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Introduction

Expected phenomena
First protostellar core  
Compact outflow
Fragmentation of dense gas

Quest for the moment of the star formation 

Revealing processes
Adiabatic core formation
Initial mass function
Multiple star formation

Dense Core Protostar

?

e.g., Larson69, Shu77,Masunaga+98, 
Matsumoto+03,Machida+08,Tomida+13…

Size : 103 ~ 101 (AU)
Density : >107-11 (cm-3)

Isothermal Adiabatic



1. Molecular clouds(Mizuno et al. 1995)
2. Filamentary clouds(Onishi et al. 1996)

3. Prestellar cores (○) in H13CO+

(Onishi et al. 2002)
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Telescope/Tracer 
Nagoya 4m/13CO: ~103 cm-3

Nagoya 4m/C18O: ~104 cm-3

Nobeyama 45m/H13CO+:~105 cm-3

月の大きさ
(見かけ)

H13CO+ core

10 pc

Introduction : Searching for prestellar cores

Core number ~50 =>  statistically derived lifetime ~(3-4) x 105 yr



Log(n(H2)) (cm-3)

Statistical studies based on unbiased survey of molecular clouds

Introduc+on ~early single-dish observa8ons~

Earlier studies based on line/dust con8nuum obs.
・Colum density threshold for star formaPon (~7-8x1021 cm-2)
・Core lifePme => a few x  free-fall Pmescale (n~104-5 cm-3)
・Core mass spectrum ∝ the stellar iniPal mass funcPon (IMF) 
e.g.,  MoBe & Andre+98, Jessop & Ward-Thompson 00, Kirk+05, Onishi+98,02, Ward-Thompson+07, Könyves+15 
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Core Life Ume 
(Ward-Thompson+07)

Core mass function (Onishi+02)

Free-fall time



Difficulties of interferometric observations toward prestellar
cores in nearby (~140 pc) low-mass star-forming regions*

・Spatially extended structures => filtered out
・Low-column density                 => weak emission in line/continuum
・Lifetime ∝ √n-1 (gas density) => Lack of high-density cores

We need to observe many target to 
・perform staPsPcal studies 
・search for rare objects 

*Especially, e.g., Taurus, Lupus, Chamaeleon, parUally applicable to Perseus and ρ-Oph

Key requirements
・Wide-spaPal frequency coverage
・High-sensiPvity 
・Target selecPon



Archival studies of dense cores

Band 6 cont. (12m array)

Evolutionary stage Evolved

Color: JCMT/SCUBA, Contour: Band6 cont. (ACA) 

VeLLO (MMS-1)

Starless core 
(MMS-2)

Most of starless 
cores are featureless 
(see also 
Dunham+16; 
Kirk+17)

L183 (P.I. Bernard), L1544(Caselli+19)
MC27/L1521F (Tokuda+16)



ALMA 12m array

Evolutionary stage Evolved
S-D (IRAM 30m) alone

Color: JCMT/SCUBA, Contour: Band6 cont. (ACA) 

Archival studies of dense cores L183 (P.I. Bernard), L1544(Caselli+19)
MC27/L1521F (Tokuda+16)



ALMA 12m array

Evolutionary stage Evolved

ACA observations are very important
to characterize the inner dense part

S-D (IRAM 30m) + ACA

Color: JCMT/SCUBA, Contour: Band6 cont. (ACA) 

Archival studies of dense cores L183 (P.I. Bernard), L1544(Caselli+19)
MC27/L1521F (Tokuda+16)
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Figure 1. Observation targets in the ACA survey on the Herschel/SPIRE 500µm continuum map (e.g., Palmeirim et al. 2013).
The white crosses denote the central coordinates of the observed field.

However, the ACA 7m array observations could not find significant emission of either lines above 3! level toward all
the six Taurus targets (see Table 1) even in the three cases (MC5N, MC31, and MC33bN) where the dust emission
was detected. We thus changed our strategy in PROJ6. The target lines were N2D+ (3–2), 12CO(2–1), 13CO(2–
1), and C18O(2–1). Although some observational studies toward evolved prestellar cores, such as L183 and L1544,
show indications of molecular depletion in N2D+ at the core center (Pagani et al. 2007; Redaelli et al. 2019), the line
basically well correlates with the dust continuum in cold (!10K) and high-density (105–106 cm!3) environments.
Since the CO isotopologues show highly extended distributions across molecular clouds and often become optically

thick toward dense regions, they are not always suitable as a dense gas tracer. However, recent high-resolution
observations suggest that they have some benefits to investigate gas properties in an early phase of star formation.
For example, if there are embedded protostars or FHSC candidate within the cores, the 12CO observations can trace
the outflow activity (e.g., Pineda et al. 2011, see also paper II). The optically thick 12CO lines also work like a
thermometer. Tokuda et al. (2018) found warm (15-60 K) CO gas components possibly generated by a turbulent
shock in a cold protostellar core, MC27/L1521F, in Taurus. This type of observation may provide us a new method to
witness a moment of turbulent dissipation at an early phase of star formation (Tachihara et al. 2000; Pon et al. 2012,
2014; Larson et al. 2015). The remaining CO isotopologues, 13CO and C18O, fill a gap in the traced density range
between N2D+ and 12CO. In the MC27/L1521F study (Tokuda et al. 2018), 13CO and C18O traced a peculiar arc-like
feature with a length of !2000 au, which is originally discovered by the HCO+ (3–2) observations (Tokuda et al. 2014).
Hydrodynamical simulation by Matsumoto et al. (2015) suggested that gravitational torque from multiple objects
promotes such a complex arc-like gas with a size scale of !1000 au. Ku!meier et al. (2019) suggested that similar
bridge-like structures are a transient phenomenon and considered to be a possible piece of evidence for multiple stellar
formation. In summary, our frequency setting is reasonable to trace a density range of 102–106 cm!3 continuously and
has the potential to investigate complex gas dynamics related to multiple star formation.

2.2. Observations and data reductions/qualities

Detailed data reduction process and qualities in PROJ4 and PROJ-MC27 were presented in Tokuda et al. (2019)
and Tokuda et al. (2018), respectively. We summarize the observation settings and data qualities in Table 2 and
describe PROJ6 as follows. We performed the ACA (the 7m array and the TP (Total Power) array) observations

FRagmenta)on and Evolu)on of Dense Cores Judged by ALMA (FREJA). I

+: Observed coordinates

Color: Herschel500μm

ACA stand-alone mode (Cycle 4+6), P.I. K. Tachihara (Nagoya Univ.)
・Target: pre(32)+proto(7)-stellar cores

*Criteria: H13CO+ and N2H+ detection
・Ang. resolution: 6’’5 (~900 au)
・Freq. setting: 1.3 mm, N2D+ (3-2), 

12CO, 13CO, C18O (2-1)

Tracing inner most part 
(105-106 cm-3) of prestellar cores
+ 12CO outflow from embedded sources



1.3/1.2 mm conPnuum  (ACA 7m array)

Tokuda et al. 2020



with the prediction that the protostar is in a late class I phase
(Aso et al. 2015).

MC 37 is a prestellar core with weak continuum emission in
our survey, although the complex distribution itself possibly
arises from the interferometric artifact (see Section 4.3).
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Figure B2. 0.87/1.3 mm continuum images toward the L1495 region. (a) Color-scale image shows the 0.87 mm continuum map obtained by JCMT/SCUBA-2
(Buckle et al. 2015). White dotted lines show the !eld coverages of our 7 m array observations. Black contours show the 7 m array continuum images at the !3! level.
(b)–(e) Color-scale images and contours show 1.3 mm continuum emission observed by the 7 m array. Ellipses in each lower-left corner show the beam sizes.
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JCMT/SCUBA2 850μm (Buckle +15) ACA 1.3 mm 

Individual subregion: L1495



Individual subregion: B213

IRAM 30m/NIKA2 1.3mm (Bracco+17) ACA
Gray: 1.3mm
Contour: CO outflow



ACA 1mm conSnuum
(Tokuda et al. 2020)
=>Tracing inner high-density maxima

ACA 1mm con@nuum observa@ons of Taurus prestellar cores



Category I
Category II + III + MC35

ACA 1mm con@nuum observa@ons of Taurus prestellar cores

Non-detection even with the ACA



Estimating exposed time until protostar
formation based on the number count

~6 x 104 yr

Density 
105 cm-3 106 cm-3

Almost the same as tfree of 
the gas density

② ③①

~3 x 104 yr

~3 x 105 yr *density derived from the 1.3 mm cont. data 

Total Pme ~4 x 105 yr (Onishi+02)

MagneUc field and/or 
turbulence are prevenUng 
free-fall collapse



Es6ma6ng exposed 6me un6l protostar 
forma6on based on the number count



Implications of internal substructure (multiple peaks)

1.3 mm cont., C18O (2-1), N2D+ (3-2)

Caution: Interferometric observations artificially make fake 
structures (see Caselli+19) => careful treatment is needed 
MC 1, one of the Category II object

High-density
1.3mm/N2D+ (105-106 cm-3)

Low-density 
C18O (~104 cm-3)

Presence of internal substructure
=>small scale (~2000 au) 
fragmentaUon or coalescence 
process ?



MC 5N in Taurus: A candidate of prestellar core of brown dwarf?
・One of the Category III objects (Central volume density ~106 cm-3)
・Total mass (MFWHM): ~0.2-0.4 Mo (c.f., MFWHM of L1544 ~3 Mo)

assuming star formaPon efficiency of 20-40% => very low-mass object
・N(N2D+)/N(N2H+)* ~0.3 => Chemically evolved stage

1.2 mm continuum (IRAM/MAMBO2 & ALMA 7m array) 

Tokuda+19

IRAM 30m

MC5-N

The L1495 region in Taurus

Palmeirim+13; Arzoumanian+18

Results: A possible prestellar core of BD

*independent measurements using Nobeyama 45m



4 Fujishiro et al.

Figure 2. (a) Integrated intensity distributions of the blueshifted and redshifted velocity components of the 12CO(2–1) emission
are shown by the contours superposed on the 1.3mm image in the pseudo-color and black contours. The black lowest and
subsequent contour levels are 3! and 6!, respectively. The contour sequences of blue and red are [0.4, 0.6, 0.8] (K km s!1)
and [0.6, 0.8, 1.0, 1.2] (K km s!1), respectively. The dashed black line indicates where the mosaic sensitivity falls to 50%.
Note that the primary beam attenuation is not corrected for the display purpose. The filled ellipse at the lower-left corner
shows the synthesized beam of the ACA observation. (b) Average spectra of the redshifted component in 12CO(2–1)
and 13CO(2–1) within the lowest red (north) contour showing in (a). The 13CO one is o!set by +1K for the
visualization. The red and blue dashed lines represent the integrated velocity ranges of the contours in (a). The green solid
and dashed lines show the N2D

+(3–2) profile toward MC35-mm and the systemic velocity of 5.9 km s!1 derived
from the Gaussian fitting. (c) Same as panel (b) but for the blueshifted component.

assuming the local thermo-dynamical equilibrium with a uniform excitation temperature of 20K and [12CO/H2] =
10!4, following the equations written by Pineda et al. (2011). We further discuss these parameters in Sect. 4.1.

Table 1. Outflow properties

South North

Blue Red Red

Inclination angle (deg.) obs. 30 70 obs. 30 70 obs. 30 70

Maximum velocity (km s!1) 2.3 2.7 6.7 4.2 4.8 12.3 4.2 4.8 12.3

Size (103 au) 1.5 3.0 1.6 2.1 4.2 2.2 1.6 3.1 1.6

Dynamical time (103 yr) · · · 5.7 1.2 · · · 4.3 0.9 · · · 3.2 0.7

Mass (10!5 M") 0.6 · · · · · · 1.2 · · · · · · 2.0 · · · · · ·

3.2. Dense gas distributions traced by the N2D+ emission

Figure 4 shows the distributions of N2D+ (3–2). The peak position of the velocity-integrated intensity (moment 0)
image corresponds to that in 1.3mm, indicating MC35-mm is in a cold/dense state, which is similar to evolved
prestellar cores (e.g., Caselli et al. 2002). The intensity-weighted mean velocity (moment 1) map of N2D+ (Figure 4
(b)) marginally shows a velocity gradient from the northeast to the southwest, which is roughly perpendicular to that
of the wing components (Sect. 3.1). This feature may represent that there is a rotating component at MC35-mm.

4. DISCUSSIONS

Fujishiro, Tokuda+20

Low-velocity (~5km/s) 
CO outflow

First Hydrostatic core candidate: MC35-mm

Spitzer/IRAC

Color: 1.3mm
Contour: CO(2-1)

Features
- No IR sources 
- Compact/low-velocity ouqlow => consistent with theoreUcal simulaUons (e.g., Machida+08)
- mm source with the strongest N2D+ (3-2) emission among the prestellar targets

The nature does not conflict with the theoreUcal properUes of the first hydrostaUc core
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Figure 2. (a) Integrated intensity distributions of the blueshifted and redshifted velocity components of the 12CO(2–1) emission
are shown by the contours superposed on the 1.3mm image in the pseudo-color and black contours. The black lowest and
subsequent contour levels are 3! and 6!, respectively. The contour sequences of blue and red are [0.4, 0.6, 0.8] (K km s!1)
and [0.6, 0.8, 1.0, 1.2] (K km s!1), respectively. The dashed black line indicates where the mosaic sensitivity falls to 50%.
Note that the primary beam attenuation is not corrected for the display purpose. The filled ellipse at the lower-left corner
shows the synthesized beam of the ACA observation. (b) Average spectra of the redshifted component in 12CO(2–1)
and 13CO(2–1) within the lowest red (north) contour showing in (a). The 13CO one is o!set by +1K for the
visualization. The red and blue dashed lines represent the integrated velocity ranges of the contours in (a). The green solid
and dashed lines show the N2D

+(3–2) profile toward MC35-mm and the systemic velocity of 5.9 km s!1 derived
from the Gaussian fitting. (c) Same as panel (b) but for the blueshifted component.

assuming the local thermo-dynamical equilibrium with a uniform excitation temperature of 20K and [12CO/H2] =
10!4, following the equations written by Pineda et al. (2011). We further discuss these parameters in Sect. 4.1.

Table 1. Outflow properties

South North

Blue Red Red

Inclination angle (deg.) obs. 30 70 obs. 30 70 obs. 30 70

Maximum velocity (km s!1) 2.3 2.7 6.7 4.2 4.8 12.3 4.2 4.8 12.3

Size (103 au) 1.5 3.0 1.6 2.1 4.2 2.2 1.6 3.1 1.6

Dynamical time (103 yr) · · · 5.7 1.2 · · · 4.3 0.9 · · · 3.2 0.7

Mass (10!5 M") 0.6 · · · · · · 1.2 · · · · · · 2.0 · · · · · ·

3.2. Dense gas distributions traced by the N2D+ emission

Figure 4 shows the distributions of N2D+ (3–2). The peak position of the velocity-integrated intensity (moment 0)
image corresponds to that in 1.3mm, indicating MC35-mm is in a cold/dense state, which is similar to evolved
prestellar cores (e.g., Caselli et al. 2002). The intensity-weighted mean velocity (moment 1) map of N2D+ (Figure 4
(b)) marginally shows a velocity gradient from the northeast to the southwest, which is roughly perpendicular to that
of the wing components (Sect. 3.1). This feature may represent that there is a rotating component at MC35-mm.

4. DISCUSSIONS

Summary of our survey

Free-fall collapse

①

1mm cont. detection
=>Gas density ~106 cm-3

Low-velocity (~5 km/s)
CO outflow

Gas density is not high 
enough to detect 1mm cont.
(>2/3 observed cores)

Early phase (Category I) Late phase (Category II+III)

~3 x 105 yr ~3 x 104 yr

First core (candidate)

ACA stand-alone obs.


