 2.0 1.0
J033313.8+312005 Pers-34 Perseus 03:33:13.8 31:20:05.2 I (I) 1.4 (1.3) 7.0 0.5± 0.05 0.7 0.7 E/A E/A E/A
J033314.4+310710 B1-SMM3, Pers17 Perseus 03:33:14.4 31:07:10.8 I (I) 2.2 (2.7) 6.6 1.9± 0.06 1.9 0.8 2.9± 0.1 2.1 1.2
J033320.3+310721 B1-b Perseus 03:33:20.3 31:07:21.4 I (I) 0.9 (0.6) 6.6 2.7± 0.1 1.9 1.3 2.9± 0.1 2.4 1.2
J033327.3+310710 Pers-40, Pers19 Perseus 03:33:27.3 31:07:10.2 I (I) 1.9 (1.8) 6.9 1.5± 0.06 1.5 0.9 2.3± 0.2 2.8 0.8
J034350.9+320324 Pers-41 Perseus 03:43:50.9 32:03:24.7 I (I) 1.5 (1.4) 8.6 2.9± 0.1 2.8 1.0 3.1± 0.1 2.7 0.9
J034356.9+320304 IC 348-MMS, Pers21 Perseus 03:43:56.9 32:03:04.2 I (I) 1.4 (1.8) 8.8 4.7± 0.07 3.8 1.1 4.3± 0.1 4.8 0.8
J034357.3+320047 HH 211-FIR Perseus 03:43:57.3 32:00:47.6 F (F) 0.02 (−0.07) 9.0 7.0± 0.1 3.2 2.1 3.7± 0.1 4.5 0.8
J034359.4+320035 Pers-46 Perseus 03:43:59.4 32:00:35.5 F (F) 0.1 (−0.2) 8.6 1.5± 0.09 0.5 1.7 1.9± 0.2 1.8 1.1
J034402.4+320204 Pers-47 Perseus 03:44:02.4 32:02:04.7 I (I) 1.5 (1.5) 8.9 4.2± 0.06 4.0 1.0 5.3± 0.2 4.3 1.1
J034443.3+320131 IRAS03415+3152, Pers22 Perseus 03:44:43.3 32:01:31.6 I (I) 0.5 (0.6) 9.8 5.2± 0.1 2.5 2.1 4.9± 0.2 3.7 1.2
J034741.6+325143 B5-IRS 1 Perseus 03:47:41.6 32:51:43.9 I (I) 0.8 (1.3) 10.1 1.7± 0.07 1.8 0.6 1.7± 0.1 2.0 0.8
J041354.7+281132 L1495-IRS Taurus 04:13:54.7 28:11:32.9 IK − 6.8 <0.38 − − 0.9± 0.2 0.9 1.0
J041412.3+280837 IRAS04111+2800 Taurus 04:14:12.3 28:08:37.3 − − 7.1 <0.35 − − 0.9± 0.2 0.9 0.9
J041534.5+291347 IRAS04123+2906 Taurus 04:15:34.5 29:13:47.0 − − − <0.40 − − <0.43 − −

J041851.4+282026 CoKu Tau 1 Taurus 04:18:51.5 28:20:26.5 IIK − 7.3 <0.34 − − 0.8± 0.1 1.4 0.6
J041942.5+271336 IRAS04166+2706 Taurus 04:19:42.5 27:13:36.4 IK − 6.7 3.3± 0.2† 2.5 1.4 0.8± 0.2 1.3 0.5
J041959.2+270958 IRAS04169+2702, Tau01 Taurus 04:19:59.2 27:09:58.6 IK − 6.8 1.8± 0.1 2.0 0.9 2.1± 0.1 2.2 0.8
J042110.0+270142 IRAS04181+2655 Taurus 04:21:10.0 27:01:42.0 IK − 6.9 0.5± 0.1 1.3 0.5 1.2± 0.09 1.3 0.6
J042111.4+270108 IRAS04181+2654AB, Tau02 Taurus 04:21:11.4 27:01:08.9 IK − 6.6 1.1± 0.2 1.4 1.0 1.5± 0.1 2.1 0.5
J042656.3+244335 IRAS04239+2436 Taurus 04:26:56.4 24:43:35.9 IK − 6.7 0.6± 0.2 0.5 2.4 1.7± 0.1 2.3 0.8
J042757.3+261918 IRAS04248+2612, Tau06 Taurus 04:27:57.3 26:19:18.3 IK − 7.3 1.9± 0.1 2.1 0.8 1.0± 0.1 1.1 1.1
J042838.9+265135 L1521F-IRS Taurus 04:28:38.9 26:51:35.2 I 1.9 6.5 3.2± 0.2† 2.7 1.6 0.4± 0.1 1.4 0.4
J042905.0+264904 IRAS04260+2642 Taurus 04:29:05.0 26:49:04.4 IK − − <0.45 − − <0.65 − −

J042907.6+244350 IRAS04264+2433, Tau07 Taurus 04:29:07.7 24:43:50.1 I 0.4 − <0.45 − − <0.41 − −

J042923.6+243302 GV Tau Taurus 04:29:23.7 24:33:02.0 IK − 6.4 3.6± 0.1 2.2 1.1 3.2± 0.1 3.0 0.8
J043150.6+242418 HK Tau Taurus 04:31:50.6 24:24:18.2 II −0.45 − <0.49 − − <0.52 − −

J043215.4+242903 Haro 6-13 Taurus 04:32:15.4 24:29:03.4 II −0.74 − <0.44 − − <0.45 − −

J043232.0+225726 L1536-IRS, Tau08 Taurus 04:32:32.0 22:57:26.7 IK − − <0.68 − − <0.55 − −

J043316.5+225320 IRAS04302+2247 Taurus 04:33:16.5 22:53:20.4 IK − 5.5 1.6± 0.2 0.4 4.6 <0.50 − −

J043535.0+240822 IRAS04325+2402, Tau09 Taurus 04:35:35.0 24:08:22.0 IK − 5.6 1.0± 0.1 0.9 1.2 1.0± 0.2 1.7 0.8
J043556.7+225436 Haro 6-28 Taurus 04:35:56.8 22:54:36.5 IK − − <0.34 − − <0.44 − −

J043953.9+260309 L1527 Taurus 04:39:53.9 26:03:09.7 − − 5.8 8.2± 0.2† 8.1 1.5 3.5± 0.08 3.4 0.9
J044138.8+255626 XEST07-041 Taurus 04:41:38.8 25:56:26.8 F 0.1 − <0.47 − − <0.43 − −

J182844.0+005303 Ser-2 Serpens 18:28:44.0 00:53:03.0 I (I) 0.5 (0.5) 8.0 − − − 0.6± 0.05 1.1 0.6
J182845.8+005132 Ser-3 Serpens 18:28:45.8 00:51:32.0 I (I) 1.3 (1.1) 7.9 − − − 0.5± 0.05 0.8 0.6
J182853.0+001904 Ser-7 Serpens 18:28:53.0 00:19:04.0 I (I) 0.5 (0.3) 7.9 − − − 0.4± 0.06 0.6 0.4
J182855.2+002928 Ser-8 Serpens 18:28:55.2 00:29:28.0 I (I) 1.9 (1.7) 8.0 − − − 3.0± 0.08 2.8 1.1
J182855.9+004830 Ser-9 Serpens 18:28:55.9 00:48:30.0 − 8.2 − − − 0.5± 0.06 0.9 0.4
J182900.2+003020 Ser-13 Serpens 18:29:00.2 00:30:20.0 I (I) 1.8 (1.6) 8.0 − − − 1.5± 0.08 1.9 0.8
J182907.0+003042 Ser-14 Serpens 18:29:07.0 00:30:42.0 I (I) 1.6 (1.4) 7.8 − − − 4.7± 0.1 3.1 1.4
J182909.6+003137 Ser-15 Serpens 18:29:09.6 00:31:37.0 I (I) 2.3 (2.1) 7.8 − − − 1.8± 0.1 1.2 1.6
J182916.4+001815 Ser-17 Serpens 18:29:16.4 00:18:15.0 F (F) −0.07 (0.06) 9.1 − − − 0.7± 0.1 0.9 1.2

Notes. Upper limits are calculated at the 3σI level (see Sect. 3.1). E/A indicates an emission-absorption profile and A indicates a pure absorption profile which are omitted from further
analysis due to contamination, likely by emission at the reference position. (a) First alternate names for Perseus sources are from Table 3 in Jørgensen et al. (2007). Designators were taken
from the Other Identifiers column or as Pers-# where the number is taken from the Number column. First alternate names for Taurus are from Hartmann (2002), SIMBAD commonly
used identifiers, or the IRAS Point Source Catalogue (Beichman et al. 1988). Second alternate names for Perseus and Taurus are from the “William Herschel Line Legacy” (WILL) survey
(Mottram et al., in prep.) overview paper. Serpens alternate names are from Table 1 of Enoch et al. (2007) as Ser-# where the number is taken from the Bolocam ID column. (b) Class
is assigned according to αIR classification (e.g., Evans et al. 2009). Extinction-corrected Class assignment appears parenthetically. (K) C lass taken from SED designation in Kenyon &
Hartmann (1995). (c) αIR taken from the Spitzer c2d catalogue (Evans et al. 2003). Extinction-corrected values from Dunham et al. (2015) appear parenthetically. (d) Vlsr values are based
on Gaussian fits to the C18O 3–2 line. † Line profile of central spectrum shows asymmetry indicative of infall.

All HARP data were reduced using the -2 software
package.

In order to compare spectral observations to the dust con-
tinuum, data were taken from archival surveys of the JCMT

2 http://www.iram.fr/IRAMFR/GILDAS

SCUBA and Herschel3 PACS instruments. The SCUBA Legacy
Catalogue survey (Di Francesco et al. 2008) provides data for
dust emission at 450 µm and 850 µm with beam sizes of 9′′ and
15′′, respectively. Uncertainties in flux values are about 20% at

3 Herschel is an ESA space observatory with science instruments pro-
vided by European-led Principal Investigator consortia and with impor-
tant participation from NASA.
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850 µm and up to 50% at 450 µm. Herschel PACS dust contin-
uum maps at 70 µm and 160 µm were obtained from Herschel
science archive observations taken as part of Herschel Gould
Belt Survey (André et al. 2010). Beam sizes for Herschel PACS
are estimated to be about 12′′ at 160 µm and 6′′ at 70 µm in
PACS/SPIRE parallel mode with respective uncertainties of or-
der 20% and 10% (Poglitsch et al. 2010). Footprints of 2′ × 2′
were extracted from the large scale SCUBA and PACS maps to
match the spatial coverage of the HARP maps. All dust maps
were converted to units of Jansky beam−1, where required.

Combined 2′ × 2′ field of view maps were assembled for
JCMT HARP lines HCO+ 4–3 and C18O 3–2, Herschel PACS
70 µm and 160 µm observations, and JCMT SCUBA 450 µm
and 850 µm observations. These maps allow characterization of
the high density and high column density molecular line tracers
and the warm and cool components of the dust continuum by
observing the morphology of the emission at each wavelength.
Intensity scales for all spatial maps are set to a percentage of the
maximum value to create the best contrast between emission fea-
tures and the background, and for easy visual comparison from
source to source.

All maps can be found in Appendix C. They have been re-
gridded to 100×100 pixel images using a linear interpolation be-
tween data points. HCO+ 4–3 maps are available for 56 out of
the 65 sources in our sample – these maps exist for all sources
in Perseus and Taurus but those in Serpens were not observed
in HCO+ 4–3. All sources were observed in C18O 3–2. We
have a complete set of PACS maps for all sources while 21
out of 65 sources (∼30%) in the Perseus, Taurus, and Serpens
sample do not have SCUBA observations. For HCO+ 4–3 and
C18O 3–2 there are two maps in each line. The first pair are spa-
tial maps of integrated intensity in units of K km s−1, created
by integrating the spectral emission with limits of integration
Vlsr ± 6.0 × FWHM to ensure that integration is done over all
emission down to the rms noise level. The second pair of maps
in HCO+ 4–3 and C18O 3–2 display the main beam peak temper-
ature in units of K. Peak temperature maps are expected to have
roughly the same morphology as the integrated intensity maps,
but the latter can potentially be contaminated by outflow wings,
particularly in HCO+ 4–3.

Absorption is seen in the C18O 3–2 spectra of
J032832.5+311104, J032834.5+310705, J032845.3+310541,
and J033313.8+312005. In J032834.5+310705, there is also
strong absorption in HCO+ 4–3. These features drop below
the continuum level, indicating that it is not self-absorption,
but rather that the reference position contained emission in
C18O 3–2. In the case of J032834.5+310705 the switch region
was also emitting in HCO+ 4–3. The absorption features
contaminate the data for these sources, and they are omitted
from further analysis.

3. Results

3.1. Central spectra

Spectra are extracted from the central spatial pixel (spaxel) of
the jiggle mode maps for sources observed in HCO+ 4–3 and
C18O 3–2 (shown in Appendix B). Integrated intensity, main
beam peak temperature, and local standard of rest velocity were
extracted from the central spectra for sources with detected
emission. The majority of sources can be fitted with a single
Gaussian and do not exhibit a broad component of emission in
either HCO+ 4–3 or C18O 3–2, suggesting that the bulk of the
on-source integrated intensity is dominated by emission from

the envelope with negligible contribution from high velocity out-
flows. The properties of the central spectra for all sources are
presented in Table 1. Column 6 shows the local standard of rest
velocity for each source based on the peak of the Gaussian fit
to the C18O 3–2 line. Subsequent columns give the integrated
intensity and peak main beam temperature of HCO+ 4–3 and
C18O 3–2.

Out of the 56 sources observed in both molecular lines, there
are 44 detections in HCO+ 4–3 and 43 detections in C18O 3–2.
Integrated intensities of HCO+ 4–3 range from 0.5 K km s−1

to 14.8 K km s−1 while peak temperatures range from 0.4 K to
8.1 K. For C18O 3–2 the integrated intensities and peak tem-
peratures range from 0.5 K km s−1 to 9.2 K km s−1 and 0.6 K
to 6.0 K, respectively. Additionally, C18O 3–2 on source emis-
sion is detected for all nine sources in Serpens. On average the
C18O 3–2 emission in the Serpens sources is weaker than those
in Perseus and Taurus. The average full width half maximum
(FWHM) of the lines are 0.9 km s−1 and 1.3 km s−1 for C18O 3–2
and HCO+ 4–3, respectively.

Among sources that cannot be fitted easily with sin-
gle Gaussians are J033314.4+310710 (B1-SMM3) and
J033320.3+310721 (B1-b), which show broadening in the red
component, and J032901.6+312028, which shows a broadening
in the blue component (see figures in Appendix B). The result-
ing integrated intensity maps of these sources may have some
contribution from outflows that may cause their morphology
to appear less concentrated than if only emission from the
envelope were observed.

There is evident self-absorption in the HCO+ 4–3 cen-
tral spectra of J043953.9+260309 (L1527) in Taurus and its
asymmetric, blue-dominated profile indicates infall of high den-
sity envelope material, in agreement with the inverse P Cygni
line profile seen in Herschel water spectra by Mottram et al.
(2013). Self-absorption and a blue-dominated, asymmetric in-
fall signature in HCO+ 4–3 can be seen to a lesser ex-
tent in two other sources in Taurus: J041942.5+271336 and
J042838.9+265135 (L1521F-IRS). These features already pro-
vide strong evidence that these three objects in Taurus are likely
Stage I YSOs. Self-absorption is detected in J032832.5+311104
and J034357.3+320047 (HH 211-FIR), but it is not accompanied
by asymmetry. (See Sect. 4.4 for further discussion.)

Eleven out of the 22 sources in Taurus lack detections in
HCO+ 4–3 above 3σI. For the integrated intensity we define
σI =

√
δv∆0vTrms where δv is the velocity resolution of the spec-

trum (0.2 km s−1), ∆0v is the full line width down to zero in-
tensity, and Trms is the rms noise level at the given resolution.
Here ∆0v is taken to be three times the sample-averaged FWHM
for each of the two spectral lines observed to ensure that zero
intensity limits are reached in all cases.

In the Perseus cloud, only J032834.5+310705 lacks an ob-
vious detection due to the absorption features in its spectrum.
There is an emission-absorption profile in HCO+ 4–3 and pure
emission in C18O 3–2. These molecular line data are omitted
from further analysis as the absorption prevents proper stage
classification in this study. Uncontaminated data are needed to
correctly characterize the source.

Of the eleven HCO+ 4–3 non-detections in Taurus, eight
also lack a detection in C18O 3–2. The absence of both of
these high (column) density molecular tracers indicates that
these sources are not likely to be deeply embedded YSOs. Two
sources, J032845.3+310541 in Perseus and J043316.5+225320
in Taurus, are detected in HCO+ 4–3 but have no detection in
C18O 3–2. This could be due to the absence of any high column
density envelope or cloud material along the line of sight, strong
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Fig. 1. Cloud-averaged spectra of all sources with detections in HCO+ 4–3 and C18O 3–2. Non-detections are omitted from averaging. The
HCO+ 4–3 data are shown in black, the C18O 3–2 in red, and Gaussian fits in cyan. The sum of two 1D Gaussian fits is shown for the Perseus
cloud. Perseus shows a clear secondary feature while Taurus is well fit by single Gaussians in both lines. Note that the y-axis scale is 0.25× the
figures presented in Appendix B.

Table 2. Cloud-average central spectra properties.

HCO+ 4–3 C18O 3–2
Cloud Vlsr

∫
TmbdV Tmb ∆v

∫
TmbdV Tmb ∆v

Perseusa 4.7 0.7 0.3 2.3 0.4 0.3 1.7
Perseusb 8.0 3.2 1.3 2.3 2.5 1.0 2.4
Taurus 6.4 2.4 1.2 2.3 1.5 1.0 1.6

Notes. Central spectra are within a 15′′ beam. Local standard of rest ve-
locity, integrated intensity, and line width are derived from the Gaussian
fit. ∆v is the FWHM of the Gaussian fit. Peak main beam temperature
is taken as the maximum value from the data. (a) Fit to the weak blue
component of Perseus spectra. (b) Fit to the strong red component of
Perseus spectra.

freeze out of CO onto dust grains, or a relatively more isolated
environment for these sources.

The central spectra for each source with detections in
HCO+ 4–3 and C18O 3–2 were averaged by cloud, as shown
in Fig. 1. Unlike the individual source spectra, the cloud-
averaged Perseus spectra show a secondary feature at 4.4 km
s−1 on the blue side of the cloud-average Vlsr of 8.0 km s−1

in both lines. Four sources in the L1448 and L1455 regions
taken together have an average Vlsr of 4.6 km s−1, consistent
with the weaker component of the Perseus spectra. One source,
J032536.4+304523 (L1448-N), has the strongest HCO+ 4–3 and
fourth strongest C18O 3–2 integrated intensity of all sources in
Perseus. The remaining 29 sources in Perseus have an average
Vlsr of 7.8 km s−1 and make up the bulk of emission for the
cloud-averaged spectra, consistent with the stronger component
at higher velocity. Thus sources in the L1448 and L1455 regions
are shifted in velocity with respect to the rest of the Perseus
molecular cloud.

The Taurus cloud-averaged spectra are well-fit by a single
Gaussian in both lines, with no indication of any blending of dif-
ferent velocity components of sources within the cloud. Given
that the broad nature and double peak of the line in Perseus
can be explained by blending, and no broadening is seen in
Taurus, there is no evidence for significant outflow contribu-
tion to the HCO+ 4–3 and C18O 3–2 molecular emission in
the averaged central spectra of either cloud. Details of the fit
properties for the cloud-averaged spectra are found in Table 2.

Although the outflow component does not contribute much (typ-
ically .5%) to the on-source integrated HCO+ 4–3 intensity, it is
possible to map the outflows in the HCO+ line wings, as shown
by Walker-Smith et al. (2014). Their study maps regions of the
Perseus cloud, therefore capturing outflow contribution on large
scales. Here the mapping of individual sources restricts the iden-
tification of outflows to the immediate environment surrounding
the YSOs. The possibility remains that off-source regions of the
field of view exhibit broadening of the molecular line due to out-
flows. This is discussed further in Sect. 3.2.

3.2. Categorizing emission morphology

Examples of the reduced spectral maps are shown in Fig. 2. All
spectra have been resampled to 0.2 km s−1 velocity channels.
Maps in HCO+ 4–3 and C18O 3–2 are presented for a bonafide
Stage I embedded source (J032837.1+311328, top) and a more
evolved Stage II PMS with a disk (J032840.6+311756, bottom).
The Stage I source exhibits centrally concentrated emission with
no contamination from nearby sources or clouds in the field. In
contrast, the Stage II source has widespread emission throughout
the field.

The emission morphology can be categorized for all six
wavelengths observed. C18O 3–2 serves as a tracer of the high
column density environment within the cloud. HCO+ 4–3 has a
higher critical density (ncrit > 106 cm−3) and effectively probes
the inner regions of the protostellar envelope. The morphology
of integrated intensity maps for each of these molecular trac-
ers provides a qualitative indication of their embedded nature.
Sources with localized emission in HCO+ 4–3 are good candi-
dates for truly embedded protostars while a lack of emission
in HCO+ 4–3 may indicate a non-embedded source such as
an edge-on disk. Accompanying peak temperature maps are in-
cluded to check for consistency with the morphology of the in-
tegrated intensity maps. For example, outflow emission would
be revealed by more extended morphology in the integrated in-
tensity maps compared to the peak temperature maps. The dust
continuum morphology at 70 µm and 160 µm from PACS re-
veal warm dust originating from the region close to the protostar.
450 µm and 850 µm emission originates in the cooler parts of the
outer envelopes and partially from surrounding cloud material.
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(a) J032837.1+311328 HCO+ 4–3 (b) J032837.1+311328 C18O 3–2

(c) J032840.6+311756 HCO+ 4–3 (d) J032840.6+311756 C18O 3–2

Fig. 2. Example of spectral maps obtained by the HARP instrument, visualized in Appendix C. The Tmb maximum value of the central spectrum
dictates the scale of the y-axis in each map. a) and b) show the distribution of spectra for J032837.1+311328, a bonafide Stage I source (see
Sect. 4.2) with central concentration of emission. c) and d) show the spectral map for a misfit source, J032840.6+311756, with widespread
emission in both lines that result in a Stage II classification.

Based on the morphology of the molecular line and dust con-
tinuum maps in Appendix C, which are cross-checked with the
spectral maps such as shown in Fig. 2, we define four distinct
classes of emission. A first group has concentrated emission that
peaks at the source position. Any emission offset of less than 5′′
can be attributed to pointing inaccuracies. J032837.1+311328
in Fig. 2 and Appendix C is a good example of a source with
emission peaking on-source in both HCO+ 4–3 and C18O 3–2 as
well as each wavelength of dust continuum observations.

A second class has concentrated emission that is peaking
off-source by more than 5–10′′. Such an offset from the mid-
IR position in HCO+ 4–3 could be due to high density mate-
rial in outflows or binarity, which would have a significant effect
on the spectrally integrated intensity maps. J034350.9+320324
is an example of off-source emission in HCO+ 4–3 due
to binarity. Other examples include J032910.7+311820,
J042110.0+270142, and J042111.4+270108. Molecular line

emission in these sources is offset from the source posi-
tion due to a companion within the same field of view.
J042111.4+270108 has extended HCO+ 4–3 throughout the field
due to the presence of a third source in the mapped area, but
with an off-source peak at the location of the binary companion.
Identification of these binaries is described in further detail at the
end of this section. The J034359.4+320035 HCO+ 4–3 map has
emission peaking significantly off-source as a result of another
object seen in both molecular line and dust continuum emission
(see Appendix A for more detail).

The third class has extended emission, where a peak
may be observed but the emission is widespread within
the field of view on scales of 20′′ or more. Examples are
J032839.1+310601 and J032840.6+311756, which show ex-
tended emission in both molecular lines and in SCUBA dust
continuum maps. Several sources with extended HCO+ 4–3
emission exhibit off-source line broadening in their spectral
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Fig. 3. HCO+ 4–3 spectral map for J033314.4+310710 (B1-SMM3) showing evidence of outflow wings. Broadening of the line can be seen at low
Tmb in the spectra off-source, e.g., the red wing visible at offsets of about (−20′′, +10′′). The central spectrum can be found in Appendix B.

maps of order a few km s−1, suggesting outflow activ-
ity. An example of a source with evidence for outflows,
J033314.4+310710 (B1-SMM3), is shown in Fig. 3. Though
present, the weak outflow wings do not constitute a signifi-
cant contribution to the integrated intensity. Therefore, a likely
cause of the extended emission is contamination from another
object in the field. J032859.5+312146, J032900.6+311200,
J032901.6+312028, J032903.3+311555, J032951.8+313905,
and J033320.3+310721 (B1-b) also have spectral maps that
indicate a slight broadening of the line off-source. In
J033314.4+310710 (B1-SMM3) and J033320.3+310721 (B1-
b) the weak outflow wing can be seen in the central spec-
trum. In the case of J032859.5+312146, J032900.6+311200
and J032951.8+313905 there appear to be no other nearby
YSOs or dense cores that might contaminate the field.
The additional contribution from outflow wings alone is

not enough to explain the widespread emission in these
sources; there may be distributed high density cloud material
present in the field. J032901.6+312028, J032903.3+311555,
J033314.4+310710 (B1-SMM3), and J033320.3+310721 (B1-
b) all contain previously catalogued objects within their mapped
regions that are likely causes of the extended emission (see
Appendix A).

Finally, the fourth class consists of all non-detections down
to rms noise levels.

These four groups are used to diagnose the morphology of
emission for each source at each observed wavelength. The clas-
sification of emission for each source can be found in Table 3.
Concentrated emission that is peaking on-source is indicated
with a P, concentrated emission that is peaking off-source is in-
dicated with an O, extended emission is indicated with an E,
and a non-detection is indicated with an N. Subscripts for each
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Table 3. Characterization of source emission, concentration factor parameters, and stage classifications based on JCMT HARP, JCMT SCUBA,
and Herschel PACS spatial maps.

Codea S 850
b F850

0 C850 R850
obs

c S HCO+
d S peak

HCO+ CHCO+ RHCO+

obs
c Stage

[Jy] [Jy beam−1] [′′] [K km s−1] [K km s−1 beam−1] [′′]
J032522.3+304513 PHC7148 2.9 1.4 0.67 35 14.1 4.7 0.65 25 I
J032536.4+304523 PHC7148 11.0 5.4 0.61 32 160 17.6 0.63 45 I
J032637.4+301528 PHC7148 0.82 0.37 0.60 32 8.2 1.4 0.69 40 I
J032738.2+301358 PH148 EC N71 0.50 0.29 0.48 25 10.4 2.8 0.66 30 I
J032743.2+301228 PH7148 EC 1.2 0.53 0.30 25 5.5 3.6 0.71 21 I
J032832.5+311104 PH145 NC7 1.3 0.30 0.47 40 7.3 3.6 0.61 21 I
J032834.5+310705 P148 NHC7 0.36 0.31 0.72 28 − − − − C
J032837.1+311328 PHC7148 1.7 0.87 0.59 30 12.5 5.2 0.61 22 I
J032839.1+310601 EHC148 N7 1.3 0.35 0.22 30 10.8 1.0 0.45 40 II
J032840.6+311756 EHC148 N7 2.0 0.66 0.41 40 24.0 2.4 0.49 40 II
J032845.3+310541 PHC71 E48 0.75 0.26 0.35 30 4.5 1.6 0.62 25 I
J032859.5+312146 O48 EHC N71 3.6 1.3 0.42 30 92.0 11.9 0.61 40 I
J032900.6+311200 P7148 EHC 0.33 0.34 0.71 25 21.0 3.7 0.62 35 I
J032901.6+312028 P71 EHC48 7.3 2.1 0.45 35 179 25.2 0.70 44 C
J032903.3+311555 P4871 EHC 10.3 4.8 0.56 30 74.0 19.4 0.62 29 I
J032904.0+311446 EHC48 N71 3.6 1.1 0.31 30 40.2 10.4 0.50 25 C
J032910.7+311820B OHC7148 6.9 1.8 0.64 45 69.7 9.2 0.63 32 I
J032917.2+312746 PHC7148 1.1 0.48 0.63 36 15.3 4.4 0.73 32 I
J032918.2+312319 O7148 EHC 1.3 0.60 0.53 30 19.9 2.6 0.64 35 I
J032923.5+313329 PH71 OC − − − − 9.7 1.6 0.66 37 I
J032951.8+313905 P718 O4 EHC 1.1 0.49 0.63 35 20.9 4.5 0.65 33 I
J033121.0+304530 PHC7148 1.9 1.3 0.62 27 11.8 4.1 0.68 27 I
J033218.0+304946 PC7148 OH 3.4 2.5 0.60 26 23.4 5.2 0.63 31 I
J033313.8+312005 O8 EH14 NC7 2.0 0.39 0.46 42 5.5 0.9 0.68 39 C
J033314.4+310710 P71 EHC48 7.0 1.2 0.30 40 33.0 3.0 0.45 40 C
J033320.3+310721 O148 EHC N7 5.4 1.2 0.57 45 32.1 4.2 0.62 40 C
J033327.3+310710 PH7148 EC 1.2 0.37 0.29 30 7.9 2.1 0.65 30 I
J034350.9+320324B P7148 OH EC 2.9 0.7 0.37 35 20.9 5.3 0.73 35 I
J034356.9+320304 PH7148 EC 2.7 1.7 0.65 30 28.4 6.9 0.69 33 I
J034357.3+320047 PH O7148 EC 5.6 2.2 0.62 36 20.9 8.5 0.65 24 I
J034359.4+320035 OH7148 EC − − − − − − − − C
J034402.4+320204 P7 EHC481 2.1 0.61 0.27 30 27.7 5.2 0.52 30 C
J034443.3+320131 OHC7148 1.8 1.0 0.63 31 27.3 12.2 0.62 22 I
J034741.6+325143 PC71 OH − − − − 5.1 3.2 0.65 19 I
J041354.7+281132 P7148 NHC 0.28 0.19 0.56 25 − − − − II
J041412.3+280837 P71 NHC − − − − − − − − II
J041534.5+291347 P71 NHC − − − − − − − − II
J041851.4+282026 P71 EC NH − − − − − − − − II
J041942.5+271336 PH7148 EC 1.7 0.68 0.62 36 9.4 4.0 0.64 23 I
J041959.2+270958 OH7148 EC 2.2 0.67 0.62 41 39.3 4.1 0.61 45 I
J042110.0+270142B P7 EHC1 − − − − 13.3 1.5 0.42 35 II
J042111.4+270108B P71 OH EC − − − − 9.8 3.2 0.63 26 C
J042656.3+244335 PC718 OH N4 0.85 0.36 0.29 25 1.5 0.9 0.43 15 II
J042757.3+261918 PH71 EC48 0.55 0.21 0.58 34 16.6 2.3 0.66 41 I
J042838.9+265135 PH7148 EC 6.1 0.64 0.49 60 5.6 3.8 0.69 20 I
J042905.0+264904 P7 O1 NHC − − − − − − − − II
J042907.6+244350 P71 NHC − − − − − − − − II
J042923.6+243302 PH71 EC − − − − 27.2 5.0 0.66 36 I
J043150.6+242418 P71 NHC − − − − − − − − II
J043215.4+242903 P718 NHC4 − − − − − − − − II
J043232.0+225726 P7148 NHC 0.39 0.34 0.61 23 − − − − II
J043316.5+225320 PH7148 NC 0.67 0.56 0.55 23 2.2 2.2 0.52 13 II
J043535.0+240822 P718 EHC N4 0.22 0.20 0.66 25 7.1 1.7 0.45 25 II
J043556.7+225436 NHC71 − − − − − − − − II
J043953.9+260309 PHC7148 7.9 1.8 0.65 49 87.5 14.7 0.67 38 I
J044138.8+255626 P7148 NHC 0.13 0.10 0.65 29 − − − − II

Notes. Sources marked with B superscript indicate a visible binary or multiple system based on PACS 70 µm data. (a) Emission classification:
P = peaking on-source, O = offset peaking, E = extended emission, N = non-detection. Subscript identifiers: H = HCO+ 4–3, C = C18O 3–2,
7 = 70 µm, 1 = 160 µm, 4 = 450 µm, 8 = 850 µm; (b) fluxes for 850 µm were derived using a 23′′ beam; (c) Robs was derived from the FWHM of a
circular 2D Gaussian fit to the source emission; (d) spatially and spectrally integrated intensities for HCO+ 4–3 were derived using a 15′′ beam.

of these classifications correspond to the emission bands: H is
HCO+ 4–3, C is C18O 3–2, 7 is 70 µm, 1 is 160 µm, 4 is 450 µm
and 8 is 850 µm.

Four binary sources are identified in the sample:
J032910.7+311820, J034350.9+320324, J042110.0+270142,
and J042111.4+270108. These are flagged as binaries based

A44, page 8 of 33



M. T. Carney et al.: Embedded protostars in Perseus and Taurus

on their 70 µm morphology. The data at this wavelength has
the highest spatial resolution and the dust it traces is warm
enough to reveal the presence of two objects while emission at
other wavelengths is too widespread to resolve two objects and
appears as emission on a larger scale from a single object. The
sources listed above show a secondary object within 20′′ of the
primary target.

4. Source Classification

4.1. Concentration factors

To quantitatively distinguish embedded sources from non-
embedded disks or background features, we can set constraints
on the concentration of HCO+ 4–3 and 850 µm emission. In this
section we aim to bring a quantitative definition to identify truly
embedded, early-stage sources based on the degree of concen-
tration in their emission. Previous studies of SCUBA 850 µm
emission (Johnstone et al. 2001; Walawender et al. 2005) define
the following concentration factor:

C850 = 1 −
1.13B2S 850

πR2
obsF0

(1)

where B is the diameter of the instrument beam, Robs is the radius
of the source envelope in the same units as the beam size, S 850 is
the total 850 µm flux within Robs in units of Jansky, and F0 is
the peak flux of the envelope in Jansky beam−1. The 850 µm
concentration factor gives an initial insight into the nature of
the core. van Kempen et al. (2009) suggested that concentrated
sources (C850 > 0.75) likely contain protostars while low con-
centration sources (C850 < 0.40) are unlikely to be embedded
YSOs. In our calculations we determine Robs by fitting a circu-
lar 2D Gaussian to the emission profile. Robs is set equal to the
FWHM of the Gaussian fit. In some cases masking was neces-
sary to exclude contaminating emission or emission from nearby
sources, in which case a mask radius was chosen with respect
to the source position, and all points outside the mask were set
to a representative background value. If the FWHM of the 2D
Gaussian fit exceeded the masking radius, Robs was set equal to
the mask radius. To determine the flux, maps were converted to
units of Jansky using a beam correction factor of π(B/2)2 where
B = 23′′. This is larger than the main-beam size of the JCMT at
this wavelength (∼15′′) due to the data reduction methods and
error beam corrections applied by Di Francesco et al. (2008).
The SCUBA 850 µm concentration factors, total flux, peak flux,
and envelope radii are listed in Table 3.

To identify whether these sources are truly embedded,
we can apply the same formula to the HCO+ 4–3 emission.
Following a method similar to that described by van Kempen
et al. (2009), Eq. (1) can be translated to a spectral map con-
centration parameter that is analogous to the calculation of the
850 µm concentration factor:

CHCO+ = 1 −
1.13B2S HCO+

πR2
obsS

peak
HCO+

(2)

where B and Robs retain their previous definitions with B = 15′′,
the HARP beam size. S peak

HCO+ is the peak integrated intensity
within the beam, and S HCO+ is the spatially and spectrally inte-
grated intensity

∫
TmbdV within Robs. To calculate S HCO+ , each

integrated intensity map first has a beam correction applied in
the same manner as the SCUBA maps, with a correction factor

of π(B/2)2 where B = 15′′. The resulting concentration factors
are given in Table 3.

Concentration factors at 850 µm have been previously calcu-
lated using  (Williams et al. 1994) in Perseus (Kirk
et al. 2006, and references therein). About half of the sources
have concentration factors consistent to within 20%, but some
cases differ from the values reported here by up to 50%. These
discrepancies can be attributed to the different methods used
to determine Robs.  extends the radius out to a pre-
determined sensitivity limit, often resulting in larger Robs than
that derived from the 2D Gaussian fits used here. Applying
masks to exclude emission from nearby sources also has an ef-
fect on the Robs determined from a 2D Gaussian fit. The 850 µm
flux values reported in Di Francesco et al. (2008) agree with the
S 850 flux values presented in this paper to within 10%, which is
within the flux uncertainties.

4.2. Evolutionary stages
Given our concentration factor definitions, we can apply a simi-
lar scheme for stage identification as van Kempen et al. (2009).
The classification of an object depends on molecular line ob-
servations of HCO+ 4–3 and C18O 3–2 as well as emission in
the continuum, in particular the 850 µm SCUBA observations.
Multi-wavelength observations are necessary for a proper clas-
sification of the Stage. Detection and concentration analysis of
only HCO+ 4–3 is not sufficient. For Stage I, both HCO+ 4–3
and the 850 µm continuum must be detected within 5–10′′ of the
source position and show compact emission. The C18O 3–2 line
may be compact or extended, but it must also be detected within
a 5–10′′ offset. Specifically, the following criteria are adopted
for stage classification:

Stage I:
– HCO+ 4–3 peaking on-source and/or contained entirely

within the 15′′ beam, with CHCO+ > 0.6 and
∫

TmbdV >

0.4 K km s−1 and;
– SCUBA emission at the source position that is not point-like

and;
– detection of C18O 3–2 at the source position.

Stage II:
– non-detection of HCO+ 4–3 and SCUBA down to rms levels,

or CHCO+ and C850 < 0.4 or;
– non-detection of C18O 3–2 down to rms levels, or no varia-

tion of C18O 3–2 on scales of 30′′ or;
– point-like emission in all continuum bands.

Confused:
– HCO+ 4–3, SCUBA, and C18O 3–2 peaking at an offset of

20′′ or more from source position.

In order to be classified as Stage I, a source must meet all of the
Stage I criteria; partially meeting the requirements is not suf-
ficient. The concentration factor criteria adopted here are less
strict than those defined in van Kempen et al. (2009).

To motivate our criteria for HCO+, it is useful to compare
with models of the line emission as a function of evolutionary
stage. This has been done by Hogerheijde et al. (1997, see Fig. 6
in their paper) using the same type of Shu (1977) collapse model
that was used to model the changes in continuum SEDs with evo-
lution. Both the spatial extent and integrated envelope intensities
of multiple HCO+ lines were modeled using the full non-LTE
excitation and radiative transfer code RATRAN (Hogerheijde &
van der Tak 2000). For a constant HCO+ abundance of 1.2×10−8

they find that HCO+ 4–3 emission during the Stage I lifetime
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Fig. 4. Statistics for stage classification. Stage I embedded objects are shown in light blue, Stage II objects are shown in light red, Confused objects
are shown in yellow. a) The entire sample observed in HCO+ 4–3 and C18O 3–2 from the Perseus and Taurus clouds: 56 sources. b) Statistics for
only the Perseus cloud: 34 sources. c) Statistics for only the Taurus cloud: 22 sources.

(.few×105 yr) can be expected on spatial scales of ∼30–60′′ for
sources in Taurus. This number will be up to a factor of two
lower for sources in the more distant Perseus cloud, but is con-
sistent with the scales on which the majority of Stage I sources in
this paper are fitted by concentration factor analysis. As the Shu
collapse model evolves in time toward Stage II, the HCO+ 4–3
FWHM of emission from the source drops drastically, near to
the 14′′ beam size with which the predictions were convolved,
which is consistent with the beam size of the JCMT.

The same models show that the expected integrated enve-
lope intensities for HCO+ 4–3 within Stage I lifetimes are on the
order of 10–20 K km s−1 and drops to ∼5 K km s−1. These val-
ues are in the same range or somewhat larger than our observed
intensities, but the model values depend on the adopted HCO+

abundance.
Another comparison can be made with models of HCO+ 4–3

and C18O 3–2 emission from the deeply embedded source IRAS
2A located in NGC 1333 using RATRAN as presented in San-
Jose Garcia, et al. (subm.). They also use a constant abundance
profile for HCO+ 4–3 whereas that for C18O 3–2 takes freezeout
onto grains into account at lower temperatures. The same anal-
ysis as described in Sect. 4.1 is applied to both lines. The 2D
Gaussian fits result in Robs values of 21′′ and 26′′ for HCO+ 4–3
and C18O 3–2, respectively. Concentration factors are C = 0.58
for both lines. These are taken as indicative values for an embed-
ded YSO in the analysis of our observed sample.

Based on the expected scale and intensity of the HCO+ 4–3
and 850 µm emission, a concentration factor C > 0.6 is sufficient
to classify a source as a Stage I embedded object. The integrated
intensity limit on HCO+ 4–3 of 0.4 K km s−1 is derived from
observations of Stage II sources with disks where, due to beam
dilution, the disk emission in a 15′′ beam is generally well below
this limit, of order 0.1 K km s−1 (e.g., Thi et al. 2004).

Applying these definitions to the observed sample, 30 out
of 56 sources (54%) are Stage I deeply embedded protostars,
17 (30%) are Stage II classical T Tauri stars with a surrounding
disk, and 9 sources (16%) remain confused based on a morphol-
ogy in gas and dust emission that does not cleanly fit the criteria
for Stage I or Stage II. These statistics include all sources in both
Perseus and Taurus. Sources in Serpens could not be classified
as they were only observed in C18O 3–2.

Separating the classifications by cloud reveals that Perseus
contains a higher percentage of embedded sources than Taurus.

Out of the 34 sources in Perseus, 24 (71%) are bonafide Stage I,
2 (6%) are Stage II, and 8 (23%) are confused sources. Of
22 sources in Taurus, 6 (27%) are classified as Stage I, 15 (68%)
are Stage II, and 1 (5%) is confused. These statistics are repre-
sented in Fig. 4.

All sources with emission at all wavelengths that fall under
the on-source centrally concentrated observational category out-
lined in Sect. 3.2 (i.e., PHC7148) are identified as bonafide Stage I
sources using the concentration factor method. For the entire
sample there is only a single object, J043316.5+225320, that
shows HCO+ 4–3 peaking on-source (PH) but falls under the
Stage II category due to low concentration factors for 850 µm
and HCO+ 4–3, and non-detection in C18O 3–2. Thus, centrally
concentrated on-source HCO+ 4–3 emission is a good qualita-
tive indicator that the object is a truly embedded YSO. Five of
the eight confused sources have widespread emission in both
molecular lines and SCUBA dust continuum emission (EHC48)
and often contain a peak within the extended emission that is
offset from the source position. The three remaining confused
sources are classified as such for different reasons − further ex-
planation can be found in Appendix A.

Stage II sources either exhibit a morphology that is extended
in HCO+ 4–3 and C18O 3–2 with no clear peak in emission, thus
resulting in a low concentration factor, or there is no detection
in either molecular line (NHC). Non-detection of both molecu-
lar lines suggests an evolved PMS star with a disk. One exam-
ple is the case of IRS63 in Oph, where previous interferometric
data of HCO+ with the Sub-Millimeter Array (SMA) have re-
vealed a disk (Lommen et al. 2008; Brinch & Jørgensen 2013).
The integrated intensity in HCO+ 3–2 when convolved with the
JCMT beam is 0.28 K km s−1 and originates mostly from the disk
(van Kempen et al. 2009). Due to the weak HCO+ 4–3 contribu-
tion and small size of the emitting region in disks, the signal is
beam-diluted below the sensitivity limit of the single-dish JCMT
observations.

It should be noted that there are two caveats when relying
on the presence of a central peak in the HCO+ spatial map for
Stage I identification: HCO+ may be optically thick which may
prevent a peak; and CO, the precursor of HCO+, may be frozen
out in the lowest luminosity and/or coldest sources. Models
of NGC 1333 IRAS 2A, one of the strongest HCO+ sources,
demonstrate that both issues do not largely affect the results.
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4.3. HCO+ infall signatures

The presence of a blue-dominated asymmetry in the line pro-
file of a HCO+ single pointing observation is often used to pro-
vide strong evidence of infall of dense material from the outer
envelope (Gregersen et al. 1997; Mardones et al. 1997; Myers
et al. 2000). Three sources in Taurus are identified as having
such an asymmetry in their central spectra contained within the
15′′ JCMT beam (see Sect. 3.1). All three are found to be Stage I
sources according to the concentration factor method presented
here.

Other sources show interesting line profile shapes
with a blue-dominated excess and self-absorption at
the source velocity of the spectrum. These include
J032837.1 + 311328, J032904.0 + 311446 (HH 7–11),
J032951.8 + 313905, J033121.0 + 304530, J033218.0 + 304946,
and J034443.3 + 320131. Five of the six sources are classified
as Stage I in this paper, with J032904.0 + 311446 (HH 7–11)
classified as confused due to the widespread HCO+ 4–3 emis-
sion in the field, which may explain its irregular line profile.
Overall, spectrally resolved line profile asymmetries are not
frequently observed and therefore infall signatures cannot be
used for widespread confirmation of the Stage I nature YSOs.
Multiwavelength spatial maps provide the strongest technique
thus far to characterize YSOs.

4.4. HCO+ single pointing vs. mapping

Other attempts are being made to determine the evolutionary
stage of YSOs with HCO+. A study by Heiderman & Evans
(2015) has classified YSOs based solely on the detection of
HCO+ 3–2 at the source position without the aid of spatial map-
ping. It is useful to test the robustness of this method of clas-
sification by comparing our own central spectra detections in
HCO+ 4–3 to the stages determined via the concentration fac-
tors. Based on the HCO+ 4–3 spectra extracted from the source
position, shown in Appendix B, and the spectral characteristics
listed in Table 1, our sample consists of 44 detections out of the
56 objects in Perseus and Taurus.

Based on the concentration factor criteria of HCO+ 4–3,
30 out of 56 sources in our sample are Stage I, leaving many
sources that would be misidentified using the detection-only
method. Some of these are Stage II sources in our assignment,
others have low concentration factors or have emission that is
offset by 20′′ or more away from the source position.

Based on the comparison of central spectrum detection to
concentration factor classification in our sample, there are likely
to be misassignments on the order of 20–30% in the identi-
fication of Stage I embedded sources if only the detection of
HCO+ is applied as an indicator of protostellar stage. A single
pointing detection cannot properly characterize the YSO, thus
a detection-only sample is likely to introduce a bias that will
overestimate the number of Stage I sources and thus also their
lifetime. This point is discussed further in Sect. 4.7.

4.5. Correlations

Trends between the two observed molecular lines and 850 µm
dust emission may give insight into the relative amounts of high
(column) density gas and cool dust that are present in Stage I
and Stage II sources. Figure 5 shows three different correlation
plots between these tracers. Pearson correlation coefficients are
calculated for each comparison using only Stage I detections.
The significance of each correlation is calculated in terms of

σP = |r|
√

n − 1, for a correlation coefficient r and sample size
n (Marseille et al. 2010). Molecular line integrated intensities
are taken from the central spectra of the source and are therefore
contained within a 15′′ beam whereas the 850 µm flux values are
taken from concentration factor analysis as described in Sect. 4.1
and apply to a somewhat larger 23′′ beam.

The top panel shows the HCO+ 4–3 integrated intensities
versus the 850 µm flux for all sources where both tracers are
detected. These values are found to be strongly correlated, with
a significance of 4.6σP. Such a correlation can be expected, par-
ticularly for Stage I sources. More envelope material, as traced
by the cooler dust emission at 850 µm, suggests that there will
be a larger number of molecules present in the gas phase for
embedded protostars, assuming that the gas and dust are well
coupled and that the abundance of the molecule is constant
throughout this region. All Stage II sources with 3σI detections
in HCO+ 4–3 have low intensity (≤1.3 K km s−1). Though the
numbers are small, it is interesting to note that for positive de-
tections the HCO+ 4–3 intensity remains relatively flat while
850 µm flux varies by an order of magnitude for Stage II sources.
This cannot be used as a threshold for separation of Stage I and
Stage II, however, as there are Stage I sources that share these
low HCO+ 4–3 intensities. Spatial maps are therefore a require-
ment for proper identification.

Note that for Stage I sources, some fraction of the continuum
emission (∼20–80%, Hogerheijde et al. 1997; Jørgensen et al.
2009) originates from the disk rather than the envelope whereas
the majority of the line emission originates in the envelope. The
variable disk continuum contribution will tend to lower the cor-
relation.

C18O 3–2 integrated intensity and 850 µm flux also show a
positive correlation with a 3.3σP significance. Flux for Stage II
sources here generally remain low in both C18O 3–2 and 850 µm.
Several Stage I sources also share these low intensity and flux
values, but only Stage I or confused sources are found with
C18O 3–2 intensity & 2.0 K km s−1. The C18O 3–2 versus
HCO+ 4–3 trend in the bottom panel of Fig. 5 is well correlated
(4.2σP). In this plot the Stage II sources are most tightly grouped
around low HCO+ 4–3 and C18O 3–2 intensities, with only a
few Stage I or confused sources of comparable low intensity for
both lines. These plots indicate that HCO+ 4–3 is indeed the best
tracer for Stage I identification and that an HCO+ 4–3 intensity
threshold of &0.6 K km s−1 will result in a majority of Stage I
sources being correctly identified. However, spatial mapping is
still needed to properly classify those sources with HCO+ 4–3
intensity above this threshold but with low spatial concentration.

4.6. Comparison to other studies

4.6.1. Perseus sources

The source sample observed in HCO+ 3–2 and classified by
Heiderman & Evans (2015) has 13 sources in common with
our sample. Though it is a small subset from Perseus, compar-
ing their classification to our assignments provides a first look
at how well the single pointing detection method matches with
the spatial map concentration factor method. Note that for single
pointings the only requirement for a Stage I source classification
is based on the detection criterion

∫
TmbdV ≥ 0.68 K km s−1 for

the HCO+ 3–2 line in a 28′′ beam, which is more conservative
than our integrated intensity criterion for HCO+ 4–3. There is no
effort to identify the source specifically at another stage. Table 4
shows the common sources and designations from each study.
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Fig. 5. Molecular line intensity and dust continuum flux correlations.
Integrated intensities for spectral lines are taken from the central spec-
trum of each source. Flux values at 850 µm are taken from concentra-
tion factor analysis. Stage I (blue cross), Stage II (red triangle), and
Confused (green circle) sources are shown. Upper limits are shown
in hollow markers with black arrows indicating the bounds. Sample
size and Pearson correlation coefficient for Stage I sources are given
in the lower-right corner of each plot. Serpens sources are excluded.
Top: HCO+ 4–3 versus 850 µm flux Middle: C18O 3–2 versus 850 µm
flux Bottom: C18O 3–2 versus HCO+ 4–3.

Table 4. Properties of Perseus sources – HCO+ 3–2, and H2O obsera-
vations in other studies.

Object Stagea Stage I?b PACS H2O?c

J032522.3+304513 I − Y
J032536.4+304523 I − Ycd

J032637.4+301528 I − N
J032837.1+311328 I − Y
J032900.6+311200 I Y −

J032901.6+312028 C − Yee

J032904.0+311446 C Y −

J032910.7+311820 I Y Ycd

J032917.2+312746 I Y −

J032918.2+312319 I Y −

J032923.5+313329 I Y −

J032951.8+313905 I Y N
J033121.0+304530 I Y Y
J033218.0+304946 I Y N
J033313.8+312005 C N −

J033314.4+310710 C Y N
J033320.3+310721 C Y −

J033327.3+310710 I Y Y
J034356.9+320304 I − Yee

J034443.3+320131 I − Yee

Notes. (a) Classification in this paper. (b) Classification from Heiderman
& Evans (2015) based on single pointing detection of HCO+ 3–2.
(c) Detection of the H2O (212–101) 179.527µm line from Herschel PACS
observations (Karska et al. 2014). (d) Source map is contaminated by
emission from other nearby sources. (e) Emission is extended and asso-
ciated with the target source.

For every source in Table 4 that is assigned a Stage I classi-
fication in this paper, Heiderman & Evans (2015) also report a
confirmed Stage I source from their HCO+ 3–2 data. Note that
they define an earlier Stage 0, but make no distinction between
Stage 0 and Stage I sources observationally. No such distinction
is made in this paper. Stage I encompasses the entire embedded
phase of the YSO. Several differences arise from this compari-
son. J032904.0+311446 (HH 7–11 MMS6), J033314.4+310710
(B1-SMM3), and J033320.3+310721 (B1-b) are identified as
confused sources in this work due to their emission morphol-
ogy (see Sect. 4.2) while they are identified as Stage I sources in
Heiderman & Evans (2015). J033313.8+312005 is also identi-
fied as confused in this work, though it may be closer to Stage II
(see Appendix A). Heiderman & Evans (2015) report no detec-
tion of HCO+ 3–2 in their observations of this source and con-
clude that it is not Stage I. The two methods are both effective
and mostly consistent for this given subset, but spatial mapping
is needed for information about the environment surrounding the
source in order to confirm the Stage I assignment.

Karska et al. (2014) present Herschel PACS spectral maps
of 22 sources in the Perseus molecular cloud as part of the
“William Herschel Line Legacy” (WILL) survey (Mottram
et al., in prep.), including 13 in common with the sample stud-
ied in this paper. Table 4 indicates that the H2O (212–101)
179.527µm transition was detected within the PACS central
(∼9.5′′ × 9.5′′) spaxel for four Stage 1 sources while three
show no detection. The confused source J033314.4+310710
(B1-SMM3) also lacks detection. A further two Stage I sources,
J034356.9+320304 (IC 348-MMS) and J034443.3+320131, and
one confused source, J032901.6+312028, all show H2O (212–
101) emission extending outside of the PACS central spaxel,

A44, page 12 of 33

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201526308&pdf_id=5


M. T. Carney et al.: Embedded protostars in Perseus and Taurus

but still associated with the source. Water emission from
J032536.4+304523 (L1448-N) and J032910.7+311820 are both
confused by nearby sources. In this paper J032910.7+311820 is
marked as a binary source, with dominant emission offset to the
northeast of the target source, which is consistent with the loca-
tion of contaminating H2O (212–101) emission. There is no such
similarity for J032536.4+304523 (L1448-N). Overall there does
not seem to be a clear relationship between the Stage I classifi-
cation of sources presented here and the nature of H2O (212–101)
emission from the same sources.

4.6.2. Taurus sources

Several Taurus sources in this paper have previously been
classified based on a simpler identification scheme. The sam-
ple presented in Table 5 was taken from Tamura et al.
(1991), where they used a flux- and color-limited sample
of IRAS point sources with the following selection crite-
ria: log(Fν(25 µm)/Fν(60 µm)) < −0.25, and Fν > 5 Jy
at either 60 or 100 µm. These color criteria were used to
determine if the object was optically visible or embedded.
Hogerheijde et al. (1997) performed single pointing observations
of HCO+ 3–2 towards these sources and analyzed only those
with the strongest line intensities. Table 5 provides the stage
classification given in this paper, the color criteria classification,
and whether or not HCO+ 3–2 was detected within a 19′′ beam.
All detections marked “Y” have integrated intensities greater
than the Heiderman & Evans (2015) threshold, and all but
J042656.3+244335 have

∫
TmbdV > 1.0 K km s−1. Therefore,

these sources would be identified as embedded Stage I sources.
All sources marked “N” indicate no detection in HCO+ 3–2 and
would be classified as Stage II sources using the Heiderman &
Evans (2015) threshold.

It is immediately clear that the color criteria definitions are
highly inconsistent with the method of stage classification pre-
sented here. Out of 13 sources, nearly half would be incor-
rectly identified as embedded when they are in fact Stage II
evolved PMS stars with disks. The detection of HCO+ 3–2 is
a better match, but discrepancies remain. J042110.0+270142,
J042656.3+244335, and J043535.0+240822 are indeed detected
above the 3σI limit in the central spectra of the HCO+ 4–3 data
presented here, but their spatial maps reveal that the emission
is not well concentrated. These three sources are assigned a
Stage II classification despite detection in HCO+ 4–3. As with
the Heiderman & Evans (2015) comparison, the comparison for
a small sample in Taurus reinforces the need for spatial maps to
characterize the environment and prevent improper identification
of truly embedded sources. Similar to the central spectra versus
spatial map test in Sect. 4.2, the difference in Taurus assignments
shows that there is approximately 20–30% error in classification
if only single pointing observations are used.

Six sources in Taurus overlap with the WILL sample
observed with Herschel. Five of these have PACS detec-
tions of the 179.527µm water line on-source or within one
spaxel offset (see Table 5, also Karska et al., in prep.).
J042110.0+270142 and J042757.3+261918 are Stage I em-
bedded YSOs, J042907.6+244350 and J043535.0+240822 are
Stage II objects, and J042111.4+270108 remains confused.
J043232.0+225726 is the sixth source in common, a Stage II
object, but was not observed with PACS. No water lines were
detected in the Herschel HIFI observations of this source
(Mottram et al., in prep.). As with the sample in Perseus, there
is no clear trend between the Stage of the YSO and the presence
of water emission.

There are two possible reasons for this lack of correlation.
First, water traces the currently shocked gas where the jet or
wind impacts on the envelope, rather than the quiescent envelope
or entrained outflow material (Kristensen et al. 2012; Mottram
et al. 2014). Second, some water emission can arise from the disk
rather than the shocks (Riviere-Marichalar et al. 2012; Fedele
et al. 2013).

4.6.3. Near-IR veiling as a diagnostic

An independent diagnostic of evolutionary stage can be pro-
vided by optical and near infrared spectroscopy of the young
stars themselves rather than their surroundings. This technique is
limited to the more evolved stages when the young (PMS/proto)
star is actually visible. Large veiling indices rλ = Fexcess/Fstar
are thought to be indicative of high mass accretion rates. At
K-band, rK indices >2 identify sources as likely Stage I objects
whereas rK < 1 is characteristic of Stage II sources (Greene &
Lada 1996).

As a proof of concept, we compare the sample of van
Kempen et al. (2009) in Ophiuchus with that of Greene & Lada
(1996) and Doppmann et al. (2005). The 11 overlapping sources
are: GSS 30, WL12, WL 17, Elias 29, WL 19, WL 6, IRS 43,
IRS 44, IRS 51, IRS 54, IRS 63. Except for IRS 51 and 63, all
sources have infrared veiling indices rK > 2.0 whereas IRS 51
and 63 have 1.8 and 1.7 respectively. All sources in the overlap-
ping sample are classified as Stage I by van Kempen et al. (2009)
except IRS 51, which is listed as an obscured disk, and WL 19
which is classified as confused. Doppmann et al. (2005) derive
a veiling of 3.7 for WL 19 establishing its nature as a likely
Stage I object. This good agreement provides further support for
our classification scheme.

For Taurus, high resolution optical spectra have been ob-
tained by White & Hillenbrand (2004) and Connelley & Greene
(2010). The sources which overlap with our sample are sum-
marized in Table 6. The fact that White & Hillenbrand (2004)
could detect and obtain high resolution optical spectra for only
half of the Class I Taurus sources already suggests a bifurca-
tion in source types, with the optically visible sources closer
to Stage II. The low veiling excesses at R-band found for most
sources by White & Hillenbrand (2004), coupled with their low
accretion rates (see below), indeed suggests that all these over-
lapping sources in Table 6 are Stage II objects. This is largely
consistent with our classification, except that their sources with
the highest rR values – IRAS04248+2612 and GV Tau – are
found to be Class I by our classification. The comparison with
Connelley & Greene (2010) shows a mixed picture, partly be-
cause of the large uncertainties in many of their low rK values
which could make them consistent with both Stage I and II based
on a division line around rK = 1−2.

Another diagnostic of evolutionary stage could be mass
accretion rates derived from spectroscopic features such as
Hα equivalent widths. Indeed, Greene & Lada (1996) esti-
mate the accretion rates for their Class I sources in Oph to
be ∼10−6 M� yr−1, higher than those for Stage II objects at
∼(0−3) × 10−7 M� yr−1. However, White & Hillenbrand (2004)
find no difference in mass accretion rates between their Class
I and II sources. Table 6 shows that the few Stage I sources in
our classification do not have systematically higher mass accre-
tion rates than the other sources. Although source selection can
play a role, a similar lack of difference between embedded and
optically visible sources was found by Salyk et al. (2013) who
compared mass accretion rates derived from Pfund β lines. The
known variability and episodic nature of the accretion process
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Table 5. Properties of Taurus sources – color criteria, HCO+ 3–2, and H2O obseravations in other studies.

Object Stagea Embedded/Visibleb HCO+ 3–2?c PACS H2O?d

J041354.7+281132 II Embedded N −

J041959.2+270958 I Embedded Y Y
J042110.0+270142 II Embedded Y −

J042111.4+270108 C − − Y
J042656.3+244335 II Embedded Y −

J042757.3+261918 I Embedded Y Y
J042907.6+244350 II − − Y
J042923.6+243302 I Embedded+Visible Y −

J043150.6+242418 II Visible N −

J043215.4+242903 II Visible N −

J043232.0+225726 II Embedded N −

J043316.5+225320 II Embedded N −

J043535.0+240822 II Embedded Y Y
J043953.9+260309 I Embedded Y −

Notes. (a) Classification in this paper. (b) Classification taken from Hogerheijde et al. (1997) based on a flux- and color-limited sample. (c) Detection
of HCO+ 3–2 within a 19′′ beam (Hogerheijde et al. 1997). (d) Detection of the H2O (212–101) 179.527µm line from Herschel PACS observations
(Mottram et al., in prep.).

Table 6. Veiling indices and mass accretion rates derived from optical
spectroscopy in Taurus.

Object Stagea Veiling index log Ṁacc
d

rK
b,c r8400

d

[M�/yr]
J034741.6+325143 I high − −

J041354.7+281132 II 0.12+1.08
−0.0 − −

J041851.4+282026 II − <0.19 −7.36
J041959.2+270958 I 0.60+1.20

−0.24 − −

J042110.0+270142 II 0.24+0.00
−0.24 − −

J042111.4+270108 C 0.00+1.44
−0.00 − −

J042656.3+244335 II high − −

J042757.3+261918 I 0.00+2.76
−0.00 0.60± 0.21 −8.97

J042905.0+264904 II − 0.57± 0.26 −6.79
J042923.6+243302 I − 1.1± 0.4 −6.71
J043215.4+242903 II 0.12+2.52

−0.00 0.26± 0.08 −7.54
J043150.6+242418 II − 0.24± 0.06 −7.65
J043232.0+225726 II 0.54+1.08

−0.30 − −

J043556.7+225436 II − <0.07 −8.50
J043535.0+240822 II high − −

J044138.8+255626 II − <0.04 −8.11

Notes. (b) Classification in this paper. (b) Sources with rK>2 are con-
sidered Stage I, those with rK < 1 as Stage II. (c) Connelley & Greene
(2010). (d) White & Hillenbrand (2004).

(e.g., Kenyon & Hartmann 1987; Evans et al. 2009; Vorobyov &
Basu 2015) may be largely responsible for this lack of a system-
atic trend.

Overall, our finding that a high fraction of Class I sources in
Taurus display properties more similar to Stage II objects is con-
sistent with earlier conclusions based on optical spectroscopy.

4.7. Stage I lifetime

Heiderman & Evans (2015) find that 84% of sources in their ob-
served Class 0+I and Flat SED sample are true Stage I embedded
objects based on their HCO+ 3–2 single pointing criteria. They

propose an updated timescale for Stage I sources (Stage 0+I in
their notation) of 0.54 Myr, assuming a Class II lifetime of 2 Myr
(see Sect. 4.4 and Table 3 in their paper). In Sect. 4.4 of this pa-
per it was shown that the HCO+ single pointing method may
still result in ∼30% overestimate of the number of Stage I ob-
jects, implying that the updated value of Stage I lifetime may be
overestimated by as much as 30%.

Reevaluation of the lifetime for the embedded phase based
on Stage I identification with HCO+ spatial mapping depends
on how one treats the confused sources. If all confused sources
are assumed to be Stage I, then the Perseus and Taurus sample
together have 30% of Class 0+I sources misidentified. On the
contrary, if all confused sources are assumed to be Stage II, then
the sample would have 46% of sources misidentified. Using the
updated Heiderman & Evans (2015) value as a reference, new es-
timates for the Stage I lifetime would then be down to 0.38 Myr
and 0.29 Myr, respectively. It is more realistic to assume that
confused sources are distributed between the two Stages, but cor-
rect classification using spatial mapping will still result in over-
all shorter timescales for Stage I objects. These new estimates
are lower limits on the lifetime as this study includes very few
Flat spectrum sources, which could also be Stage I YSOs, thus
increasing the overall lifetime of the embedded phase.

5. LOMASS database

Over the past decade, the molecular astrophysics group at the
Leiden Observatory has observed a comprehensive dataset of
various molecular lines toward a large number of Class 0+I
YSOs as part of various research projects. Such single-dish data
provides a wealth of information which can be more easily ex-
ploited if collected together in a coherent way in one place.
Therefore the Single-dish Submillimeter Spectral Database of
Low-mass YSOs hosted at Leiden Observatory (LOMASS)4

database has been established as a public web archive to fulfill
this aim and provide a service to the community.

This database not only contains data from the observing
projects conducted at the Leiden Observatory, but also molecular
data on the same or other new sources which have been obtained
from public data archives during the course of various projects.
To date, observations from the JCMT and Atacama Pathfinder

4 http://lomass.strw.leidenuniv.nl
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EXperiment (APEX, especially the CHAMP+ instrument) are
included. Other relevant molecular spectral data of low mass
YSOs from other telescopes, such as Herschel, the IRAM 30-m,
etc. could be also included in the future.

Depending on availability, the database presents spectral
maps and single pointing observations. Users can search via the
web interface using one of two options – by source name or by
molecular line name. In cases where the source names are not
familiar, it is possible to generate a source list which provides
source coordinates.

Once a source is selected, a page provides metadata about the
source and available observations. Examples include the source
coordinates, Vlsr, telescope and instrument names, the beam effi-
ciency that was used during data reduction and the rest frequency
of the observations. Other source properties such as Lbol, Tbol,
Menv and n1000AU etc. are included, if available, with references
to the papers these are drawn from. The “Downloads Corner”
provides raw data in  format, as well as reduced data in
 and/or  format.

In the case of single pointing observations, some of the ob-
served quantities from the spectra are automatically extracted or
calculated and then listed in each page. Examples include the
observation date and rms noise of spectrum, together with the
FWHM, integrated intensity and peak intensity of the specified
molecular transition. The velocity range used in the integrated
intensity calculation is also indicated.

For mapping observations, both integrated intensity and
spectral maps are provided. In addition, the spectrum from the
central region is included to aid quick comparison with other
sources. The observed quantities for single pointing observations
mentioned above are also given for map central spectra.

This database of single-dish spectral data for low-mass
YSOs will provide a valuable and easily accessible reference
for higher resolution interferometry data, especially the Atacama
Large Millimeter/submillimeter Array (ALMA).

6. Conclusions

We have presented molecular line emission maps of HCO+ 4–3
and C18O 3–2 observed with HARP on the JCMT, as well as
SCUBA 450/850 µm and Herschel PACS 70/160 µm dust con-
tinuum maps to characterize the emission morphology of 56 can-
didate YSOs in the Perseus and Taurus clouds. An additional
nine sources in Serpens observed in C18O 3–2 with HARP are
also presented in this paper. The footprints of the 2′ × 2′ spatial
maps enable qualitative categorization of the morphology and
quantitative analysis of the concentration of emission from each
source.

Four types of emission morphology are identified: on-source
concentrated, offset concentrated, extended and non-detection.
Calculation of the concentration factor for each source in
HCO+ 4–3 and 850 µm determines the stage classification where
Stage I corresponds to embedded YSOs and Stage II corresponds
to an evolved PMS star with a disk.

Conclusions of this work are:

– Previous methods of classifying the evolutionary stages
of YSOs cannot always correctly identify Stage I sources
in the embedded phase. Using the concentration factor of
HCO+ 4–3 as a way to identify truly embedded objects, we
find that approximately 30% of Stage I sources in Perseus
and Taurus are incorrectly classified. The 56 source sample
between these two star forming regions consists of 30 truly

embedded Stage I sources and 17 more evolved Stage II PMS
stars with disks.

– The Perseus cloud hosts a higher percentage of Stage I
sources compared to Taurus in our sample. Perseus has a
population that consists of 71% (24 of 34 sources) embed-
ded Stage I objects while Taurus consists of 68% (15 of
22 sources) more evolved Stage II objects.

– Nine sources in the sample cannot be identified as either
Stage I or Stage II. Their emission in HCO+ 4–3 may be
strong or weak but their morphologies show a central peak
that is offset from the source position by 20′′ in most cases.
Interferometric data is needed to further identify their nature.

– Using only the detection of HCO+ at the source position as
a criterion for identifying truly embedded sources is not as
robust as classification with the spatial concentration. The
single pointing method can result in up to 30% of sources
being misidentified as embedded.

– Stage I lifetimes may be overpredicted on the order of 30%.
The current timescale estimate for Stage I is 0.54 Myr. After
correcting misidentified sources using HCO+ spatial map-
ping the Stage I lifetime could be as low as 0.38 Myr, or even
as low as 0.29 Myr depending on how one treats the con-
fused sources in this study. These estimates may be regarded
as lower limits due to the lack of Flat spectrum sources in
the sample.

The correct classification of YSOs in star forming regions such
as Perseus and Taurus will lead to more complete sample of YSO
evolutionary stages used to determine stage lifetimes. A compre-
hensive understanding of the stage of these YSOs will help fu-
ture surveys selectively target embedded YSOs or evolved PMS
stars with disks. Additional data with interferometers such as
the Plateau de Bure Interferometer (PdBI), Submillimeter Array
(SMA), and Atacama Large Millimeter/submillimeter Array
(ALMA) will allow detailed investigation of the ongoing chem-
istry and kinematics of such objects.
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Appendix A: Notes on individual sources

J032536.4+304523 (L1448-N): Note that the C18O 3–2 map is
incomplete, with bad pixels flagged in a rectangular region from
(0′′, 0′′) to (40′′, −50′′). The flagged data is not immediately
apparent in the spatial maps due to interpolation, but it is easily
seen in the spectral map. (See entry in the LOMASS database.)

J032738.2+301358 (L1455-FIR 2): Another sub-mm object,
L1455-IRS 1, lies at offset (20′′, −60′′) and dominates emission
in the map. Concentrated HCO+ 4–3 emission from the source
is still apparent in the spatial map.

J032743.2+301228 (L1455-IRS 4): Another sub-mm object,
L1455-IRS 1, lies at offset (−60′′, 40′′) and dominates emission
in the map. There is widespread emission of HCO+ 4–3 seen
in the spectral map from the northwest corner to the southeast
corner. However, concentrated HCO+ 4–3 emission from the
source is still apparent above this strong background.

J032834.5+310705: The source has a high 850 µm concen-
tration, but cannot be properly analyzed due to contaminating
absorption features in the molecular line maps.

J032859.5+312146: HCO+ 4–3 spectral map indicates a slight
broadening of the line off-source, there appear to be no other
nearby YSOs or dense cores that might contaminate the field.

J032900.6+311200: HCO+ 4–3 spectral map indicates a slight
broadening of the line off-source, there appear to be no other
nearby YSOs or dense cores that might contaminate the field.

J032901.6+312028: HCO+ 4–3 spectral map indicates a slight
broadening of the line off-source. The field of view contains
three YSO or dense core objects, JCMTSF J032901.3+312031,
SSTc2d J032901.6+312021, and [RAC97] VLA 43 that lie at
an offset of about 8′′ to the southwest.

J032903.3+311555: HCO+ 4–3 spectral map indicates a slight
broadening of the line off-source. The field contains Herbig
Haro objects to the southeast and southwest, and a YSO
(2MASS J03290289+3116010) at an offset of (−10′′, −5′′) that
may contribute to the extended HCO+ 4–3 emission.

J032904.0+311446 (HH 7–11 MMS6): shows strong, extended
HCO+ 4–3 throughout the field of view indicating the presence
of large scale high density material that could host an embedded
protostar, but the lack of a clear peak at the source position
prevents definite Stage I classification. The J032904.0+311446
(HH 7–11 MMS6) spectral map does show evidence of line
wings, suggesting that the extent of the emission may be due to
outflows from the source or nearby objects.

J034350.9+320324: The map shows off-source emission in
HCO+ 4–3 due to a binary companion at offset (0, +15′′).

J032910.7+311820: The map shows off-source emission in
HCO+ 4–3 due to a binary companion at offset (+10′′, +10′′).

J032951.8+313905: HCO+ 4–3 spectral map indicates a slight
broadening of the line off-source, there appear to be no other
nearby YSOs or dense cores that might contaminate the field.

J033313.8+312005: The source has a high concentration in
HCO+ 4–3, but weak integrated intensity just at the threshold
for consideration as a Stage I object. It has a low concentration
in SCUBA 850 µm emission, and the C18O 3–2 map contained
emission and absorption in the line profiles, preventing proper
characterization. The source is marked as confused due to the
C18O 3–2 contamination, but other tracers are more consistent
with Stage II properties.

J033314.4+310710 (B1-SMM3): A weak outflow wing can
be seen in the HCO+ 4–3 central spectrum. Two objects –
SSTc2d J033316.7+310755 and B1-IRS – lie at an offset of
about (+50′′, +40′′), thus it is likely that the extended emission
found in this map and line wings in the spectral profile are due
to emission and outflows from these other objects in the field of
view.

J033320.3+310721 (B1-b): A weak outflow wing can be seen
in the HCO+ 4–3 central spectrum. The map shows extended
emission with a weak peak offset by about 15′′. A much stronger
peak at an offset of about (−50′′, +30′′) is due to emission from
SSTc2d J033316.7+310755 and B1-IRS. No peaks in emission
are located at the source position. In addition, the 850 µm
emission has a low concentration factor, thus the object remains
confused.

J034359.4+320035: The HCO+ 4–3 map has emission peaking
significantly off-source as a result of another object at an offset
of about (−20′′, +10′′) as seen in all bands of molecular line
and dust continuum emission. The source is categorized in
nearly all maps as offset (OH7148 EC). The nearby object SSTc2d
J034357.6+320045 (Pers-45 from Jørgensen et al. 2007) is
found at these coordinates. HCO+ 4–3 is detected at the target
source position, as seen in the central spectrum, but its spectral
map shows that this emission cannot be disentangled from the
secondary object. Contamination prevents calculation of the
concentration factor in 850 µm and HCO+ 4–3.

J034402.4+320204: The field of view contains HCO+ 4–3 that
is extended on scales of 40′′ offsets. Though there is a peak
within this extended emission, it has a low concentration factor
that prevents a definite Stage I classification.

J042110.0+270142: The map shows off-source emission in
HCO+ 4–3 due to a binary companion at offset (−15′′,+25′′).
Emission from J042111.4+270108 is seen at an offset of about
(40′′, −30′′).

J042111.4+270108: The map shows extended HCO+ 4–3
throughout the field due to a third object – J042110.0+270142
– at offset (−25′′, +40′′). There is an off-source peak at the
location of the binary companion at offset (−25′′, +25′′). With
no complementary SCUBA dust emission it cannot be properly
classified.
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Appendix B: Central spectra
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Fig. B.1. Central spectra for HCO+ 4–3 (black) and C18O 3–2 (red) in a 15′′ beam extracted from the source locations listed in Table 1.
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Fig. B.2. Central spectra for HCO+ 4–3 (black) and C18O 3–2 (red) in a 15′′ beam extracted from the source locations listed in Table 1.
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Appendix C: Emission maps
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Fig. C.13. Serpens sources. See Fig. C.1 for caption.
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Fig. C.14. Serpens sources. See Fig. C.1 for caption.
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