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ABSTRACT

We use CARMA 3mm continuum and molecular lines (NH2D, N2H+, HCO+, HCN and CS) at ∼1000
au resolution to characterize the structure and kinematics of the envelope surrounding the deeply
embedded first core candidate Per-Bolo 58. The line profile of the observed species shows two distinct
peaks separated by 0.4-0.6 km s−1, most likely arising from two different optically thin velocity
components rather than the product of self-absorption in an optically thick line. The two velocity
components, each with a mass of ∼0.5-0.6 M�, overlap spatially at the position of the continuum
emission, and produce a general gradient along the outflow direction. We investigate whether these
observations are consistent with infall in a turbulent and magnetized envelope. We compare the
morphology and spectra of the N2H+(1-0) with synthetic observations of an MHD simulation that
considers the collapse of an isolated core that is initially perturbed with a turbulent field. The proposed
model matches the data in the production of two velocity components, traced by the isolated hyperfine
line of the N2H+(1-0) spectra and shows a general agreement in morphology and velocity field. We also
use large maps of the region to compare the kinematics of the core with that of the surrounding large-
scale filamentary structure and find that accretion from the large-scale filament could also explain the
complex kinematics exhibited by this young dense core.
Keywords: ISM: individual objects (Per-Bolo 58) - stars: formation - stars: low-mass - stars: protostars

- stars: kinematics and dynamics

1. INTRODUCTION

Low mass protostars form from the gravitational col-
lapse of dense cores inside molecular clouds (Benson &
Myers 1989; Caselli et al. 2002a; Larson 1969; Shu et al.
1987). According to theory, the details of this process
vary with the initial conditions in the core such as the
presence of magnetic fields, rotation, and turbulence. For
instance, magnetic fields affect the infall of material to-
wards the center of the core; the accretion of material
occurs preferentially along the direction of the magnetic

mariajose.maureira@yale.edu, hector.arce@yale.edu

field, which produces a more flattened shape of the dense
material at the center of the core (Mouschovias 1976;
Bate et al. 2014; Li et al. 2014). Also, magnetic fields
play part in the production of outflows before and after
protostar formation (Matsumoto & Hanawa 2011; To-
mida et al. 2013; Machida 2014; Bate et al. 2014; To-
mida et al. 2015). Rotation also contributes to a more
flattened geometry of the dense material (Bate 2010),
and later on to the formation of the circumstellar disk
(Machida & Matsumoto 2011). Turbulence has been
shown to break the symmetry of the collapse. In simula-
tions of turbulent cores, the gas quickly becomes clumpy
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and the infalling gas may flow through dense streams
or narrow channels which can be initially aligned with
the magnetic field (Matsumoto & Hanawa 2011; Smith
et al. 2011, 2012; Seifried et al. 2015). The overall mor-
phology of turbulent cores in simulations is more consis-
tent with prolate, triaxial or filamentary shapes (Offner
et al. 2008a; Smith et al. 2011). If the magnetic field
is weak with respect to the turbulence, the direction of
field lines at 1000 au scales can be different from the ini-
tial field direction at larger scales (Matsumoto & Hanawa
2011). Turbulence can also imprint bulk rotation in the
gas, in which case the rotation axis can be misaligned
with the magnetic field direction. In this last scenario,
more massive disks are allowed to form, as well as out-
flows that are not aligned with the surrounding magnetic
field (Burkert & Bodenheimer 2000; Ciardi & Hennebelle
2010; Matsumoto & Hanawa 2011; Joos et al. 2013; Lee
et al. 2017).

Molecular lines tracing the envelope of young dense
cores provide information on the gas kinematics and thus,
are useful for testing the effects of turbulence, magnetic
field, and rotation in collapsing cores. For instance, a
transition from more turbulent edges to more quiescent
dense regions is expected if cores are formed from tur-
bulent gas (e.g. Offner et al. 2008b). Consistent with
this, single-dish observations show that the non-thermal
linewidths of optically thin tracers like NH3 and N2H+

become coherent and less turbulent towards the denser
regions where one or more cores are located (Goodman
et al. 1998; Pineda et al. 2010; Hacar & Tafalla 2011; Seo
et al. 2015; Friesen et al. 2017).

The kinematics of dense cores, as traced by thin
molecular tracers, also show velocity gradients from
few 0.1 pc to 1000 au scales (Goodman et al. 1993;
Caselli et al. 2002a; Chen et al. 2007; Tobin et al. 2011;
Pineda et al. 2011). Depending on the geometry of
the envelope and the direction of the gradient they are
typically interpreted as produced by rotation and/or
infall. Rotation can produce velocity gradients along
the major-axis of a flattened envelope, perpendicular to
the outflow axis. Some examples of young sources that
show this type of velocity distribution can be found in
Belloche et al. (2002); Tobin et al. (2011); Tanner & Arce
(2011); Yen et al. (2013); Oya et al. (2016); Maureira
et al. (2017). On the other hand, velocity gradients
along the minor-axis of flattened envelopes, viewed close
to edge-on, can arise from infall motions (Torrelles et al.
1995; Ohashi et al. 1999; Caselli et al. 2002b; Yen et al.
2010). In addition, if the envelope is filamentary, as
those produced by simulation that include turbulence,
a velocity gradient along the major-axis can be also
produced by infall rather than rotational motions (Tobin
et al. 2012).

Infall and rotation can also be detected using optically
thick molecular lines such as HCN(1-0), HCO+(1-0)
and CS(2-1). In this case, the shape of the emission
line will depend on changes in the kinetic temperature
and density (excitation temperature) as well as velocity
along the line of sight. A two-peak profile with a more
intense blue-shifted peak (also known as blue asym-
metric profile) is expected to arise from infall motions
in isolated spherically symmetric envelopes in which
the density increases toward the center (Evans 1999;

Figure 1. Herschel 250 µm map of the NGC1333 region in
Perseus. The white arrow indicates the position of the dense core
Per-Bolo 58.

Tomisaka & Tomida 2011). On the other hand, simula-
tions of cores formed from in a turbulent environment
show a more complex picture due to the asymmetries
in density and the disordered velocity field, leading to
highly variable profiles for the same core as seen along
different lines of sight. Smith et al. (2012) simulated
optically thick and thin tracers toward the center of
dense cores embedded in filaments which were in turn
formed out of a turbulent molecular cloud. They showed
that even though the gas motions were dominated by
infall, optically thick tracers can show both blue and red
asymmetries in their double-peak profile, depending on
the inclination and azimuthal angle used for observing
the core. Red-asymmetric profiles appeared in these
turbulent collapsing cores due to either the contribution
of a filamentary envelope or accretion occurring from
only one side.

In this work we present CARMA (Combined Array
for Research in Millimeter-wave Astronomy) molecular
line observations at 1000 au scales of the young dense
core Per-Bolo 58, located North of the NGC1333 cluster
region in Perseus, at a distance of 230 pc (Hirota et al.
2008). Figure 1 shows the location of Per-Bolo 58 in a
250 µm Herschel map which shows that the dense core
is embedded in a large scale filamentary structure. We
study Per-Bolo 58 kinematic using optically thin and
thick tracers (NH2D(11,1-10,1), N2H+(1-0), HCN(1-0),
HCO+(1-0) and CS(2-1)).

Per-Bolo 58 is an ideal source for studying the condi-
tions in which the gas is transported towards the core
center in young sources; the spectral energy distribution
(SED) of this source suggests that the compact source at
the center is not a protostar yet, and corresponds instead
to a theoretical object called a first hydrostatic core (see
below). A first hydrostatic core (a.k.a. FHSC or simply
first core) is a transient object (103 − 104 years) that
reaches quasi-hydrostatic equilibrium at the center of a
dense core before the formation of a protostar (Larson
1969). Unlike protostars, first cores are objects made of
molecular hydrogen, with a size of 1-20 au and a central
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temperature of a few 100 K up to 2000 K. At 2000 K
the molecular hydrogen dissociates and a collapse at
the inner 0.1 au leads to the formation of a protostar
(Larson 1969; Masunaga et al. 1998; Saigo & Tomisaka
2006; Matsumoto & Hanawa 2011; Joos et al. 2012;
Tomida et al. 2013; Bate et al. 2014; Tomida et al. 2015).

Per-Bolo 58 was identified as a first core candidate by
Enoch et al. (2010) based on its SED which shows that
the central source has a very low luminosity (Lint ∼ 0.012
L�), lower than the typical Class 0 object and even Very
Low Luminosity Objects (VeLLOs). Using this same cri-
teria past studies have reported about nine other first
core candidates (e.g. Belloche et al. 2006; Chen et al.
2010; Enoch et al. 2010; Dunham et al. 2011; Pineda
et al. 2011; Chen et al. 2012; Schnee et al. 2012; Pezzuto
et al. 2012; Huang & Hirano 2013; Murillo & Lai 2013).

The central source in Per-Bolo 58 is driving a bipo-
lar outflow, which was detected using SMA CO(2-1)
observations with a resolution of 2.7” (Dunham et al.
2011). The outflow is slow with a characteristic velocity
of 2.9 km s−1 and shows a compact morphology with
a an opening semi-angle of about 8 degrees for both
lobes. This is only partially consistent with several
simulations of outflows launched by first cores, which
are typically low in velocity (. 10 km s−1) but
also poorly collimated (Matsumoto & Hanawa 2011;
Tomida et al. 2013; Machida 2014; Bate et al. 2014;
Tomida et al. 2015). In addition, the dynamical time
inferred from these outflow observations is 104 years,
which is close to the upper limit of the lifetime of
first cores, derived in simulations (Tomida et al. 2010).
Although the outflow morphology and its estimated
lifetime could lead to the straightforward conclusion
that Per-bolo 58 is a protostar (and not a first core),
studies of the outflow launching mechanism in first cores
and very young protostars have shown that outflow
collimation depends on the interplay between rotation
and the strength of the magnetic field (assuming is
initially parallel to the rotation axis), which in some
cases could lead to well-collimated jet-like outflows,
even in first cores (Tomisaka 2002; Price et al. 2012;
Seifried et al. 2012). Also, as pointed out by Dunham
et al. (2011), observations providing shorter baselines
and/or deeper single-dish data could reveal a wider
component in Per-bolo 58’s outflow. Observations
of this source have thus far shown it is very young,
but have not been able to confirm whether it is in the
first core stage or if it is a very young (Class 0) protostar.

The paper is organized as follows: in Section 2, we
describe the observations; in Section 3, we present our
general results; in Section 4, we analyze the kinemat-
ics; and in Section 5, we discuss the origin of Per-bolo
58’s kinematics. We investigate an envelope scale and
a filament scale turbulent scenario. For the former, we
compare our observations with MHD simulations of the
collapse of an isolated turbulent and magnetized core. In
Section 6 we discuss the evolutionary state of this first
core candidate. Section 7 corresponds to the summary
and conclusions.

2. OBSERVATIONS

Per-Bolo 58 was observed with the Combined Array
for Research in Millimeter-wave Astronomy (CARMA)
between April and August 2012, using the two most com-
pact configurations (D and E) which provided baselines
from 8 to 150 m, and thus sensitivity to structures up to
50” (12000 au). The correlator configuration consisted
of seven 8 MHz windows with 319 channels ( ∆v ∼ 0.085
km/s) for spectral lines and two 500 MHz windows for
continuum. The seven narrow windows were centered in
the following molecular transitions: N2H+(1-0), CS(2-1),
HCO+(1-0), HCN(1-0), NH2D(11,1-10,1), SiO(2-1), and
C34S(2-1). The first core candidate L1451-mm (Maureira
et al. 2017) was observed together in the same track with
Per-Bolo 58. Identical calibrations and imaging proce-
dures were applied to both. See (Maureira et al. 2017)
for more details regarding observations and data reduc-
tion.

The synthesized beam size of the maps is ∼ 6”, which
at a distance of the Perseus molecular cloud (230 pc, Hi-
rota et al. 2008) corresponds to 1380 au. Channels were
re-sampled to a resolution of 0.1 km s−1during imaging.
Table 1 lists the array configurations, synthesized beam
and RMS of the final Per-Bolo 58 maps. For reference,
Table 1 also lists the upper-level energy of each transi-
tion along with the effective density, which is the density
at which the integrated intensity of the molecular line
reaches 1 K km s−1.

3. RESULTS

Figure 2 shows Per-Bolo 58 integrated intensity maps
for all the molecules with detected emission along with
the 3mm continuum in white contours. The maps show
a slightly elongated structure with the long axis at a
position angle of ∼ 30◦, this is approximately perpendic-
ular to the outflow direction. In all the observed species,
except for CS(2-1), the continuum emission lies within
the contour representing 80% of the peak emission of
the integrated intensity map. The NH2D(11,1-10,1) and
N2H+(1-0) show a single peak which coincides with the
position of the continuum source. The HCN(1-0) and
HCO+(1-0) show two local maxima with the continuum
peak position in between them. All the molecules show
extended emission toward the North-East. Extended
emission directly south of the continuum source is
observed in all molecular line maps, except for CS(2-1)
where the emission extends towards the South-West.
These emission tails are consistent with the large scale
filamentary emission observed at 250 µm with Herschel
(Figure 1).

Figure 3 shows the spectra of all the molecules, at dif-
ferent offsets from the continuum peak. For N2H+(1-0)
and HCN(1-0) only the isolated and weakest hyperfine
line are shown, respectively. All species, except for
NH2D(11,1-10,1), show two clearly distinct peaks in their
spectra at the continuum peak position, separated by ap-
proximately 0.4-0.6 km s−1. These two velocity compo-
nents can also be seen in Figure 4 which shows position-
velocity maps corresponding to a cut parallel and perpen-
dicular to the outflow lobes direction. We name these two
different peaks in the spectra the blue and red velocity
components.

In most species, these two velocity components are
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Figure 2. Integrated intensity maps of different species toward Per-Bolo 58. The integration velocity range is [7,8.1] km s−1. These
velocity range was chosen to include the main spectral components among the hyperfine line components. Black contours start at 3σ and
increase in steps of 3σ for CS(2-1) and 7σ for the rest. White contours show the 3mm continuum at 2 and 3 σ (see Table 1). The blue and
red arrows show the direction and extent of the blue and red lobe outflow emission in Dunham et al. (2011).

5 6 7 8 9 10
Velocity km s−1

0

2

4

6

Jy
 b

e
a
m
−

1

[-20, -20]
 0

2

4

6

Jy
 b

e
a
m
−

1

[-20, -10]
 0

2

4

6

Jy
 b

e
a
m
−

1

[-20, 0]
 0

2

4

6

Jy
 b

e
a
m
−

1

[-20, 10]
 0

2

4

6

Jy
 b

e
a
m
−

1

[-20, 20]

5 6 7 8 9 10
Velocity km s−1

 

[-10, -20]
 

 

[-10, -10]
 

 

[-10, 0]
 

 

[-10, 10]
 

 

[-10, 20]

5 6 7 8 9 10
Velocity km s−1

 

[0, -20]
 

 

[0, -10]
 

 

[0, 0]

NH2 D

 

 

[0, 10]
 

 

[0, 20]

5 6 7 8 9 10
Velocity km s−1

 

[10, -20]
 

 

[10, -10]
 

 

[10, 0]
 

 

[10, 10]
 

 

[10, 20]

5 6 7 8 9 10
Velocity km s−1

 

[20, -20]
 

 

[20, -10]
 

 
[20, 0]

 
 

[20, 10]
 

 

[20, 20]

N2 H+

HCN

HCO+

CS

Figure 3. Molecular line spectra at different offsets (in arcseconds) from the continuum peak position. The spectra are averaged over a
beam. For the NH2D(11,1-10,1) only the central three hyperfine lines are shown, for the N2H+(1-0) and HCN(1-0) the line that is shown
corresponds to the isolated and weakest hyperfine line, respectively, and therefore these hyperfine are shifted in velocity in this figure. The
blue and red regions correspond to the velocity ranges used for the blue and red integrated intensity maps shown in Figure 5.



5

Table 1
Per-bolo 58 Maps parameters

Map Rest Frequency Eup
a neff (Tk =10)b Array configurations Synthesized beam PA RMS

[GHz] [K] [cm−3] [mJy beam−1]

NH2D(11,1 − 10,1) 85.926263 20.7 - D+E 6”.9 x 5”.9 75◦ 65
N2H+(1 − 0) 93.17340 4.5 1.5 × 104 D+E 6”.3 x 5”.3 81◦ 70
HCN(1 − 0) 88.631846 4.3 8.4 × 103 D+E 6”.6 x 5”.6 79◦ 58
HCO+(1 − 0) 89.18853 4.3 9.5 × 102 D+E 6”.6 x 5”.6 79◦ 64
CS(2 − 1) 97.98095 7.1 2.3 × 104 D+E 6”.1 x 5”.1 72◦ 79
3mm continuum 90.58956 D+E 6”.6 x 5”.6 70◦ 0.5

Note. — The RMS for the molecular lines is measured using channels that are 0.1 km s−1 wide.
a Upper-level energy of the transition.
b Effective excitation density of the transition from Shirley (2015). This is the density which results in a molecular line with an
integrated intensity of 1 K km s−1, assuming a column density of the observed molecule and gas kinetic temperature of log N = 14
and 10 K, respectively. neff for NH2D has not been reported in the literature. For reference, the critical density for this transition

is 7.5× 106 cm−3 (Machin & Roueff 2006). Critical densities are typically 1-2 magnitudes higher than effective densities.
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also observed at positions offset from the center. The
NH2D(11,1-10,1) line is not symmetric (including the
hyperfine lines) and appears to be formed by the
blending of the blue and red velocity components
seen in the N2H+(1-0). Moreover, the peaks of the
isolated hyperfine component of N2H+(1-0) (typically
an optically thin tracer) are not located at the velocity
of the trough seen in the more optically thick lines.
This is true even at several locations away from the
center where instead only one component, blue or red,
is present (e.g. positions at RA offset -20” for blue
component and at [20”,10”] for red component).

Our results indicate that the observed dual peak
spectra are most likely due to two different velocity
components rather than self-absorption and high optical
depth. Spectra with hyperfine structure can be used
for opacity estimations, given that the intensity ratio
between hyperfine components (assuming the same
excitation temperature and width for all hyperfine
lines) depends on the total opacity. Comparing the
intensity ratios, using the more intense peak among
the two velocity components in each hyperfine, results
in estimates of the total line opacity of about 5, 4,
and 9 for NH2D(11,1-10,1), N2H+(1-0), and HCN(1-0),
respectively. We can do a similar analysis by fitting a
single Gaussian to the double peak profile. The total
line opacity estimate obtained this way are about 4, 5,
and 6 for NH2D(11,1-10,1), N2H+(1-0), and HCN(1-0),
respectively. For N2H+(1-0) and HCN(1-0), the opacity
of the isolated and weakest hyperfine components re-
spectively, is about 0.1 of the total line opacity (Ahrens
et al. 2002; Pagani et al. 2009). Hence, these hyperfine
components in these two species (which are shown in
Figure 3) are very likely optically thin or at most (for
HCN(1-0)) moderately optically thick. We note that
although it is possible that the profiles of some of the
common optically thick tracer such as HCO+(1-0) and
CS(2-1) are being affected by opacity, for the reasons
stated above it is difficult to explain all double-peak
profiles observed in this source as being due to high
opacity or self-absorption.

Figure 5 shows integrated intensity maps for the blue
and red velocity components shown in the spectra in Fig-
ure 3. The limit in velocity between the blue and red
integrated intensities was selected to match the position
of the trough between the two peaks at the continuum
position. The lower and upper limits in velocity were
selected by eye so that the integrated intensity can trace
all the positions that show emission. Using these con-
straints we define the blue emission as that arising from
the velocity range between 7.1 and 7.5 km s−1 and the
red emission as that arising from the velocity range 7.6
and 8.1 km s−1. For guidance, a blue and red shaded
area indicates these ranges in Figure 3.

Overall the blue component dominates the emission
toward the East and the red component toward the
West. In the cases in which the total integrated in-
tensity (over all velocities, shown on Figure 2) shows
two peaks (HCN(1-0), HCO+(1-0)), one corresponds to
the peak in the emission of the blue component and
the other to the peak emission of the red component.

For NH2D(11,1-10,1), N2H+(1-0) and HCN(1-0) the blue
emission peaks at and trace more closely the contin-
uum emission. On the other hand, the HCO+(1-0) and
CS(2-1) emission are composed of two structures, which
have less prominent peaks and at positions offset from
the continuum location. Contours tracing high intensity
from the red component are seen towards the North of
the continuum peak in all the molecules. The relative
intensity of the two components changes throughout the
map, as seen in Figure 3. For HCO+(1-0) and CS(2-1)
the emission from the red component dominates at al-
most every position.

4. ANALYSIS

The double-peaked lines of Per-Bolo 58 cannot be well
reproduced by a single Gaussian fit. Thus, to quantify
central velocities and linewidths we fit these spectra with
two Gaussian wherever the line presented a double peak
structure. To disentangle the emission coming from the
blue and red components, we use the integrated inten-
sities defined in section 3 (see also Figure 5). We fit a
Gaussian to the blue (red) component if the integrated
blue (red) intensity is over three times the RMS at that
particular position. Thus, a single Gaussian is fit at po-
sitions were only one integrated emission, blue or red, is
over three times the RMS and two Gaussian are fit at
positions where both, the blue and red integrated emis-
sion are over three times the RMS. The free parameters
in the case of molecular transitions with hyperfine struc-
ture are the central velocity vc of the main hyperfine line,
the linewidth of the lines σ, the total opacity τtot and the
excitation temperature Tex. The linewidth σ is assumed
to be identical for all the hyperfine lines and τtot is the
sum of all the individual hyperfine lines opacities. In the
case of molecular spectra with no hyperfine structure, we
fit the line with a single Gaussian with only vc, σ and
the peak intensity as free parameters. For more details
on the fitting functions and hyperfine frequencies used
see Maureira et al. (2017).

4.1. Kinematics

Figure 6 shows the central velocity in columns 1 and 2
for the blue and red components, columns 3 and 4 show
the ratio σNT /σT between non-thermal and thermal
linewidth for the two different components. The thermal
contribution was calculated as σT =

√
kB × T/m with

a kinetic temperature T= 10 K (taken from Rosolowsky
et al. (2008)) and m is the mass of the observed molecule.
The non-thermal contribution is given by σ2

NT = σ2−σ2
T ,

where σ corresponds to the total linewidth obtained
from the fit to the spectrum. The plot only shows
pixels in which the value of the parameter obtained
from the fit is at least three times its error. Maps for
NH2D(11,1-10,1) are not shown since the blue and red
peak in this molecule were blended, making the veloc-
ity and linewidth of this molecule velocity components
highly uncertain.

4.1.1. Central velocities

Figure 6 shows that the velocity fields of the veloc-
ity components are complex. We identify one observ-
able trend across our molecular line sample. The blue
component shows higher blue-shifted velocities at posi-
tions close to the continuum location. High red-shifted
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velocities can also be seen close to the continuum loca-
tion for the red component, although the highest red-
shifted velocities are seen towards the North-East tail.
This trend towards the center is more clearly seen in the
N2H+(1-0) velocity maps, as well as in the p-v diagram
of this molecule and the NH2D(11,1-10,1) in Figure 4.

We note that if we fit linear velocity gradients to maps
produced by a single Gaussian profile to each spectrum
(i.e., including those with double peak profile) we find
gradients along the minor axis of the elongated core
structure shown in Figure 2 for the NH2D(11,1-10,1),
N2H+(1-0) and HCN(1-0). On the other hand, since
the HCO+(1-0) and CS(2-1) spectra are dominated by
the red velocity component, they show gradients along
the major axis of the elongated structure, similar to Fig-
ure 6.

4.1.2. Linewidths

The linewidths in Figure 6 also show a complex field
for both components, where most of the molecular lines
show several peaks. All molecular lines have non-thermal
linewidths that are less than the H2 molecule thermal
sound speed at T = 10 K, except in some regions in the
HCO+(1-0) and CS(2-1) lines, where the non-thermal
contribution is close to the sound speed (East of the
continuum peak and North-East tail). Interestingly, ex-
tended regions with narrower linewidths are located pref-
erentially on the non-overlapping (or outskirts) of both
components for N2H+(1-0) and HCN(1-0). The non-
thermal linewidths among the red and blue components
are similar for N2H+(1-0), while larger for the red com-
ponent in the HCN(1-0). Similarly, larger non-thermal
linewidths are found in the red rather than the blue com-
ponent for HCO+(1-0) and CS(2-1).

We note that if both velocity components were fit by
a single Gaussian, a broad linewidth region would be
seen at the intersection of both velocity components for
NH2D(11,1-10,1) (Figure 4) and N2H+(1-0) and then, a
trend of decreasing linewidth with distance from the con-
tinuum position. The opposite would be observed for
HCO+(1-0) and CS(2-1), the largest linewidths are typ-
ically located on the outskirts and are traced mainly by
the red velocity component. The latter is produced by
a combination of broad linewidths regions located at the
North-East tail and at locations where the outflow might
be impacting the envelope (see below).

4.1.3. Outflow-envelope interaction

The HCO+(1-0) shows evidence of outflow-envelope in-
teractions in the central velocity and linewidth distribu-
tion. Some regions of high redshifted and blueshifted
velocities are consistent with the direction of the out-
flow lobes. Similarly, relatively large linewidths (&0.17
km s−1) are observed along the direction of the outflow
lobes (see Figure 6), where low-intensity wings towards
high-velocity blue and red velocities, east, and west of
the continuum source, respectively, were detected (see
Figure 3 and 4 for the high-velocity red wing).

4.2. Masses

We calculate the mass of each velocity component
from the N2H+ emission assuming local thermodynamics
equilibrium (LTE) following the procedure in section 4.1
of Maureira et al. (2017). We use a fractional abundance
for N2H+ of 1.5 · 10−9. This value is consistent with
the value reported by Daniel et al. (2013) for the B1b
core which is also in Perseus and contains the FHSC
candidates B1b-N and B1b-S (Pezzuto et al. 2012;
Huang & Hirano 2013; Hirano & Liu 2014). Table 2
lists the resultant LTE masses, as well as the peak
column density and the total N2H+ mass for the blue
and red components. These are calculated using the
emission within half of the FWHM of a 2D Gaussian fit
to the integrated intensity for each component, which
is about 4100 au for both components, centered on
the peak of the 2D Gaussian fit (that is, we do not
include in our mass estimate the emission extending
in a tail-like structure towards the northeast and the
emission extending towards the south seen in many of
the molecular line maps). Both the blue and the red
components have a similar mass of ∼ 0.5− 0.6 M�. The
total mass of the sum of the two components (∼1.1 M�)
is within the range 0.8-2.7 M� given by envelope mass
estimates from dust continuum observations at 1.1mm
and 3mm (Enoch et al. 2006; Hatchell et al. 2007; Enoch
et al. 2010; Schnee et al. 2010).

We can compare, approximately, the gravitational po-
tential energy and kinetic energy of the structures that
give rise to the two different velocity components in the
spectra to test if they are a gravitationally bound system
and thus, likely to be infalling as part of Per-Bolo 58 en-
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Figure 6. Central velocity maps for the blue (column 1) and red (column 2) components using the spectral maps of N2H+(1-0), HCN(1-0),
HCO+(1-0) and CS(2-1). Maps of the ratio of non-thermal to thermal (at 10 K) linewidths for the blue and red components are shown in
columns 3 and 4, respectively. For guidance, red and blue contours trace the integrated intensity of the red and blue components at 10%
(N2H+(1-0), HCN(1-0)) and 30% (HCO+(1-0), CS(2-1)) of the maximum integrated intensity. Black contours follow the velocity from 6.9
to 8.1 km s−1, in steps of 0.04 km s−1for columns 1 and 2 while they follow the linewidth ratio from 1 and increasing in steps of 0.3 for
columns 3 and 4. The black star marks the position of the continuum and the blue and red arrows represent the outflow as in Figure 2.

velope. For calculating the kinetic energy of a component
we assume that the difference in velocity between the two
components along the line of sight ∆vlos ∼ 0.4 km s−1

is representative of the difference between velocities in
the other directions. This difference in velocity is larger
than the sound speed and the local non-thermal velocity
dispersion. The total velocity difference between the two
components is then

√
3∆vlos and the kinetic energy of a

component of massmi is calculated as 1
2mi(

√
3∆vlos/2)2.

Similarly, for the potential energy calculation, we assume
that the separation in the plane of the sky rpos ∼ 2300
au is a good approximation for the separation along the
line of sight. Then, the total separation would be given
by
√

2rpos (Pineda et al. 2015), and the potential energy

of the pair is given by −Gm1m2√
2rpos

. The ratio of the kinetic

to the potential energy for the red and blue component
system is then ∼ 0.8. Hence, these two velocity compo-
nents are consistent with being gravitationally bound at
the envelope scales of few thousands au.

5. ORIGIN OF THE TWO VELOCITY COMPONENTS

In this section we discuss two possible scenarios for the
origin of the two velocity components in the envelope of
Per-bolo 58. In the first scenario the two velocity com-
ponents are produced by infall motions on two sides of

Table 2
Per-Bolo 58 N2H+(1-0) LTE Mass estimates

Component Npeak(N2H+) Mass(N2H+) Total (H2) Mass
[cm−2] M� M�

Blue 7 − 10(×1012) 1.1 − 1.3(×10−9) 0.5 − 0.7
Red 7 − 10(×1012) 0.9 − 1.1(×10−9) 0.4 − 0.6

Note. — The lower and upper limits in each case correspond to the
estimate made with Gaussian fits that assumed a fixed excitation temper-
ature of 10 K and 6 K, respectively. These masses are calculated within a
radius of 4100 au of the center of the blue and red integrated intensity. We
use a fractional abundance for the N2H+ of 2 · 10−9. A distance of 230 pc
was assumed.

an inhomogeneous and flattened envelope. In the second
scenario, the two velocity components are a consequence
of accretion from large scale filamentary structures at
different velocities.

5.1. Turbulence at the core scale

Given the morphology and velocity structure of the
emission associated with the two components, one
interpretation is that they are the product of infall in
a flattened and inhomogeneous envelope. If we were to
view a system closer to edge-on rather than pole-on,
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then the infall in an envelope with some degree of
flattening would appeared as a velocity gradient where
the blue-shifted velocities appear on the side of the blue
outflow lobe and the red-shifted velocities on the side
of the red outflow lobe, as seen in our molecular line
maps of Per-Bolo 58. If the distribution of the gas in
this envelope is inhomogeneous, then the overlapping
region between the red-shifted side and the blue-shifted
side of the envelope can be detected as two optically
thin velocity components, instead of one optically thick
emission line with two peaks as expected in a more
symmetric collapse (Tomisaka & Tomida 2011). This
is what it appears we are seeing in Per-Bolo 58. Such
envelope structure can arise from the collapse of a
magnetized, initially perturbed core. Turbulence affects
the structure of the envelope by making the gas more
clumpy and filamentary (Offner et al. 2008a; Smith
et al. 2011; Seifried et al. 2015). Magnetic fields produce
the flattening of the envelope with time since they give
a preferential direction for the infall along the magnetic
field lines.

In order to test this hypothesis, we analyze a magneto-
hydrodynamic (MHD) simulation of an isolated 4 M�
collapsing core where the initial conditions include an or-
dered magnetic field and a turbulent velocity field. This
core mass is close to the estimated range for Per-Bolo 58
of 1-3 M� (Enoch et al. 2006; Hatchell et al. 2007; Enoch
et al. 2010; Schnee et al. 2010) and thus the simulation
can be used to compare general kinematic properties.

5.1.1. Description of the simulation

The simulation begins with a uniform density sphere
of 10 K gas with a radius of 0.065 pc and mass 4 M�
(ρ = 2.4 · 10−19 g cm−3). The core is threaded by a
magnetic field in the z direction with a normalized mass-
to-flux ratio of 2.5. At t = 0, the gas velocities in the
core are perturbed with a turbulent random field that
has a flatpower spectrum over wavenumbers k =1-2. The
initial gas velocity dispersion is 0.52 km s−1, which cor-
responds to a viral parameter of 2. Once set in motion,
the initial turbulence decays and no additional energy
injection occurs.

We note that in our observations the N2H+ does not
seem to be affected by freeze-out or outflow motions, un-
like the more optically thick tracers in our sample, such
as HCO+ and CS. Given that our simulation does not
include outflow motions or freeze-out chemistry, we only
use the N2H+ to compare with the observations. We pro-
duce N2H+(1-0) maps for several different views at times
∼0.13-0.16 Myr. These times coincide with the main col-
lapse phase and extend until just after the formation of
a protostar. We use the radiative transfer code radmc-
3d1 to calculate the N2H+(1-0) emission. We use the ex-
citation and collisional data from the Leiden atomic and
molecular database and include the hyperfine structure
(Schöier et al. 2005). We perform the radiative transfer
using the non-LTE Large Velocity Gradient approxima-
tion (Shetty et al. 2011). We first flatten the adaptive
mesh refinement data to a fixed 2563 resolution for re-
gions with sizes of 0.065 pc (∆x =52 au). To convert

1 http://www.ita.uni-heidelberg.de/~dullemond/software/
radmc-3d/

the simulation mass densities into N2H+ densities, we
adopt an abundance of 10−10 N2H+ per H2. This value
is lower than what we expect for Per-Bolo 58 given the
comparison between the N2H+(1-0) mass in section 4.2
and dust mass from Enoch et al. (2010) and Schnee et al.
(2010), however, this does not affect our comparison of
the kinematics and morphology of Per-Bolo 58 and the
simulation. We set the abundance to zero for gas with
temperatures above 800 K to exclude the warm ambient
medium surrounding the core. To account for small-scale
turbulence below the simulation grid scale, we include a
turbulent broadening of 0.02 kms−1, which is obtained
from the linewidth-size relation at the grid resolution
(McKee & Ostriker 2007). Each emission cube was cen-
tered at 93.176 GHz. The velocity channels span ±12
kms−1 and have a width of 0.09 kms−1. More details of
the simulations can be found in Dunham et al. (2016),
Offner et al. (2016) and Offner & Chaban (2017).

5.1.2. Overview of the Collapse in the Simulation

Here we will briefly describe the collapse in the simu-
lations at ∼ 1000 au scales. As collapse begins, turbu-
lence creates slight over densities in the dense gas and
some mixing occurs between the core and low-density
gas. Over time, the core becomes asymmetric and cen-
trally condensed. At around ∼0.13 Myr it becomes ap-
parent that gas moving towards the center is doing so
mainly in a direction aligned with the magnetic field and
that the gas at the center is contracting also preferen-
tially along the magnetic field. Figure 7 shows column
density maps for the core viewed edge-on, at different
time steps. The initial magnetic field in these figures is
along the horizontal direction. At ∼0.15 Myr (Figure 7
right panel) the dense structure formed at the center is
highly flattened along the magnetic field direction, such
that it looks filamentary when viewed perpendicular to
the magnetic field. The envelope of infalling gas sur-
rounding this structure shows an irregular morphology.

5.1.3. Synthetic Observations

We analyze the simulation data cube at two different
time steps, 0.13 Myr and 0.15 Myr, and at two different
inclinations, perpendicular to the magnetic field (edge-
on) and along the magnetic field (pole-on). The 0.13 Myr
time step corresponds to a prestellar stage, while the 0.15
Myr output models the gas distribution expected just af-
ter the time of first core formation. The sink particle in
the later case has a mass of 0.016 M�. We first study
the spectra of these cubes to see if they show two velocity
components along the line of sight. Two velocity compo-
nents along the line of sight are visible for the two differ-
ent time steps and for the two different views. In order
to make the comparison with the observations we first re-
sampled the velocity channels of the simulation cubes to
match the observation resolution, and shifted the spec-
trum at the center of the map so the main component of
the N2H+(1-0) spectrum is at the same velocity as the
main component in Per-Bolo 58 at the continuum peak
position. We also matched the position of the Per-Bolo
58 continuum source with the coordinates of the center
of the core in the simulation and assumed that the sim-
ulated core is observed at the same distance as Per-Bolo
58 (∼ 230 pc). Then, using the MIRIAD task uvmodel,
we generated visibilities for the simulated cubes using

http://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/
http://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/
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Figure 7. Simulation column density maps for the core at 3 different times, viewed edge-on. The sink particle location, after it forms, is
marked on the right-most panel. The magnetic field is mainly along the horizontal direction.
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Figure 8. N2H+(1-0) spectra at different offsets (in arcseconds)
from the continuum peak position (Per-Bolo 58, black) and center
position (simulations, green). The simulated spectra correspond
to the edge-on view data cube in Figure 7 where the light and
dark green color correspond to the time steps 0.13 and 0.15 Myr,
respectively.

the uv-sampling of the observed Per-Bolo 58 N2H+(1-0)
data. Finally, we generated the synthetic cleaned cubes
by applying the same imaging procedures as for the ob-
served N2H+(1-0) cube. The two velocity components
remained detectable in the synthetic cubes.

5.1.4. Comparison with observations

Figure 8 shows N2H+(1-0) spectra at different posi-
tions and at two different time steps in the simulation
viewed edge-on along with the spectra from the CARMA
observations of Per-Bolo 58. The two different time
steps show two velocity components (although some-
times they are blended due to the limited resolution)
in some locations. In other locations the simulation
shows spectra with one dominant (blue or red) spectral
component, similar to the observed N2H+(1-0) spectral
map of Per-Bolo 58.

Figure 9 shows the N2H+(1-0) integrated intensity
map for the blue and red velocity components for these
same simulation outputs and for Per-Bolo 58. We
selected the ranges for integration following the same
procedure described for the observations (see Section 3).
Similar to the observations, the two velocity components

show spatial overlap. The blue and red integrated
intensity peaks are close to each other in both of the
simulation time steps in Figure 9, resembling most of
the emission distribution seen for both components in
most of the observed molecular line maps (see Figure 5).
The more compact contours in the simulation follow
the elongated dense structure that forms during the
collapse. This structure is perpendicular to the direction
of the magnetic field. The later stage shows a more
compact integrated emission in both components in
comparison with both our observations and the earlier
simulation output. This is a result of the evolution of
the denser regions in the envelope, which become more
flattened with time. Thus, morphologically Per-Bolo
58 N2H+(1-0) emission agrees better with the earlier
evolutionary stages in the simulations (i.e., t ∼ 0.13
Myr) and/or with a system viewed close to, but not
exactly, edge-on. Dunham et al. (2011) concluded using
the outflow morphology that extreme edge-on or pole-on
inclinations are ruled out, and thus, an inclination dif-
ferent from exactly edge-on is expected. Given the close
spatial overlap between the blue and red components
(see Figure 9), inclinations closer to edge-on rather
than pole-on are in better agreement with Per-Bolo 58.
Indeed, the same simulation viewed pole-on shows little
spatial overlap between the components, as expected if
the emission arises from a flattened infalling envelope.
Similarly, as mentioned in Section 5, a velocity gradient
where the blue-shifted velocities appear on the side of
the blue outflow lobe and the red-shifted velocities on
the side of the red outflow lobe is also consistent with a
system that is close to edge-on.

Figure 10 shows N2H+(1-0) maps of velocity and non-
thermal over thermal linewidth ratio for the view and
time steps previously shown. We also show Per-Bolo 58
for comparison.

The collapse at 0.13 Myr shows a more complex and
disordered velocity field than the collapse at 0.15 Myr.
In comparison, the velocity field in Per-Bolo 58 shows
less sub-structure than the simulated collapse at both
stages. The absolute velocity difference between the
blue- and red-shifted velocities increase from the early to
the later simulation. This can also be seen in Figure 11
which compares p-v diagrams of the simulated collapse
at both time steps with Per-Bolo 58 observations. The
later stage shows a concentration of blue-shifted and
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Figure 9. Simulations and Per-Bolo 58 integrated intensity maps for the blue and red peak in the spectra of N2H+(1-0). The simulation
corresponds to synthetic observations made with the same uv-sampling as the observed source. The view of the simulations is edge-on.
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Figure 10. Simulation and Per-Bolo 58 central velocity (left) and linewidth (right) maps for the blue and red peak in the spectra of
N2H+(1-0). Values in these maps were obtained from a double Gaussian fit. Contours for the velocity maps are drawn from 7.1 km s−1,
increasing in steps of 0.05 km s−1. Contours for the non-thermal over thermal linewidth ratio maps are drawn from 1, increasing in steps
of 0.5. The blue and red arrows represent the outflow as in Figure 2.

red-shifted velocities close to the center, which results
from the turbulent conditions of the gas in the envelope.
This velocity distribution is similar to what is seen in
Figure 6 for Per-Bolo 58.

A mix of both narrow and broad linewidths are present
in both, the simulation and observations. However,
linewidths are higher in the simulation at both stages,
as compared to observations. The non-thermal contri-
bution is up to ∼3 and ∼4 times the thermal one for
the simulation at 0.13 and 0.15 Myr, respectively2. Al-
though, the non-thermal contribution is also up to ∼ 3

2 The value of the non-thermal linewidth for the simulation at
0.15 Myr is 1.5 to 2 times the sounds speed at 10K.

times the thermal one for observations, the regions that
show these large linewidths are not as extended in Per-
Bolo 58 as in the 0.13 Myr old simulation. We note
however, that the extended regions of broad linewidths
in the simulations are in several cases a product of the
blending of the two velocity components, in which case
the double Gaussian fitting can give uncertain results.
For instance, the fit can be equally good if one velocity
components is fit significantly wider than the other or if
the two velocity components are fit with similar narrower
linewidths. Thus, the comparison between the blue and
red components linewidths is somewhat uncertain in the
case where the lines from the two components blend.

The linewidths of the simulations would probably agree
more with those observed for Per-bolo 58 if for example
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Figure 11. N2H+(1-0) position velocity maps for the simulations
at 0.13 and 0.15 Myr. For comparison, Per-Bolo 58 position veloc-
ity maps for N2H+(1-0) are also shown. For the simulations, the
top and bottom panels are cut perpendicular and parallel to the
B-field direction, respectively. For the observations the top and
bottom row correspond to a cut in a direction perpendicular and
parallel to the outflow lobes direction, respectively. Black contours
were drawn from 20 to 90 % (in steps of 10%) of the maximum
intensity value in each case. Black dashed contours mark regions
of negative 3 sigma values in the observations.

the initial turbulence in the simulation had a smaller
amplitude (which would be expected in a less massive
core such as Per-Bolo 58) and/or the simulated core were
viewed at an inclination different from exactly edge-on.
Indeed, when viewed pole-on, the same simulations show
smaller linewidths. This implies that asymmetric infall
in the simulations contributes to the the non-thermal
linewidth, which increases with inclinations approaching
edge-on.

5.1.5. Comparison with other sources

A model with a flattened and infalling envelope has
also been proposed for the prestellar source L1544, for
which molecular line profiles similar to Per-bolo 58 have
been reported. Tafalla et al. (1998) and Caselli et al.
(2002b) studied the prestellar core L1544 and found
that N2H+(1-0) as well as the low abundance species
D13CO+(2-1), HC17O+(1-0) and C34S(2-1) show two ve-
locity components. Caselli et al. (2002b) compared the
N2H+(1-0) line profiles of L1544 with a contracting disk-
like structure (seen close to edge-on), where the infall
occurs in the mid-plane direction but without the inclu-
sion of initial turbulence. They were able to produce
double-peaked profiles only when a central hole of about
2000 au was included in the model (which can be a way
to model depletion). Without this central hole, thermal
broadening (at a temperature of 10 K) erases the double
peak profile produced by the blue-shifted and red-shifted
side of the structure at all positions except towards the
center of the core. Unlike, L1544, our observations do not
suggest N2H+(1-0) depletion in Per-Bolo 58, as the peak
of the N2H+(1-0) integrated intensity coincides with the
continuum location (see Figure 2). We were able to re-
produce the double peak profile, without including de-
pletion, due to the inhomogeneity in the gas created by
the turbulence. We note that both the preferred model

to explain the two peaks in the profile of optically thin
tracers in L1544 and the one discussed above for Per-bolo
58, require an irregular or discontinuous distribution of
the infalling gas (rather than a contiguous and spheri-
cally symmetric one).

5.2. Accretion from large scale filament

Per-bolo 58 is located within a relatively large (∼6’
or ∼0.4 pc long) filamentary structure that extends in
a northeast-southwest direction (see Figure 1). It is
possible that the velocity structure seen in the envelope
(at scales of ∼1000 au) are the result of motions at the
filament scale. For instance, the core could be accreting
material from the filament as seen in simulations of cores
formed in turbulent molecular clouds (Smith et al. 2011).

To further investigate the large scale kinematics of
the gas in which Per-bolo 58 is embedded, we examined
single-dish C18O(1-0) observations published by Ridge
et al. (2003) of the northern region of NGC1333, around
the location of Per-Bolo 58. Figure 12 shows the
distribution of the C18O(1-0) emission around Per-bolo
58 in two velocity ranges 7.2-7.4 km s−1 and 7.8-8.0
km s−1, consistent with the velocities of the blue and
red velocity components in Figure 5. We also show the
distribution of the N2H+(1-0) emission presented in this
work. The yellow line follows the filamentary structure
around Per-bolo 58 and indicates the cut that we use for
the C18O(1-0) and N2H+(1-0) position-velocity diagram
in Figure 13. The C18O(1-0) p-v diagram shows a single
velocity peak in the emission for all positions and a
velocity gradient along the filament. At the position of
Per-bolo 58 the C18O(1-0) line peaks at velocities more
consistent with the blue velocity component defined in
this work, while towards the North-East the C18O(1-0)
line peaks at velocities close to the red velocity com-
ponent. This gradient in velocity is also seen at the
filament scale in the NH3(1,1) observations by Friesen
et al. (2017) and in the N2H+(1-0) maps obtained by
Hacar et al. (2017). Interestingly, Hacar et al. (2017)
also identified a filamentary structure with a coherent
velocity of 7.4 km s−1(a.k.a. fiber, Hacar & Tafalla
2011) passing through the position of Per-bolo 58, and
that traces the filamentary emission in the Herschel
250 µm dust map, towards the North-East and South
of Per-bolo 58 (see Figure 12). At a distance of ∼ 10”
to the North-East of Per-bolo 58, following the same
filamentary structures traced by Herschel, Hacar et al.
(2017) identified a second fiber at a coherent velocity
of 7.8 km s−1. These two fiber velocities coincide
with the typical velocities of the blue and red velocity
components discussed here and found at the envelope
scales in this work. It is possible that, due to the close
separation in velocity of the two velocity components,
the automatic algorithm that Hacar et al. (2017)
used to fit individual components to the spectra did not
detect the two components at the location of Per-bolo 58.

Given the velocity structure of the gas surrounding
Per-bolo 58 at scales > 0.1 pc, it seems possible that
the two velocity components at small (∼ 1000 au) scales
arise from the gas kinematic structure already present at
the large scale, i.e from the two filamentary structures,
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Figure 12. C18O(1-0) and N2H+(1-0) integrated intensity con-
tours over Herschel 250µm map. The C18O(1-0) integrated inten-
sity is separated in two velocity bins to better show the distribution
of the emission; blue contours show emission in the range 7.2-7.4
km s−1, while red contours show emission in the range 7.8-8.0
km s−1. White contours show integrated intensity of the CARMA
N2H+(1-0) emission from Figure 2. Blue and red contours start
at 5σ and increase in steps of 5σ. White contours start at 3σ and
increase in steps of 5σ. The yellow line shows show the cut for the
position-velocity map in Figure 13.
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Figure 13. C18O(1-0) position velocity map along the filamen-
tary emission passing through Per-bolo 58 (see yellow line in Fig-
ure 12). Red contours correspond to the position velocity map of
the N2H+(1-0) emission along the same direction. The spectra at
each position in the C18O(1-0) p-v diagram is averaged over 75”
(i.e., the cut is three pixels wide). For the N2H+(1-0) p-v diagram
the cut is averaged over the size of the synthesized beam (i.e., 3
pixels). The zero offset corresponds to the continuum peak posi-
tion of Per-bolo 58. Black contours start at 2.5σ and increase in
steps of 4σ. Red contours start at 2.5σ and increase in steps of
1.5σ.

or fibers, at slightly different velocity. We note that it is
unlikely that the core formed due to the collision of these
two filamentary structures since they both show sub-
sonic non-thermal linewidths and the average velocity
along these fibers has a dispersion 60.1 km s−1(Hacar
et al. 2017). Instead, a more plausible scenario is that
the core slowly accreted from the filaments (or fibers)
with slightly different velocities.

6. EVOLUTIONARY STATE

One of the goals of this study was to try to deter-
mine the evolutionary state of the first core candidate
Per-bolo 58, and assess whether this source is a bona
fide first core or a very young protostar. Although we
find a general agreement regarding the morphology and
velocity field of Per-Bolo 58 with the simulation time
steps shown here (which are during the main collapse
phase, right before and right after the formation of the
first core in the simulations), this does not necessarily
indicate that Per-bolo 58 is in the first core stage.
Similar simulations using a lower resolution also show
two velocity components well after protostar formation.
Moreover, if the two components are the product of
filamentary accretion then, the evolution might be
different from the one observed in our simulations.
Thus, the appearance of two velocity components is not
sufficient for constraining the evolutionary state of this
source.

Yet, we can set constrains on the evolutionary status
of Per-Bolo 58 by comparing it to other sources at known
evolutionary stages, where two velocity components have
also been detected. Tobin et al. (2011) studied a sam-
ple of Class 0 protostars using N2H+(1-0), with a res-
olution comparable to that of our observations. They
reported one Class 0 protostar, RNO43, in which two
velocity components overlap at the center of the core,
producing a gradient in velocity somewhat aligned with
the outflow direction, as in the case of Per-Bolo 58. There
are differences between RNO43 and Per-Bolo 58 that
could point towards a younger evolutionary state for the
latter. The N2H+(1-0) emission from RNO43 does not
peak at the position of the protostar, which seats close to
the edge of the N2H+(1-0) emission. In comparison, the
N2H+(1-0) total integrated intensity peaks close to the
continuum emission in Per-Bolo 58. Furthermore, the
distribution of N2H+(1-0) in Per-Bolo 58 is more similar
to the previously discussed prestellar core L1544, where
the N2H+(1-0) is stronger towards the core center; a sign
of a young evolutionary state. When a protostar evolves
the temperature of the gas in the inner envelope rises
over 20 K at which point the CO that has been locked
in the ice mantles of dust grains is released back to the
gas phase. The CO reacts with the N2H+ to form HCO+

(Lee et al. 2004). This produces a drop in the abundance
of N2H+ that is observed as a hole, substantial decrease
or plateau in the N2H+ emission towards the protostar
position, as seen in high-resolution observations of sev-
eral Class 0 sources (Tobin et al. 2011; Anderl et al.
2016).

Similarly, the linewidth (as fit with a single Gaussian)
of the N2H+(1-0) emission in Per-Bolo 58 near the
continuum peak is is in between the value observed for
the prestellar source L1544 and the protostellar source
RNO43. Although there is overlap in the N2H+(1-0)
linewidths of prestellar and protostellar sources, there
is a trend of smaller linewidths for sources at an earlier
evolutionary state (Hsieh et al. 2015).

In addition, unlike Per-Bolo 58, the HCO+(1-0) p-v
map of RNO43 shown in Tobin et al. (2011) is consistent
with a rotating infalling envelope or Keplerian rotation.
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The HCO+(1-0) in RNO43 shows clear high-velocity
emission tails towards the center of the core, that extend
out to about 1 km s−1 from the central velocity. Such
velocity structure is not seen in the HCO+(1-0) p-v
map of Per-Bolo 58 (Figure 4). Given that these two
cores have similar masses, within the uncertainties, the
kinematics of the dense gas around these sources suggest
that the central object in Per-Bolo 58 has lower mass,
and thus younger than the one in RNO43.

In Maureira et al. (2017) we studied the first core can-
didate L1451-mm using the same molecular lines and res-
olution. In contrast to Per-bolo 58, L1451-mm is located
in a much more quiescent region of the Perseus molecular
cloud complex compared to NGC1333. Also, the L1451-
mm core, unlike Per-bolo 58, is at the edge of what seems
a filamentary curved structure with a length of ∼0.2 pc
(Storm et al. 2016). At the envelope scales we studied
(.5000 au), L1451-mm shows a single peak profile in all
the observed molecular lines; a double peak profile in the
N2H+(1-0) is only seen towards the continuum location,
consistent with this line being optically thick at this po-
sition. A gradient close to perpendicular to the outflow
emission was observed in NH2D(11,1-10,1). The velocity
structure of L1451-mm was interpreted as arising from
rotation with infall around a central source of mass .0.06
M� (Maureira et al. 2017). Although both sources have
similar low internal luminosities— 0.012 L� for Per-bolo
58 (Enoch et al. 2010), and .0.016 L� for L1451-mm
(Pineda et al. 2011)— their kinematics at 1000 au scales
are different, which could be indicative of different initial
conditions of the gas at the core scales and/or different
large scale environments, rather than significantly differ-
ent evolutionary states. For instance, both sources show
similar N2H+(1-0) non-thermal linewidths, which are not
observed to be produced by outflow motions and thus
likely to be produced by infall, which typically dominates
over rotation at these scales. Since infall is expected to
increase with the mass of the central object, comparable
non-thermal linewidths suggest comparable evolutionary
states.

Different initial conditions could also explain why
the observed outflows in these sources show contrasting
morphologies, despite having similar low characteristic
velocities (. 3 km s−1). L1451-mm’s outflow is not
collimated as in the case of Per-Bolo 58; the red and
blue lobes in L1451-mm are unresolved with a beam size
of ∼300 au (Pineda et al. 2011), while Per-bolo 58 red
and blue lobes extend up to ∼6000 au (Dunham et al.
2011). Although the outflow and envelope kinematics of
L1451-mm is more consistent with simulations of first
cores formed from the collapse of an isolated core, we
can not rule-out that Per-bolo 58 is at a similar evolu-
tionary state. For instance, better outflow collimation
can be achieved in simulations if the initial conditions
of rotation and magnetic field strength lead to larger
magnitudes of the toroidal component of the magnetic
field (Tomisaka 2002; Seifried et al. 2012).

A future study that compares L1451-mm and Per-bolo
58 observations with models that include chemical evo-
lution could help to further distinguish the evolutionary
state of these sources. For instance, both L1451-mm and
Per-bolo 58 show integrated emission of NH2D(11,1-10,1),

N2H+(1-0), HCN(1-0), and HCO+(1-0) peaking at the
continuum location. On the other hand the CS(2-1) in-
tegrated emission peaks at the continuum location only
for L1451-mm; for Per-bolo 58 the emission decreases to-
wards the continuum. This suggests CS(2-1) depletion
in Per-bolo 58. Given that the abundance of CS(2-1) is
expected to decrease with increasing density during the
collapse, and then increase again once the protostar is
formed (Lee et al. 2004), the qualitative difference in the
distribution of the CS(2-1) emission between these two
sources could help explain further constrain the relative
evolutionary states of these two first core candidates.

7. SUMMARY

We present 3mm continuum and molecular line maps
of NH2D(11,1-10,1), N2H+(1-0), HCN(1-0), HCO+(1-0)
and CS(2-1) with a resolution of 1000 au of the first hy-
drostatic core candidate Per-Bolo 58. Our results and
conclusions can be summarized as follows.

1. The line profile of the observed species is com-
posed of two distinct peaks at several locations
across the core, separated by 0.4-0.6 km s−1.
These two peaks are consistent with two differ-
ent optically thin velocity components rather than
the product of self-absorption and high optical
depth. The blue velocity component dominates
the integrated emission around and at the con-
tinuum emission for NH2D(11,1-10,1), N2H+(1-0)
and HCN(1-0), while the red velocity component
dominates the overall core integrated emission for
HCO+(1-0) and CS(2-1). The estimated mass of
the blue and red velocity components, calculated
using the N2H+(1-0) emission under LTE condi-
tions, is about 0.6 and 0.5 M�, respectively.

2. The velocity gradient produced by the transition
from the blue to the red velocity component is
better aligned with the outflow lobes and the mi-
nor axis of the elongated envelope structure, as
expected from an approximately edge-on system
with an infalling flattened envelope. Both veloc-
ity components appear faster at positions near the
continuum peak, but they are also high along ex-
tended emission tails. The non-thermal linewidths
around the continuum emission are subsonic, with
N2H+(1-0) showing the narrowest profiles. The
red velocity component shows larger non-thermal
linewidth, as compared with the blue velocity com-
ponent.

3. We compared the morphology and spectra of the
N2H+(1-0) with synthetic observations from a
MHD simulation that considers the collapse of an
isolated magnetized core that is initially perturbed
with a turbulent field. We showed synthetic ob-
servations from an edge-on view at 0.13 Myr and
0.15 Myr from the start of the collapse, and in both
cases, the line profiles were composed of two veloc-
ity components, with an emission distribution qual-
itatively consistent with that of Per-Bolo 58. We
conclude that two velocities components can arise
in envelopes that have asymmetries in the gas dis-
tribution, which in our simulations are produced by
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turbulence. Thus, we argue that a turbulent and
magnetized collapse is a viable explanation for the
observed features of this core.

4. We also discuss the scenario in which the asymme-
tries in the gas at 1000 au scales are a product of
large scale (& 0.1 pc) filamentary accretion. The
N2H+(1-0) emission shown here is embedded in a
large scale C18O(1-0) filamentary structure along
the NE-SW direction, whose velocity towards the
NE and SW are consistent with the red velocity
and blue components discussed here at the core
scales, respectively. Similarly, Per-bolo 58 is close
to a region where two large-scale filamentary struc-
tures, with velocities that are consistent with the
blue and red velocity components, intersect (Hacar
et al. 2017). Thus, it is also possible that the two
velocity components arise due to accretion from fil-
ament scales.

5. As compared with the prestellar source L1544
(Caselli et al. 2002b) and the Class 0 source RNO43
(Tobin et al. 2011) in which two velocity compo-
nents are also detected, Per-Bolo 58 seems to be at
an evolutionary stage between that of L1544 and
RNO43 based on the distribution of the N2H+(1-0)
and the kinematics of the HCO+(1-0). The kine-
matics of Per-bolo 58 are significantly different
from that of the previously studied first core can-
didate L1451-mm, although both are consistent
with a young evolutionary state. These differ-
ences, along with their different outflow morpholo-
gies could be due to different initial and/or envi-
ronmental conditions in these cores.
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