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ABSTRACT

We present continuum and molecular line observations at 230 GHz and 345 GHz from the Sub-
millimeter Array (SMA) toward three protostars in the Perseus L1448N region. The data are from
the large project “Mass Assembly of Stellar Systems and their Evolution with the SMA” (MASSES).
Three dust continuum sources, Source B, Source NW, and Source A, are detected at both frequencies.
These sources have corresponding emission peaks in C18O (J = 2 → 1), 13CO (J = 2 → 1), and
HCO+ (J = 4 → 3), and have offsets with N2D+ (J = 3 → 2) peaks. High angular resolution data
from a complimentary continuum survey with the Karl G. Jansky Very Large Array show that Source
B is associated with three 8 mm continuum objects, Source NW with two, and Source A remains
single. These results suggest that multiplicity in L1448N exists at different spatial scales from a few
thousand AU to < 100 AU. Velocity gradients in each source obtained from two-dimensional fits to
the SMA C18O emission are found to be perpendicular to within 20 degrees of the outflow directions
as revealed by 12CO (J = 2→ 1). We have observed that Sources B and NW with multiplicity have
higher densities than Source A without multiplicity. This suggests that thermal Jeans fragmentation
can be relevant in the fragmentation process. However, we have not observed a difference in the ratio
between rotational and gravitational energy between sources with and without multiplicity. We also
have not observed a trend between non-thermal velocity dispersions and the level of fragmentation.
Our study has provided the first direct and comprehensive comparison between multiplicity and core
properties in low-mass protostars, although based on small number statistics.

1. INTRODUCTION

Multiple/binary systems are a common outcome of
the star formation process (see reviews by Tohline 2002;
Reipurth et al. 2014; Duchêne & Kraus 2013). Approxi-
mately 25%-30% of M-stars, over 50% of solar-type stars,
and nearly all O-stars are found in multiple systems
(Lada 2006; Raghavan et al. 2010; Sana & Evans 2011).
A survey of pre-main-sequence stars in Taurus has dis-
covered that nearly half of the sources are binary with
separations from 18 AU to 1800 AU (Kohler & Leinert
1998). With interferometric observations, studies have
begun to reveal and characterize multiplicity in the pro-
tostellar phase in the past two decades (e.g. Looney et al.
1997). For example, Looney et al. (2000) observed ∼ 15
embedded objects in dust continuum at 2.7 mm and
found all the objects are in small groupings or binary
systems with most separations ranging from a few hun-
dred AU to a few thousand AU. In addition, Chen et al.

(2013) found 21 out of 33 observed Class 0 objects are in
binary/multiple systems with separations ranging from
50 AU to 5000 AU (c.f., Maury et al. 2010). Moreover,
with dense gas tracers Lee et al. (2013) found substruc-
tures in 7 out of 8 observed starless cores in Orion, which
could be seeds for future star formation activities. Re-
cently, a wide-separation (> 3000 AU) multiple system
in formation was identified in Barnard 5 composed of
one protostar and three gravitationally bound gas con-
densations (Pineda et al. 2015). These results strongly
suggest that multiplicity occurs at very early stages of
star formation.

Theoretically, fragmentation at the prestellar or pro-
tostellar stage is thought to be the main mechanism for
multiplicity/binary formation (Tohline 2002). There are
a few major modes for fragmentation (Goodwin et al.
2007): (i) thermal Jeans fragmentation considering only
thermal support and gravity, (ii) rotational fragmenta-
tion during the collapse of a rotating core (e.g., Boss &
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Bodenheimer 1979; Burkert & Bodenheimer 1993; Cha &
Whitworth 2003), (iii) turbulent fragmentation as a re-
sult of density fluctuations in a bound core (e.g., Offner
et al. 2010; Jappsen & Klessen 2004; Fisher 2004), (iv)
disk fragmentation as induced by gravitational instabili-
ties in a disk (e.g., Kratter et al. 2010; Vorobyov & Basu
2010; Adams et al. 1989). Studying gas kinematics in
protostellar cores provides an opportunity to distinguish
between the scenarios.

However, despite the observational progress in reveal-
ing multiplicity at protostellar stages from observations,
little is known about the connection between multiplicity
and natal protostellar core conditions (including physical
and kinematic properties): are there differences in core
properties between protostellar cores forming multiple
systems and those forming single systems? In addition,
the relation between the level of multiplicity and degrees
of rotation and turbulence are rarely explored. A small
number of interferometric observations have character-
ized the rotation and turbulence in various single and
multiple systems toward protostars (Chen et al. 2007;
Volgenau et al. 2006); however, no relations between core
properties (physical and kinematic) and multiplicity were
explicitly and comprehensively investigated in low-mass
protostars.

We are undertaking a large survey with the Submil-
limeter Array (SMA), “Mass Assembly of Stellar Systems
and their Evolution with the SMA” (MASSES; Princi-
ple Investigator: Michael M. Dunham), to address the
link between multiplicity and gas environment (physical
and kinematic conditions) as one of its primary goals.
MASSES, which provides kinematic information on the
gas in protostars (see below), is highly complementary
to the VLA Nascent Disk And Multiplicity (VANDAM)
survey (Tobin et al. 2015b), a VLA continuum survey
which characterizes protostellar multiplicity down to a
spatial resolution of 15 AU. MASSES targets the same
objects as the VANDAM survey: all 73 known proto-
stars in the Perseus molecular cloud (d = 230 pc, Hirota
et al. 2008, 2011), including the 66 protostars identified
by Spitzer (Enoch et al. 2009) and 7 candidate first hy-
drostatic cores. By targeting the complete population of
protostars in a single molecular cloud, MASSES aims to
study the origins of fragmentation, the evolution of an-
gular momentum in dense star-forming cores, and the
evolution of molecular outflows, all unified under the
common theme of developing a more complete under-
standing of the stellar mass assembly process. MASSES
targets various molecular lines and continuum observa-
tions at both 230 and 345 GHz in the Subcompact and
Extended array configurations, providing an angular res-
olution of ∼1′′ (230 AU at the distance of Perseus) while
recovering emission up to scales of ∼20′′ (5000 AU at
the distance of Perseus). When complete, MASSES will
provide the largest, unbiased, interferometric sample of
protostars observed in the same region with uniform sen-
sitivity, angular resolution, and spectral line coverage.

In this paper we present the first results from MASSES
by focusing on the multiple system L1448N in Perseus in
order to study the connection between multiplicity and
the core kinematics. Located in the north of the L1448
complex (Bachiller & Cernicharo 1986a), L1448N (also
recognized as L1448 IRS 3) is the brightest source at
far-infrared wavelengths among the three IRAS sources

in L1448 (Bachiller & Cernicharo 1986b). Previous
single-dish observations estimated core masses of 11.3
M� based on 1 mm observations (Enoch et al. 2006)
and 17.3 M� based on 850 µmobservations (Sadavoy
et al. 2010) for L1448N. Higher resolution observations of
L1448N at millimeter and centimeter wavelengths (Tere-
bey & Padgett 1997; Looney et al. 2000; Chen et al. 2013;
Anglada et al. 1989; Curiel et al. 1990; Reipurth et al.
2002) show this source consists of three distinct contin-
uum sources (L1448N-B, L1448N-A, and L1448N-NW).
All three sources have active outflows and have been sug-
gested to be Class 0 sources (e.g., Kwon et al. 2006; Bar-
sony et al. 1998; Shirley et al. 2000), although L1448N-A
could be close to Class I (O’Linger et al. 2006). Recent
interferometric continuum observations at 1.3 mm with
a 0.3′′ resolution suggest that L1448N-B harbors a can-
didate massive protostellar disk (Tobin et al. 2015a).

2. OBSERVATIONS

2.1. SMA

The SMA is a submillimeter- and millimeter-
wavelength interferometer consisting of eight 6.1 m an-
tennas located on Mauna Kea in Hawaii (Ho et al. 2004).
We observed the source, L1448-N, in the Extended
and Subcompact configurations in September 2014 and
November 2014, respectively. We observed simultane-
ously in the dual receiver mode with the low frequency re-
ceiver centered at 231.29 GHz (1.3 mm) and the high fre-
quency receiver centered at 356.72 GHz (850 µm). With
the Extended configuration all eight antennas were oper-
ational; with the Subcompact configuration seven anten-
nas were operational. The observations were obtained in
good weather conditions, with the zenith opacity at 225
GHz ranging between 0.1 and 0.15 for the Extended con-
figuration and staying at 0.1 for the Subcompact configu-
ration. The details of the observations including median
system temperatures, and baseline ranges are summa-
rized in Table 1.

The visibility data were reduced and calibrated using
the MIR software package1 following standard calibra-
tion procedures. A baseline correction was first applied
to the dataset. Phases and amplitudes of calibrators on
each baseline were then inspected, and data that were
not able to be calibrated were manually flagged. Cor-
rections for system temperatures were applied. We cali-
brated bandpass by applying antenna-based solutions de-
rived from 3C84. We also used 3C84 for gain calibration
by applying antenna-based solutions. Flux calibration
was performed based on bright quasars or planets, and
the uncertainty in the absolute flux calibration was es-
timated to be ∼ 25%. The information of the gain and
flux calibrators is summarized in Table 1.

We observed molecular lines and the continuum with
both the low and high frequency receiver. For each re-
ceiver, the correlator provided 2 GHz bandwidth in each
of the lower and upper sidebands. Each 2 GHz band
has 24 chunks with a useful bandwidth of 82 MHz (due
to overlapping channel edges). Our correlator setup in-
cluded 8 chunks (with 64 channels in each chunk) for con-
tinuum observations. The remaining chunks were used
for line observations with high spectral resolutions (see

1 Available at https://www.cfa.harvard.edu/∼cqi/mircook.html
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TABLE 1
SMA Observation Log

Config. Date Central Frequencies Tsys Baseline Gain Gaincal Flux Flux
(UT) (GHz) (K) (kλ) Calibrator Density (Jy) Calibrator

Extended 2014 September 05 231.29 210 20-170 3C84 11.2 Neptune
Extended 2014 September 05 356.72 680 28-265 3C84 7.5 Neptune

Subcompact 2014 November 18 231.29 200 4-51 3C84 11.5 Uranus
Subcompact 2014 November 18 356.72 550 6-82 3C84 7.5 Uranus

TABLE 2
Summary of Molecular Line and Continuum Data

Line Config. Rest Freq. Num. Velo. Resolutiona Chan. RMS Synth. Beam (P.A.) Detected? Fig?b

(GHz) of Chan. (km s-1) (mJy beam-1 (K))

12CO(2-1) Extended 230.53796 512 0.26/0.5 60 (1.14) 1.26′′×0.86′′(86.5◦) Y X
Subcompact 90 (0.15) 4.23′′×3.24′′(-21.7◦) Y

13CO(2-1) Extended 220.39868 512 0.26/0.3 44 (0.90) 1.33′′×0.92′′(-90.0◦) Y
Subcompact 97 (0.17) 4.46′′×3.42′′(-20.4◦) Y
Combined 42 (0.40) 1.79′′×1.51′′(85.44◦) Y X

C18O(2-1) Extended 219.56036 1024 0.13/0.2 68 (1.41) 1.33′′×0.92′′(-89.8◦) Y
Subcompact 141 (0.25) 4.35′′×3.35′′(-19.9◦) Y X

N2D+(3-2) Extended 231.32183 1024 0.13/0.2 90 (1.92) 1.26′′×0.85′′(86.6◦) N
Subcompact 145 (0.24) 4.29′′×3.23′′(-22.4◦) Y X

12CO(3-2) Extended 345.79599 1024 0.085/0.5 159 (3.41) 0.85′′×0.56′′(78.8◦) Y
Subcompact 378 (0.64) 3.17′′×1.91′′(-26.3◦) Y

HCO+(4-3) Extended 356.73424 1024 0.085/0.2 285 (6.22) 0.80′′×0.55′′(74.7◦) N
Subcompact 418 (0.67) 3.16′′×1.93′′(-24.2◦) Y X

H13CO+(4-3) Extended 346.99835 1024 0.085/0.2 221 (4.74) 0.84′′×0.56′′(78.5◦) N
Subcompact 366 (0.61) 3.26′′×1.92′′(-27.0◦) Y

Continuum Extended 231.29 64 · · · 3.40 1.30′′×0.90′′(89.3◦) Y
Subcompact 4.15 4.27′′×3.26′′(-20.9◦) Y
Combined 3.66 1.87′′×1.68′′(83.53◦) Y X

Continuum Extended 356.72 64 · · · 5.55 0.83′′×0.58′′(79.3◦) Y
Subcompact 19.70 3.55′′×2.01′′(-26.5◦) Y
Combined 10.50 1.63′′×1.43′′(-10.79◦) Y X

a The velocity resolutions listed here are the original resolutions (the first numbers) and the resolutions after rebinning (the second numbers).
b The datasets that are used in the following figures in this paper.

Table 2). The continuum was generated by averaging
the chunks with 64 channels per chunk and the result-
ing continuum band has an effective bandwidth of 1312
MHz considering both the upper and lower sidebands.
The correlator setup is the same for the Extended and
Subcompact configurations.

The calibrated visibility data were imaged using the
MIRIAD software package (Sault et al. 1995). All the
data were imaged with the parameter “robust” = 1. We
re-binned the channels in molecular lines to obtain higher
signal-to-noise ratios. Table 2 lists the velocity resolu-
tions after rebinning.

In the Extended configuration, 12CO (J = 2 → 1),
13CO (J = 2 → 1), 12CO (J = 3 → 2), and the con-
tinuum are detected; C18O (J = 2 → 1) is marginally
detected. In the Subcompact configuration all of the
molecular lines and the continuum are detected. Table 2
summarizes the correlator setup, the spectral resolutions,
RMS noise levels, and synthesized beams for the obser-
vations and calibrated images.

In this paper we focus on molecular lines, includ-
ing 12CO (J = 2 → 1), 13CO (J = 2 → 1), C18O
(J = 2 → 1), N2D+ (J = 3 → 2), and HCO+

(J = 4 → 3), which show strong detections in the Sub-
compact and/or Extended data. We show the Subcom-
pact data for C18O (J = 2 → 1), N2D+ (J = 3 → 2),

and HCO+ (J = 4 → 3), since these molecular lines do
not have strong detections in the Extended data. For
13CO (J = 2→ 1) we show the map combining the Sub-
compact and Extended data since the molecular line has
strong detections from both configurations. For 12CO
(J = 2 → 1), we use only the extended configuration
data to identify outflows because it provides the highest
angular resolution and thus the least amount of confu-
sion. 12CO (J = 3 → 2) was detected in both Subcom-
pact and Extended configurations but is not shown in
this paper since it did not provide additional informa-
tion than 12CO (J = 2 → 1) for the identification of
outflows. Table 2 summarizes which datasets are being
used in the following figures in this paper.

2.2. VLA

The VLA data shown in this paper is from a large sur-
vey with the Very Large Array (VLA), the VLA Disk and
Multiplicity Survey of Perseus Protostars (VANDAM).
The observational details of VANDAM are described in
Tobin et al. (2015b). Below we summarize the Ka−band
observations with the VLA toward L1448N presented in
this paper.

L1448N was observed in the B and A configurations
on 2013 November 4 and 2014 February 21, respectively.
The Ka−band observations were conducted with the full
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continuum mode with one 4 GHz band centered at 36.9
GHz and another 4 GHz band centered at 28.5 GHz.
The full 8 GHz bandwidth was divided into 128 MHz
spectral windows; each window had 64 channels with a
channel width of 2 MHz. The data were reduced and
calibrated using CASA 4.1.0 and version 1.2.2 of the
VLA pipeline. We used the clean task in multi-frequency
synthesis mode for imaging. The synthesized beam is
0.18′′ × 0.15′′ (P.A.=70.7◦).

3. RESULTS

3.1. Dust Continuum: Multiplicity From 1000 AU to
100 AU Scales

The top panels in Figure 1 show the continuum maps
at 345 GHz (850 µm) and 230 GHz (1.3 mm). There are
three continuum sources observed, consistent with previ-
ous work (Looney et al. 2000; O’Linger et al. 2006; Chen
et al. 2013). These three sources are L1448N-B (here-
after Source B), L1448N-A (hereafter Source A), and
L1448N-NW (hereafter Source NW). We fitted a Gaus-
sian to the three sources using the task imfit in MIRIAD.
Table 3 shows the fitting results including peak positions
and FWHM sizes at both 345 GHz and 230 GHz. The
offsets between the continuum peaks at both frequencies
are much smaller than the synthesized beams (Table 3),
suggesting that the continuum peaks at both frequencies
are consistent with each other.

Table 4 lists the resulting peak intensities and total
flux densities from task imfit in MIRIAD. For peak in-
tensities, Source B has the highest value among the three
sources at both 1.3 mm and 850 µm. Source NW has
a comparable peak intensity to Source A at 1.3 mm,
and has a smaller peak intensity at 850 µm compared
to Source A. For total flux densities, Source B has the
largest values among the three sources at both 1.3 mm
and 850 µm, followed by Source NW and then Source
A. The positions, sizes, peak flux densities, and total
flux densities were measured based on primary-beam cor-
rected maps. Unless otherwise specified, all calculations
are performed using images corrected for the primary
beam attenuation. All images, however, are shown using
maps uncorrected for the primary beam attenuation for
visual display.

The bottom panels in Fig. 1 show the maps of the
continuum emission at 8 mm from VANDAM (Tobin et
al., submitted). These results show that Source B and
NW are not single systems: Source B is associated with
three 8 mm objects and Source NW with two. Source
A remains single. Most of these 8 mm objects are sug-
gested to be protostellar given that their spectral indices
are consistent with dust continuum except for the cen-
tral object in Source B (RA ∼ 03h25m38.32s, Dec ∼
30◦45′14.85′′), which shows a flat spectral index possi-
bly due to free-free emission (Tobin et al., submitted).
Source B is resolved into at least two objects at 1.3 mm
with CARMA (Tobin et al. 2015a).

The projected separation between Source B and Source
A is ∼ 1600 AU, and that between Source A and Source
NW is ∼ 3800 AU. In Source B, the projected separation
between the 8 mm object in the East and the two 8 mm
objects in the West is ∼ 200 AU. In Source NW, the pro-
jected separation between the two 8 mm objects is ∼ 50
AU. These results have shown that multiplicity occurs

at both a few 1000 AU scales and 50− 200 AU scales in
L1448N. In addition, L1448N is part of the fragmented
L1448 system on a few 0.1 pc scales (e.g., Bachiller &
Cernicharo 1986a). Assuming that the multiplicity is due
to fragmentation in the prestellar/protostellar stages,
these results suggest that the multiplicity in L1448N
is consistent with a picture of hierarchical fragmenta-
tion where fragmentation takes place at different spatial
scales (e.g., Wang et al. 2011; Takahashi et al. 2013):
L1448N fragments into three sources (Sources B, A, and
NW) with separations of few thousand AU, and these
three sources continue to fragment into smaller objects
with separations at 50−200 AU scales which are observed
at 8 mm.

In the following we use “L1448N core” to indicate
the whole L1448N core which fragments into three con-
tinuum “sources”, and use “fragments” to indicate the
8 mm objects inside Sources B, A, and NW.

3.2. 12CO(2-1): Outflow Directions

Figure 2 shows the channel maps of 12CO(2-1) from
the Extended Configuration. This map provided cur-
rently the highest angular resolution in 12CO(2-1) toward
L1448N (1.26′′ × 0.86′′). We detected outflow structures
in all three sources (Source B, NW, and A). We have
identified a cone-like morphology, for the first time, in
the red lobe (7.0 - 12.5 km s−1) associated with Source
B and our identification of the outflow direction is based
on this morphology. We also acknowledge the possibility
that the cone-shaped structure is a line-of-sight overlap
of two different outflows stemming from the three 8 mm
objects in Source B, where each “leg” in the cone corre-
sponds to a different outflow. In this case one of the two
outflow directions is more horizontal than what is cur-
rently identified (Fig. 2), and the more horizontal out-
flow is consistent with what was identified in Tobin et al.
(2015a).

We were also able to identify the outflow direction as-
sociated with Source A for the first time. The redshifted
emission appears at channels starting from 6.0 km s−1 up
until 9.5 km s−1, beyond which it is contaminated by the
outflow from Source NW. Source NW is also associated
with a cone-like morphology in the redshifted emission
(6.5 - 15.0 km s−1), and the identification is consistent
with Tobin et al. (2015a). The blueshifted emission is
much less visible possibly due to an asymmetric gas dis-
tribution in the surrounding environment since Source
NW is located near the edge of the whole L1448N core
and little dense gas may be farther north. The posi-
tion angles (measured from North to East based on the
red-shifted lobes) of the three outflows are 122±15 de-
grees, 218±10 degrees, and 128±15 degrees for Sources
B, A, and NW, respectively, based on manual identifi-
cation. Figure 3 shows the integrated intensity maps of
the red-shifted and blue-shifted outflows with the outflow
directions identified based on the channel maps.

3.3. Molecular Lines: Morphology and Spectra

Figure 4 shows the integrated intensity maps of
C18O(2-1), 13CO(2-1), N2D+(3-2), and HCO+(4-3). All
of three continuum sources (shown as red crosses) coin-
cide well with emission peaks in C18O, 13CO, and HCO+,
suggesting that these molecular lines trace the protostel-
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Fig. 1.— Top panels: L1448N maps of the 345 GHz (left) and 230 GHz (right) continuum emission. In the left panel, the contours are 5,
10, 20, 30 ,40 ×σ (σ = 10.5 mJy beam−1). In the right panel, the contours are 5, 10, 15, 25, 40, 55, 70, 85, 100 ×σ (σ = 3.66 mJy beam−1).
Synthesized beams are shown by the filled black ellipses in the lower left corners. The black solid line shows the scale of 1000 AU. The
data shown here are from the combination of the Subcompact and Extended data. Bottom panels: Maps of the 8 mm continuum emission
from VANDAM (Tobin et al., submitted). The contours for Sources B and NW are 10, 25, 40, 55, 70, 85 ×σ, and the contours for Source
A are 10, 40, 70, 100, 130 ×σ (σ = 0.0056 mJy beam−1). Synthesized beams are shown by the filled black ellipses in the lower left corners.
The black solid line shows the scale of 100 AU.

TABLE 3
1.3 mm and 850 µm Continuum Properties

1.3 mm 850 µm

Source RA Dec Sizea PAb RA Dec Sizea PAb Offsetc

(J2000) (J2000) (maj.′′×min.′′) (◦) (J2000) (J2000) (maj.′′×min.′′) (◦) (′′)

L1448N-B 03:25:36.33 +30:45:14.81 2.20×1.64 35.3 03:25:36.33 +30:45:14.88 1.76×1.49 47.4 (+0.015, +0.062)
L1448N-NW 03:25:35.66 +30:45:34.26 2.27×1.81 53.7 03:25:35.65 +30:45:34.63 4.10×2.44 -2.4 (-0.125, +0.374)
L1448N-A 03:25:36.48 +30:45:21.70 2.44×1.51 34.1 03:25:36.49 +30:45:21.94 1.18×0.89 -56.6 (+0.149, +0.241)

a The sizes are deconvolved FWHM sizes (major and minor axes) with the synthesized beam.
b Positions angles of major axes from North to East.
c Positional offsets between 850 µm and 1.3 mm

TABLE 4
1.3 mm and 850 µm Continuum Properties

Peak Intensitya Total Flux Densitya Massb

Source F1.3mm F850µm F1.3mm F850µm M1.3mm M850µm
(mJy beam-1) (mJy beam-1) (mJy) (mJy) (M�) (M�)

L1448N-B 423.2±14.6 756.4±31.1 922.4±45.0 1634.0±97.0 0.55±0.02 0.23±0.02
L1448N-NW 68.1±5.5 209.4±18.6 158.2±18.2 1131.0±212.1 0.10±0.02 0.16±0.02
L1448N-A 66.6±7.6 274.4±29.2 149.6±24.3 403.5±61.0 0.09±0.02 0.06±0.01

a The uncertainties here are statistical and exclude the 25% calibration uncertainties.
b The uncertainties are estimated based on the uncertainties in the total flux densities and sizes.
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Fig. 2.— Channel map of the 12CO(2-1) emission from the Extended data. The contours start at 4σ and increase with a step of 5σ
(1σ =0.06 Jy beam−1). The three crosses are the locations of Sources B, A, and NW. The red and blue arrows indicate the directions of
the redshifted and blueshifted outflow emission, respectively. The channel LSR velocity is labeled at the upper left corner in each panel.
The black, solid line indicates the scale of 2000 AU.
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Fig. 3.— Integrated intensity maps of the red-shifted and blue-
shifted outflows from the 12CO(2-1) Extended data. The blue com-
ponent is integrated from -2.5 km s−1 to 3.0 km s−1 and the red
component is integrated from 6.0 km s−1 to 11.0 km s−1. The red
contours are 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100%
of the peak value (6.5 Jy beam−1 km s−1). The blue contours are
40%, 50%, 60%, 70%, 80%, 90%, and 100% of the peak value (3.4
Jy beam−1 km s−1). The cross symbols show the positions of the
three continuum sources. The grey arrows show the directions of
the outflows identified based on the emission morphologies in the
channel maps.

lar envelopes. Although C18O(2-1) integrated intensi-
ties toward Sources A and B are blended, we can see
distinct peaks in the channel maps. The three contin-
uum sources also have corresponding peaks in 13CO(2-
1) and HCO+(4-3) with the peak offsets between these
two molecules less than one synthesized beam FWHM.
On the other hand, the N2D+ peaks do not show corre-
spondence with the continuum sources. There are clear
offsets between the continuum sources and nearby N2D+

emission with separations of at least one beam.
Lines from CO isotopologues including C18O and 13CO

have been extensively used to probe protostellar en-
velopes (e.g., Jørgensen et al. 2007; Yen et al. 2015)
and embedded disks (Tobin et al. 2012b; Murillo et al.
2013; Ohashi et al. 2014). They are abundant in pro-
tostellar structures and are optically thin compared to
12CO. In addition, while CO has been shown to freeze-
out onto cold dust grains in the prestellar/starless core
stage (Tafalla et al. 2002; Lippok et al. 2013), it is re-
leased back to the gas phase in regions above the CO
evaporation temperature (20-30 K) in regions ranging
from a few hundred to a few thousand AU (Jørgensen
et al. 2002; Alonso-Albi et al. 2010; Aikawa et al. 2012;
Yıldız et al. 2012; Jørgensen et al. 2015). As the CO
abundance increases, N2D+ is destroyed by CO and pre-
vented from reforming because H2D+ is less abundant in
regions with T >20 K (Emprechtinger et al. 2009; To-
bin et al. 2013). This likely causes the observed offsets
between N2D+ and the CO isotoplogues shown in Fig. 4.

Emission extending toward the north-east direction

from Source A is observed in both HCO+ and 13CO.
The emission shows clumpiness in HCO+ and is more ex-
tended in 13CO. As the critical density of the HCO+(4-3)
transition is ∼ 3×106 cm−3 (e.g., Shirley 2015) and these
HCO+ clumps do not have corresponding dust contin-
uum emission at millimeter-wavelengths or infrared, they
are likely tracing dense gas in starless fragments. The
reason why C18O does not show corresponding emission
in these regions is likely to be due to lower column den-
sities and thus is not detected with the sensitivity of the
instrument. Depletion of C18O due to freeze-out in the
interior of these starless fragments (Tafalla et al. 2004;
Ford & Shirley 2011) could also contribute to the low
column densities. These starless fragments demonstrate
that L1448N is a system which harbors younger sources
in addition to protostars. Furthermore, it is noteworthy
that Sources A, B, and the HCO+ starless fragments ap-
pear to be forming on a filamentary structure, an active
mode for the star formation process (e.g., Lee et al. 2012).
Future observations with better sensitivity are needed to
obtain a total mass measurement of these starless frag-
ments to characterize their boundedness and potential
for forming future protostars.

Figure 5 shows the average spectra at the peak intensi-
ties of the four molecular lines in Sources B, NW, and A.
These were obtained by averaging the spectra contained
in one beam that was centered on the continuum peaks.
Sources B and NW show similar peak intensities in C18O
(∼ 5.5 K), whereas Source A is weaker (∼ 3.8 K). It is
also seen that Sources A and B are redshifted compared
to the averaged core velocity shown as red, dashed line
(Rosolowsky et al. 2008), and Source NW is blueshifted.
For 13CO, Source NW and A show similar strengths (∼
11 K), whereas Source B has a lower intensity (∼ 5.8 K).
The peak velocities are consistent with the C18O peak
velocities. Emission at higher velocities is observed in
all three sources, likely caused by outflows. For N2D+,
emission is weak toward the three sources. For HCO+,
Source NW is the strongest among the three sources (∼
20 K), and Source B is the weakest (∼ 6 K). An asym-
metric line profile with a stronger blue component and
a weaker red component which resembles infall signa-
tures (Evans 1999) is observed in Source NW. However,
C18O, an optically thin line, does not peak where HCO+

dips. The peak velocity in the blue component of HCO+

is consistent with the peak velocity in C18O, suggesting
that this blue profile is not due to infall. Also, the dip in
the HCO+ spectra could be caused by missing flux from
the interferometer. The red component is possibly due
to outflows as emission at the same velocities is observed
also in 13CO.

4. MASS ESTIMATION

To characterize the gas masses of the three sources
we used the emission from (1) dust continuum and (2)
C18O(2-1). As shown in Fig. 4, the C18O emission peaks
coincide with the dust continuum peaks, suggesting that
C18O traces high-column density gas in the protostellar
envelopes (see also Sect. 3.3). Since the C18O peaks and
dust continuum peaks coincide well, we also use “Source
B”, “Source NW”, and “Source A” to refer to the three
C18O sources.
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Fig. 4.— Integrated-intensity maps of C18O(2-1) from the Subcompact data (upper left), 13CO(2-1) from the combination of the
Subcompact and Extended data (upper right), N2D+(3-2) from the Subcompact data (bottom left), and HCO+(4-3) from the Subcompact
data (bottom right). Contours start at 3σ and increase with a step of 3σ for C18O (σ = 0.31 km s−1 Jy beam−1), 13CO (σ = 0.176
km s−1 Jy beam−1), HCO+(4-3) (σ = 0.42 km s−1 Jy beam−1), and a step of 1σ for N2D+ (σ = 0.29 km s−1 Jy beam−1). The red
crosses indicate the positions of the three continuum sources B, A, and NW. Velocity ranges for integration are as follows: (2.2 km s−1

- 6.8 km s−1) for C18O, (0.6 km s−1 - 7.5 km s−1) for 13CO, (3.1 km s−1 - 5.5 km s−1) for N2D+, and (1.7 km s−1 - 7.7 km s−1) for
HCO+. The synthesized beams are shown in the lower left corner of each panel.

4.1. Mass Estimates From C18O(2-1) Emission

As Fig. 4 shows, Source B and Source A are blended
together in the C18O integrated intensity map, and there-
fore we fit two Gaussians to the blended structure to esti-
mate the C18O emission associated with each protostellar
core. The fitting was performed using the imfit task in
MIRIAD. Table 5 lists the fitting results including RA,
Dec, FWHM major and minor axes, and position angles.
We also estimated the effective radius of the sources to
be half of the geometric mean of the major and minor
axis diameters (R = 1

2

√
maj.×min.). The three sources

have comparable effective radii ranging from ∼ 800 AU
to ∼ 900 AU. Table 5 also lists the peak intensities and
total flux densities of the sources from the fitting. Source
NW has the largest values in both peak intensity and to-

tal flux density. Source B is comparable to Source NW,
and Source A has the smallest values in both.

We first calculated gas column densities by assuming
that the C18O emission is optically thin and LTE condi-
tions (e.g., Dunham et al. 2014a):

NH2 =
1

XC18O

3k

8πνµ2

(2J + 1)

(J + 1)

Q(T )

gJ
e

EJ+1
kT

∫
Tmb dV,

where XC18O is the abundance ratio between C18O and
molecular hydrogen ([C18O]/[H2]), k is the Boltzmann
constant, ν is the rest frequency of the transition, µ is
the dipole moment of the molecule, J is the lower state
in the molecular transition, Q(T ) is the partition func-
tion with a rotational temperature T, gJ is the statistical
weight in the lower state, EJ+1 is the energy level in the
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Fig. 5.— Spectra at the position of the continuum sources. The spectra of C18O(2-1) (first row), 13CO(2-1) (second row), N2D+(3-2)
(third row), and HCO+ (bottom row) for Sources B (first panel), NW (second panel), and A (the third panel). Each spectrum was obtained
by averaging the intensities over one beam area at the position of the continuum source. The red, dashed line indicates the core velocity,
4.5 km s−1, measured from averaging peak velocities over a 31′′ beam (Rosolowsky et al. 2008).

upper state,
∫
Tmb dV is the integrated intensity mea-

sured in K km s−1. As most of the 15 Class 0 sources
have rotational temperatures between 32 K to 39 K from
Yıldız et al. (2013) (derived from CO lines), we used 36
K for the rotational temperature. For XC18O, we used
5.2× 10−8 as an averaged value from the inner envelope
inside the evaporation temperature and the drop-zone
abundance in the freeze-out region (Yıldız et al. 2015).
The gas mass of molecular hydrogen was then estimated
by integrating under the areas with fitted FWHM major
and minor axes; we used a mean molecular weight of 2.8
(Kauffmann et al. 2008).

The gas masses are summarized in Table 5. Sources
NW and B have comparable masses: ∼ 0.28 M� and ∼
0.24 M�, respectively. Source A has ∼ 0.09 M�. These
masses estimated from C18O emission are consistent with
the mass estimates based on dust continuum emission at
850 µm (Table 4).

4.2. Mass Estimates From Dust Continuum Emission

Assuming that dust continuum emission is optically
thin at both 850 µm and 1.3 mm, the total gas
mass can be estimated using the standard formula:

M =
FνD

2

κνBν(Td)
, where Fν is the total flux density of the

source, D is the distance to the source, κν is the dust
opacity at the observed frequency, Bν is the Planck func-
tion, and Td is the dust temperature. Here we adopted
specific formulas for 850 µm and 1.3 mm based on the
formula above from Jørgensen et al. (2007) as the follow-
ing:

M1.3mm = 1.3 M�

(F1.3mm

1 Jy

)( D

200 pc

)2
×
{

exp
[
0.36

( 30 K

Td

)]
− 1
}
,

M0.85mm = 0.18M�

(F0.85mm

1 Jy

)( D

200 pc

)2
×
{

exp
[
0.55

( 30 K

Td

)]
−1
}
.
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TABLE 5
C18O(2-1) Emission Properties

Source RA Dec Sizea P.A. Rb Peak Intensityc Total Flux Densityc Massd

(J2000) (J2000) (maj.′′×min.′′) (◦) (AU) (Jy beam−1 km s−1) (Jy km s−1) (M�)

L1448N-B 03:25:36.325 +30:45:16.16 9.93×5.86 -5.8 878±123 5.25±0.51 28.5±5.3 0.24±0.04
L1448N-NW 03:25:35.622 +30:45:33.16 7.45×6.59 3.4 806±105 6.39±0.58 31.02±4.9 0.28±0.04
L1448N-A 03:25:36.573 +30:45:24.90 8.83×7.00 2.6 904±334 1.81±0.51 9.88±4.5 0.09±0.04

a The sizes are deconvolved FWHM sizes with the synthesized beam.
b R = 1

2

√
major×minor

c The uncertainties are statistical from fitting, not systematic.
d The uncertainties are estimated based on the uncertainties in the total flux densities and sizes.

These formulas use dust opacities from Ossenkopf &
Henning (1994) based on the models with thin ice man-
tles coagulated at 106 cm−3. The gas-to-dust ratio is
assumed to be 100. We assumed a dust temperature of
36 K for all the three sources, the same as the gas rota-
tional temperature.

Table 4 summarizes the masses from dust continuum
emission at 1.3 mm and 850 µm. Based on the emission
at 1.3 mm, Source B is ∼ 0.6 M�, and Sources NW and
A have comparable masses of ∼ 0.1 M�. Based on the
emission at 850 µm, Source B is ∼ 0.23 M�, Source NW
is ∼ 0.16 M�, and Source A is ∼ 0.06 M�. In both es-
timates Source B is the most massive protostellar core
among the three sources. The difference in the masses
between the two frequencies could be due to spatial fil-
tering by the interferometry. Also, the uncertainties of
the estimates can easily be a factor of a few (or more)
due to the choices of dust opacities, uncertainties in the
total flux densities, and temperature (e.g., Dunham et al.
2014b).

5. KINEMATIC STRUCTURES IN L1448N

To compare the level of fragmentation revealed by
VANDAM (Sect. 3.1) and kinematics in the three
sources, we characterized kinematic motions in terms of
velocity gradients and velocity dispersions. Below we
discuss velocity gradients and velocity dispersions sepa-
rately.

5.1. Velocity Gradients

Most of the C18O(2-1) spectra are singly peaked, al-
lowing us to investigate gas velocities and dispersions
directly using the 1st and 2nd moment maps. We re-
gridded the 1st and 2nd moment maps from slightly over-
sampled channel maps (0.8′′ per pixel) with a pixel size
of 1.3′′ based on the Nyquist sampling rate. All analy-
sis based on these moment maps is performed on maps
with Nyquist sampled pixels to avoid correlations be-
tween neighboring pixels.

Figure 6 shows the 1st moment map; the positions of
fitted C18O peaks are marked as black crosses. All three
sources are associated with obvious velocity gradients.
Using the 1st moment map, we computed the magnitudes
and/or orientation of the velocity gradients using two
methods. First, we computed velocity gradients along
the direction perpendicular to the outflows (white, solid
lines in Fig. 6) by applying one-dimensional linear fit-
ting. These velocity gradients (∇V1D) are corrected for
inclination, which is measured as 63◦ for Source B based

on both images of scattered light at infrared wavelengths
and SED fits (Tobin et al. 2007). We assume the same
inclination angle for all three sources due to the lack of
information about the inclination angles of Source A and
Source NW from the Literature.

Second, we calculated the magnitudes and orientations
of velocity gradients based on two-dimensional linear fit-
ting. We used the same fitting method as described in
Goodman et al. (1993), and the fitting was performed
using the IDL MPFIT package. For Sources B and A,
we used the fitted Gaussian FWHMs from the C18O in-
tegrated intensity (shown as magenta, dashed lines in
Fig. 6) as the fitting areas to separate the blended struc-
tures. For Source NW we used the whole area as indi-
cated by the magenta line. Table 6 lists the magnitudes
of velocity gradients from both 1D fitting (∇V1D) and 2D
fitting (∇V2D) as well as the orientations of the velocity
gradients from the 2D fitting (θ2D).

The velocity gradients from both 1D and 2D fittings
are generally consistent for all the three sources. Source
B has the largest velocity gradient (∼ 113.6 km s−1 pc−1

from 1D and ∼ 133.8 km s−1 pc−1 from 2D), followed
by Source NW (∼ 89.5 km s−1 pc−1 from 1D and ∼ 76.4
km s−1 pc−1 from 2D), and the smallest is Source A
(∼ 67.5 km s−1 pc−1 from 1D and ∼ 71.5 km s−1 pc−1

from 2D). These velocity gradients range from ∼ 70
km s−1 pc−1 to ∼ 130 km s−1 pc−1. Our magnitudes
are generally consistent with Yen et al. (2015) as the
study reported 183 km s−1 pc−1 for Source B.

These magnitudes are significantly larger than those
found in NH3/N2H+ dense cores at 0.1 pc with a typical
range of 0.1 - 3.5 km s−1 pc−1 (Goodman et al. 1993;
Caselli et al. 2002). Indeed, velocity gradients in pro-
tostellar cores measured with recent observations have
shown a wide range of magnitudes (e.g., Chen et al. 2007;
Curtis et al. 2010; Belloche 2013). For example, Tobin
et al. (2011) observed 17 protostellar cores with single-
dish telescopes and interferometers using N2H+(1-0) and
NH3, and found velocity gradients ranging from ∼ 1
km s−1 pc−1 to∼ 10 km s−1 pc−1 over a few hundred to a
few thousand AU. In addition, Pineda et al. (2011) mea-
sured approximately 6 km s−1 pc−1 on a few thousand
AU scale toward L1451-mm, a candidate for a first hy-
drostatic core. More recently, Yen et al. (2015) observed
17 protostellar cores in C18O with interferometers and
discovered velocity gradients from 1 km s−1 pc−1 to 530
km s−1 pc−1 with a median value of ∼ 71.6 km s−1 pc−1

over a scale of few thousand AU.
These studies have demonstrated that velocity gradi-

ents increase significantly from large (0.1 pc) to small
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Fig. 6.— C18O(2-1) 1st moment map, showing the velocity structure of the region. Pixels below 3σ in the integrated intensity map are
masked. The grey arrows indicate the directions of the outflows (Fig. 2). The white, dashed lines indicate the directions of 2D velocity
gradients. The white, solid lines indicate the directions perpendicular to the outflows. The black crosses are the positions of the fitted
centers from the C18O integrated intensity map (Table 5). The magenta, dashed lines show the areas used for 2D velocity gradient fitting.
For Sources B and A, the areas are the FWHM sizes. For Source NW we used the whole core.

(few thousand AU) scales. If the velocity gradients are
due to rotation, the significant increase in velocity gra-
dients could suggest that protostellar envelopes rotate
faster when going from large to small scales, consistent
with the conservation of angular momentum.

We also estimated the differences in the orientation
between the 2D velocity gradients and the axis perpen-
dicular to the outflows (∆θ in Table 6). The two axes
are consistent within 20◦, suggesting that the 2D velocity
gradients are nearly perpendicular to the outflow direc-
tions. Velocity gradients perpendicular to outflow direc-
tions are not uncommon: Tobin et al. (2011) reported
12 out of the 14 protostars observed with interferome-
ters have velocity gradients normal to outflows within
45◦, and Yen et al. (2015) found 7 out of 17 observed
protostars have velocity gradients close to perpendicular
to their outflows. The angle between the velocity gradi-
ents and the outflow directions could change as a source

evolves, a scenario proposed by Arce & Sargent (2006).
When complete, MASSES will allow us to fully test this
scenario with an unbiased sample which covers the full
evolutionary spectrum of protostars.

5.2. Velocity Dispersion

Figure 7 shows the 2nd moment map from C18O in-
dicating velocity dispersions (velocity dispersion σ =
FWHM/2.35 if a profile was a Gaussian). For all three
sources, their velocity dispersions appear to increase to-
ward the centers of the sources and peak near the po-
sitions of the continuum peaks (black crosses). We es-
timated the total velocity dispersion of the whole pro-
tostellar core by applying Gaussian fitting to the aver-
aged spectra over the protostellar cores (magenta lines in
Fig. 6). Figure 8 shows the spectra of the three sources
averaged over the areas enclosed by the magenta lines in
Fig. 6. The fitted peak velocities (Vc) and velocity dis-
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Fig. 7.— The 2nd moment map of C18O(2-1) indicating veloc-
ity dispersions. The black crosses are the positions of the dust
continuum sources.

persions (σtot) are listed in Table 6. The total velocity
dispersions are ∼0.66 km s−1, ∼0.71 km s−1, and ∼0.50
km s−1 for Sources B, NW, and A, respectively. These
dispersions have non-thermal and thermal components.

One of the main contributors to non-thermal velocity
dispersions is the shifts in peak velocities, which result in
the observed velocity gradients. To remove this contribu-
tion from the total velocity dispersions, for each source
we estimated the broadening in the dispersions due to
velocity shifts over the whole sources based on the 1D
fit to the velocity gradient: δVR = ∇V1D × R, where R
is the effective radius of the source (Table 5). We then
subtracted δVR from σtot and approximated the veloc-
ity dispersions without contributions from velocity shifts
(σnorot): σ2

norot = σ2
tot − δV 2

R, as δVR has the biggest
contribution to broadening caused by velocity shifts.

Next, we removed the contribution from the thermal

dispersion (σT ): σT =
√

( kT
µmH

), where k is the Boltz-

mann constant, T is the gas kinetic temperature, µ is
the molecular weight of the observed molecular (µ = 30
for C18O), and mH is the mass of molecular hydrogen.
The thermal dispersion is 0.091 km s−1 assuming T =
36 K. The non-thermal velocity dispersions (σNT) after
removing the thermal dispersion (σ2

NT = σ2
norot−σ2

T ) are
0.44 km s−1, 0.62 km s−1, and 0.39 km s−1 for Source
B, NW, and A, respectively. The results of σtot, σnorot,
and σNT are listed in Table 6.

The remaining non-thermal velocity dispersions can
have contributions from motions including turbulence,
infall, outflows close to the source, and unresolved ro-
tation at source centers due to disks. Determining the
exact contribution of each component requires detailed
modeling. Here we assume that the non-thermal compo-
nent of the remaining velocity dispersion is mainly due
to turbulence. As the sound speed is 0.3 km s−1 at 36

K (using a mean molecular weight of 2.8), these non-
thermal dispersions are transonic (Source A) to super-
sonic (Source NW), suggesting that turbulent motions
could provide significant support, even after accounting
for simple rotation.

6. IS SOURCE NW GRAVITATIONALLY BOUND?

Located at the edge of L1448N, Source NW is ∼ 3800
AU projected from Source A (Sect. 3.1), a separation
close to the higher end of the binary separation distri-
bution of protostars (Chen et al. 2013), and therefore
it could be gravitationally unbound to the system. The
gravitational boundness can be approximated by com-
paring the velocity of the source and the escape veloc-

ity. The escape velocity is calculated as Ve =
√

2GMr

r ,

where Mr is the total mass enclosed inside r̊adius r. We
used r = 3900 AU, the distance between Source NW
and the center of Sources B and A. By assuming a uni-
form density, the mass inside the radius is calculated to
be Mr = 4

3πr
3 × µmHn = 1.96 M�, where µ = 2.8 is

the mean molecular weight, mH is the mass of hydrogen,
and n is the mean number density of the L1448N core. A
wide range of number densities from ∼ 3× 105 cm−3 to
4× 106 cm−3 has been estimated/implied from previous
work (Enoch et al. 2006; Kirk et al. 2007; Sadavoy et al.
2010). We assume n ∼ 106 cm−3 based on this range.
The escape velocity is estimated to be ∼ 0.9 km s−1.

Based on the spectral fitting shown in Fig. 8, the peak
velocities in Sources B, A, and NW are 5.1 km s−1,
5.5 km s−1, and 3.7 km s−1, respectively (Table 6). The
velocity difference between Source NW and the average
of Sources B and A is ∼ 1.5 km s−1, larger than the es-
cape velocity. Therefore, Source NW is consistent with
being gravitationally unbound to Sources B and A. This
comparison assumes that the main component in the es-
cape velocity is along the line of sight. Also, the uncer-
tainties from the mean density, the real separation, and
the calculation of Mr have a significant impact on the
estimated escape velocity.

7. PHYSICAL AND KINEMATIC ENVIRONMENTS
VS. MULTIPLICITY

As discussed in Sect. 3.1, L1448N is a system with three
different multiplicities from source to source. Source B
is associated with three fragments, Source NW is associ-
ated with two fragments, and Source A remains single,
at the scales we can examine. Therefore, Sources B and
NW form multiple systems, whereas Source A is a sin-
gle system. Our C18O observations allow us to compare
the environments (including the physical and kinematic
properties) and the multiplicity of the sources.

Multiplicity in each source, assuming caused by frag-
mentation, occurs on a scale of 50-200 AU at the very
center of each source as Figure 1 shows. We caution
that the physical and kinematic conditions that are cur-
rently observed may not necessarily be the initial condi-
tions when fragmentation occurred at the center of each
source. Nevertheless, the conditions at the scale of the
sources (∼ 1000 AU), a larger scale compared to the
scale of fragmentation, could still reflect the initial con-
ditions for fragmentation due to the density differences
at these two scales, which lead to differences in free-fall
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TABLE 6
Kinematic Properties

Source ∇V1Da ∇V2Db θ2D
c ∆θd δVR

e βrotf Vcg σtoth σnoroti σNT
j

(km s−1 pc−1) (◦) (◦) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)

L1448N-B 113.6± 10.0 133.8± 7.2 32± 3 21± 15 0.48± 0.04 0.10± 0.05 5.05± 0.01 0.66± 0.01 0.45± 0.04 0.44± 0.04
L1448N-NW 89.5± 16.5 76.4± 5.3 127± 4 14± 16 0.35± 0.06 0.04± 0.02 3.73± 0.02 0.71± 0.02 0.62± 0.06 0.61± 0.06
L1448N-A 67.5± 10.5 71.5± 7.6 38± 6 14± 12 0.30± 0.05 0.11± 0.14 5.49± 0.01 0.50± 0.01 0.40± 0.05 0.39± 0.05

a Velocity gradients perpendicular to outflow directions.
b Velocity gradients obtained from 2D fitting.
c Directions of velocity gradients from 2D fitting.
d The difference between the directions of ∇V1D and ∇V2D. Uncertainties are obtained based on the uncertainties from both the outflow directions
and θ2D.
e Velocities at effective radius R (Table 5) based on ∇V1D.
f Ratios between rotational energy and gravitational energy, assuming α = 2.
g Peak velocities from spectral fitting (Fig. 8).
h Total velocity dispersions from spectral fitting (Fig. 8).
i Approximated velocity dispersions after subtracting broadening from shifts in peak velocities (σ2

norot = σ2
tot − δV

2
R).

j Non-thermal velocity dispersions (σ2
NT = σ2

norot − σ
2
T ).

time-scales. As the central region in a source has a higher
density compared to the ambient environment in a whole
source, the central region collapses faster in a shorter
free-fall time-scale compared to the whole source. Given
the relatively short collapse time at the central region
most of the initial conditions in the larger source could be
preserved. Therefore, the conditions currently observed
could be reminiscent of the initial conditions that gave
rise to the differing multiplicity in each source in the past.
In addition, we assume that the relative conditions (den-
sities/kinematics/ages) between the three sources are the
same today as they were in the past.

We emphasize that the result is based on small number
statistics; more robust conclusions will be drawn with
the full datasets from MASSES. This study serves as an
illustration of the analysis that will be carried out with
the complete sample from MASSES.

7.1. Mass and Density vs. Multiplicity

First, we compare the gas masses in these three
sources. The correlation between mass and the level of
fragmentation in the early phases of low-mass star forma-
tion, which is expected if gravity dominates the process,
is not yet clear since a few other mechanisms that com-
plicate the correlation, such as turbulence and magnetic
fields, may play critical roles.

Since the gas masses based on the 850 µm continuum
emission are consistent with those based on the C18O
emission, we use the C18O-derived masses for this com-
parison. As Table 5 shows, Source B is 0.24± 0.04 M�,
Source NW is 0.28±0.04 M�, and Source A is 0.09±0.04
M�. The masses of Sources B and NW are comparable
and are significantly larger than Source A, suggesting
that more massive objects are associated with more frag-
mentation than the less massive one.

Next, we compare the densities in the sources as den-
sity may be a more underlying factor than mass given
the dependence between mass and density. We assume
that these sources have uniform densities, which can be
estimated as nc = M/( 4

3πR
3), where M and R are the

masses and effective radii of the sources listed in Ta-
ble 5. The estimated densities of Sources B and NW
are ∼ 1.1×107 cm−3 and ∼ 1.6×107 cm−3, respectively,
larger than that of Source A with ∼ 3.7×106 cm−3. This
suggests that the sources with multiplicity have higher

densities. Assuming that the sources have the same tem-
perature, the Jeans masses are inversely proportional to

the densities (MJ ∝ T 3/2n
−1/2
c ), and the sources with

larger densities have smaller Jeans masses. Therefore,
the sources with higher masses and smaller Jeans masses
would have a higher degree of multiplicity, an outcome
consistent with our observational results. This suggests
that Jeans fragmentation, controlled by gravity assuming
the same thermal support, can be relevant in the frag-
mentation process. A similar conclusion was reached in
the study of massive dense cores at 0.1 pc scale (Palau
et al. 2015) and the study of core mass function in Pipe
Nebula (Lada et al. 2008).

7.2. Velocity Gradient vs. Multiplicity

Next, we compare the velocity gradients in these three
sources. As Table 6 shows, Source B has the largest
velocity gradient, followed by Source NW, and then fol-
lowed by Source A, in both ∇V1D and ∇V2D. This im-
plies that the sources with multiplicity have larger ve-
locity gradients. It also suggests a trend between the
magnitude of the velocity gradients and level of frag-
mentation: Source B, which has the highest number of
fragments, has the largest velocity gradient among the
three sources; Source A, which remains single, has the
smallest velocity gradient.

The velocity gradients are likely due to rotation since
they are nearly perpendicular to the outflows (Fig. 6).
Indeed, Yen et al. (2013) performed radiative transfer
modeling considering infall and rotation with C18O, and
suggested that rotation is the major contribution to ob-
served velocity gradients perpendicular to outflow direc-
tions. Therefore, assuming that the velocity gradients
are due to rotation, ∇V1D would be a better indicator
for rotational velocities than ∇V2D. We caution that the
above modeling considers axial symmetry with axis ra-
tios close to spherical geometry; objects with filamentary
geometries may have major contributions from infall mo-
tions to the observed velocity gradients along the direc-
tion perpendicular to outflows (Tobin et al. 2012a; Lee
et al. 2013; Smith et al. 2011).

We assume that the velocity gradients are due to ro-
tation. The trend between the velocity gradients and
level of fragmentation is more obvious in ∇V1D than in
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∇V2D, suggesting that there is a trend between the rota-
tional velocities and level of fragmentation. Combining
with the result in comparing with the masses, this also
suggests that more massive objects could rotate faster.

7.3. βrot vs. Multiplicity

To investigate whether or not rotation could play a
role in the fragmentation process, we compare the ra-
tio between rotational energy and gravitational energy

(βrot): βrot = 1
3 (R

3Ω2

GM )( 5−2α
5−α ), where R is the radius, Ω

is the angular velocity (assumed to be ∇V1D), M is the
mass of the source (we use the C18O masses listed in Ta-
ble 5), and α is the power-law index in a density profile
(assumed to be 2; Shu 1977). Note that βrot increases
with decreasing α. The ratios for Sources B, NW, and A
are ∼ 0.10, ∼ 0.04, and ∼ 0.11, respectively. Therefore,
we do not observe that the sources with multiplicity are
associated with larger/smaller βrot; nor do we observe a
trend between βrot and the level of fragmentation.

Numerical simulations have shown that a rotating,
magnetized core could fragment with initial βrot > 0.01
(Boss 1999) or βrot ≥ 0.04 (Machida et al. 2005), al-
though βrot is expected to be less than 0.25− 0.3 other-
wise a core would become unstable (e.g., Hayashi et al.
1982; Tohline 1984). All three sources have βrot > 0.04,
consistent with the criteria for fragmentation from the
simulations. However, it is not yet clear if there exists a
correlation between βrot values and the level of fragmen-
tation for rotationally dominant fragmentation. More
numerical simulations investigating the correlation be-
tween βrot and level of fragmentation are needed to have
a better understanding toward the role of rotation in the
fragmentation process.

If we assume uniform density, βrot for Sources B, NW,
and A would be ∼ 0.3, ∼ 0.12, and ∼ 0.33, respec-
tively. The range of the βrot values is larger than the
βrot in dense cores assuming uniform density (0.01-0.1)
from Goodman et al. (1993); Caselli et al. (2002). The
increase in βrot from large scales in dense cores to small
scales in protostars is consistent with equilibrium analy-
sis considering only gravity and rotation, which expects
that βrot increases as a core contracts (Tohline 2002).

Vorobyov (2013) has investigated the dependence of
disk fragmentation on the initial core masses and βrot.
According to this study, our measured βrot values are
consistent with the multiplicity in each source arising
from disk fragmentation if the initial core masses are
larger than ∼ 0.4 M�. The current core masses are
measured to be 0.24 M� (Source B), 0.28 M� (Source
NW), and 0.09 M� (Source A). Given that our measured
masses for Sources B and NW (the two that have frag-
mented) are within less than a factor of two of 0.4 M�,
and the fact that our masses suffer from spatial filtering
and do not include that mass that has already accreted
onto the protostars, our observations are consistent but
do not verify the results in Vorobyov (2013) for disk frag-
mentation.

7.4. Non-Thermal Velocity Dispersion vs. Multiplicity

Finally, we compare non-thermal dispersions in the
three sources. As listed in Table 6, Sources B, NW, and
A have velocity dispersions of ∼ 0.44 km s−1, ∼ 0.61
km s−1, and ∼ 0.39 km s−1, respectively, after account-

ing for simple rotation and thermal broadening. We ob-
serve that Sources B and NW with multiplicity have
larger non-thermal velocity dispersions than Source A
without multiplicity. However, the difference between
Source B and Source A is not significant considering the
uncertainties. In addition, we do not observe a trend
between these non-thermal velocity dispersions and the
level of fragmentation. This lack of trend might suggest
that turbulence may not be the dominant mechanism in
regulating the fragmentation process at this scale (a few
hundred AU), or that turbulence played some role ini-
tially but has decayed quickly at this scale (e.g., Mac
Low 1999).

8. SUMMARY

In this paper we have presented SMA 230 GHz and
345 GHz observations of dust continuum and molecu-
lar lines (C18O (J = 2 → 1), 12CO (J = 2 → 1),
13CO (J = 2 → 1), N2D+ (J = 3 → 2), and HCO+

(J = 4→ 3) toward three protostars in Perseus (L1448N-
B, L1448N-A, and L1448N-NW). These data are part of
the large project “Mass Assembly of Stellar Systems and
their Evolution with the SMA (MASSES)”, which aims
to develop a more complete understanding of the stel-
lar mass assembly process. The observations were per-
formed with both the Extended and Subcompact config-
urations, providing angular resolutions ranging between
0.8′′ (∼ 180 AU) and 4.5′′ (∼ 1000 AU). By comparing
the SMA data with data from the complimentary VAN-
DAM survey at 8 mm with an angular resolution of 15
AU (Tobin et al. 2015b), our study has provided the first
direct, comprehensive investigation on the relation be-
tween multiplicity and core kinematics in low-mass pro-
tostars. The main results from the study are summarized
below.

1. We have detected three dust continuum sources at
both 230 GHz and 345 GHz corresponding to L1448N-B
(Source B), L1448N-NW (Source NW), and L1448N-A
(Source A) in the literature. The projected separation
between Source B and A is ∼ 1600 AU, and that between
Source A and Source NW is ∼ 3800 AU.

2. The VANDAM data have shown that Source B is
associated with three 8 mm objects, Source NW is as-
sociated with two, and Source A remains single. The
projected separations between the 8 mm objects in each
of Sources B and NW range from 50 AU to 200 AU. To-
gether with the three dust continuum sources separated
by a few thousand AU, these results have demonstrated
that L1448N is a system with hierarchical fragmentation
where fragmentation occurs at various spatial scales.

3. Three outflows have been identified in the 12CO
channel maps and each outflow is associated with one
continuum source.

4. All three of the continuum sources have correspond-
ing emission peaks in C18O, 13CO, and HCO+. The
C18O emission peaks coincide well with the three con-
tinuum sources and show extended morphologies around
the continuum sources, suggesting that C18O traces pro-
tostellar envelopes. The 13CO and HCO+ emission show
structures beyond the three continuum sources, which
possibly trace starless fragments, suggesting that L1448N
harbors younger objects in addition to protostars. N2D+

and C18O emission peaks are not well coincided due to
chemical destruction of N2D+.
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Fig. 8.— The C18O spectra of Sources B (left), NW (middle), and A (right). The spectra are averaged over the FWHMs in Sources
B and A (magenta lines in Fig. 6), and over the the whole core in Source NW. Black lines are the observed data, and red lines are the
best-fits from Gaussian fitting.

5. Source NW appears to be gravitationally unbound
to the rest of L1448N as suggested by the analysis of
escape velocity.

6. Based on C18O emission, the masses of three C18O
sources are estimated to be 0.24± 0.04 M�, 0.28± 0.04
M�, and 0.09± 0.04 M�, for Source B, Source NW, and
Source A, respectively. This result suggests that sources
with multiplicity (Sources B and NW) are more massive.

7. The sources with multiplicity have higher densities.
Assuming temperature is the same in all three sources,
this suggests that thermal Jeans fragmentation may be
relevant in the fragmentation process.

8. We have investigated velocity gradients with C18O
based on the directions perpendicular to the outflows and
2D fitting. In both cases, Source B has the largest mag-
nitude, followed by Source NW, and then Source A. The
velocity gradients from 2D fitting are consistent to within
20 degrees of being perpendicular to the outflow direc-
tions. We have observed that the sources with multiplic-
ity have larger velocity gradients than the source with-
out multiplicity. In addition, we have observed a trend
between the velocity gradients and the level of fragmen-
tation.

9. We have investigated the ratios between rotational
and gravitational energy (βrot) in the sources. We have
not observed a difference in βrot between sources with
multiplicity and that without multiplicity; nor have we
observed a trend between βrot and the level of fragmenta-
tion. The role for rotation in the fragmentation process is
not yet clear; more simulations are needed to investigate
the correlation between βrot and the level of fragmenta-
tion.

10. We have investigated the non-thermal velocity dis-
persions of the envelope gas after accounting for simple
rotation and thermal-broadening. Sources with multi-

plicity have larger non-thermal velocity dispersions in
general. However, we do not observe a trend between
the non-thermal velocity dispersions and level of frag-
mentation. These results might suggest that turbulence
may not be the dominating mechanism in regulating the
fragmentation process at this scale (a few hundred AU),
or turbulence could play a role initially but has decayed.

We emphasize that the trends presented in this pa-
per are based merely on three sources and are not sta-
tistically significant. Although small number statistics,
this study serves as the first step toward more statisti-
cally robust conclusions with the complete sample from
MASSES in the future.
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