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Conventional	image	of	protostellar system

Tobin+	2012



Introduction

Expected	phenomena
First protostellar core object 
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



Introduction	:	searching	for	high-density	cores

Observation	strategy:	Optically	thick	lines=>	Optically	thin	lines
=>	Discovered	~50	high-density	(~105 cm-3)	condensations	in	Taurus

MC27	is	the	highest	density	among	the	starless	cores

Gray:13CO(1-0)
Color：C18O(1-0)
Red：Filed	coverage	of	C18O
White	coress：H13CO+ Core

Large-scale	unbiased	
survey	in	Nagoya	group
Mizuno+	94,95
Onishi+96,98,99,02

MC27

Beam(~3’)



・Features (Before ALMA)
1. One of the densest core in low-mass star forming regions  

(e.g Onishi+1999,2002, Crapsi+2004)
2. Indicationof outflowing/inflowing gas (e.g. Onishi+1999)

Onishi+ 1999
IRAM 30m:1.3 mm dust 

(Kauffmann+ 2008) 
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Figure 1: Contour maps of 13CO 
J = 1–0, C18O J = 1–0, and 
H13CO+ J = 1–0 total intensity of 
MC 27. The first two were 
obtained with the Nagoya 4-m 
telescope and the last was 
obtained with the Nobeyama 
45-m telescope. The position of 
the center of the H13CO+ map is 
indicated as crosses. (Onishi et 
al. 1999) 

 
Figure 3: Profile maps of HCO+ J = 3–2 
(solid) and H13CO+ J = 3–2 (dashed) of MC 
27. The observed grid spacing is 30", 
corresponding to 4000 AU. H13CO+ J = 3–2 
profiles are scaled by 1.67. The broken lines 
drawn vertically indicate V = 5.9 and 7.2 
km/s. (Onishi et al. 1999) 
 

 
Figure 2: The spectra of the 
center of MC 27 taken with the 
10.4-m telescope at the 
Caltech Submillimeter 
Observatory (CSO), except for 
H13CO+ J = 1–0 with the 45-m 
telescope. The names of the line 
are indicated in the figure. The 
dashed lines are modelfitted 
spectra by Monte Carlo 
simulation. The fitted model has 
a constant infall velocity of 0.2 
km/s only within 3000 AU from 
the center. (Onishi et al. 1999) 
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Introduction	 what	is	MC27/L1521F?
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Fig. 1.—(a) MIPS 1 (24 mm) image overlaid with contours of 1.2 mm emission
(Crapsi et al. 2004; J. Kauffmann et al. 2006, in preparation). The contour levels
are 15, 30 , …, 90% of the peak of 94 mJy beam!1. The white cross indicates
the position of L1521F-IRS (in both panels), and the 1.2 mm beam is shown as
a circle in the lower left-hand corner. (b) IRAC 2 (4.5 mm) image.

Fig. 2.—Three-color image of the central region of L1521F, using IRAC 1
(3.6 mm; blue), IRAC 2 (4.5 mm; green), and IRAC 4 (8.0 um; red).

Fig. 3.—SED of L1521F-IRS with a one-dimensional model fit. The filled
squares with error bars are the measured flux densities from Table 1. At
(sub)millimeter wavelengths, the fluxes within 40! apertures are shown. The
dotted line is the input star"disk spectrum, and the total flux density of the
output model spectrum is shown by the faint gray line. For comparison with
the observed fluxes, the model fluxes were convolved with the same photo-
metric filters (Spitzer) or observed with the same apertures (submillimeter),
and are shown as open squares.

processing, source extraction, and photometry by the c2d team
can be found elsewhere (Young et al. 2005; Harvey et al. 2006).

3. RESULTS

The Spitzer images of L1521F are presented in Figures 1
and 2. Figure 1 shows the 24 and 4.5 mm images of the central
region of L1521F. At 24 mm (and 70 mm), a point source is
seen located at the dust emission peak, but it is not clearly
detected above the nebular emission at shorter wavelengths
(!5 mm). The plus sign in both Figures 1a 1b locates the mean
position of this source, SSTc2d J042838.95"265135.1 (J2000
HHMMSS.ss"DDMMSS.s), from point-spread function fitting
at the wavelengths at which it was detected. Hereafter, we call
this source L1521F-IRS. At 4.5 mm, L1521F-IRS lies at the apex
of a bright but compact conical-shaped nebula, which opens to
the west. A similar but fainter nebula is also seen opening to
the east with L1521-IRS at its apex. This nebula is similar in
appearance to bipolar scattered light nebulae seen around young
low-mass stars and also the low-luminosity protostar L1014-IRS
(Huard et al. 2006).
Figure 2 shows a three-color image with the 3.6, 4.5, and

8.0 mm bands represented by blue, green, and red channels,
respectively. Emission from all three bands is evident near the

position of L1521F-IRS (as indicated by the white emission),
but the extended emission is most evident at the shorter wave-
lengths (3.6–4.5 mm). To the west of L1521F-IRS, the emission
is due to both 3.6 and 4.5 mm emission (blue-green), while in
the east it is mostly due to 4.5 mm emission (green).
The spectral energy distribution (SED) of L1521F is shown

in Figure 3, and the flux densities are given in Table 1. The
measured data points are shown as filled squares with error bars.
The 3.6 and 4.5 mm points are mostly due to scattered light and
so do not accurately represent the true source flux. The data
points at 5.8 and 8.0 mm also have a contribution due to scattered
light, but the pointlike emission from L1521F-IRS is clearly seen
on the images, and its flux dominates the emission. The spectral
index between 2 and 24 mm is estimated to be 1.6, from a linear
fit to the available data points. Although this fit is poor ( 2x ∼

Bourke+ 2006, Tereby+ 2009 

I.R. observations with Spitzer space telescope

R:8.0 μm
G:4.5 μm
B:3.6 μm

VeLLO (<0.07	Lo)

Scattered	light

Very	Low	Luminosity	Object

Introduction	 what	is	MC27/L1521F?



MMS-1 (Point	source)
without	gas	association

Color：H13CO+	(4-3)
Contour：0.87	mm	Cont.

Starless	Condensations

Mass ~	3.0	x	10-3 Mo
density	~107 cm-3

Protostar and	condensations	at	the	center	of	the	core
(Tokuda+14,16)

0.7”	x	0.3”
Multiple	peaks



Gas interacting   
with outflow

Outflow blue shift comp.

High density core

High density core

Outflow red shift comp.

Spitzer source

 Outflow 
 High density dust cores 
 HCO+(3-2) 
 H13CO+(3-2) 
 HCN(3-2), CS(5-4) 

1400 AU

Arc-like structure

Gas interacting   
with outflow

High density  
dust cores 

Schematic view of the observed features

1. Multiple formation system
2. Initial condition of low mass star formation is highly dynamical

Summary	of	the	previous	ALMA	Observations	

Tokuda+14,	16



Outflow 
High density dust cores 

 HCO+(3−2) 
 H13CO+(3−2) 
 HCN(3−2), CS(5−4) 

Gas interacting   
with outflow

Outflow blue shift comp.

High density core

High density core

Outflow red shift comp.

Spitzer source

Arc-like structure

Gas interacting   
with outflow

High density  
dust cores 

2000 AU 
(~2.5 x 10-1 Mo 2)

3000 AU 
(~4.  x 10−1 Mo 2)

MMS-3 
(~4.0 x 10−4 Mo 1 

~6.4 x 10−4 Mo 2)

MMS-1

Arc-like structure 
(~2.4 x 10−4 Mo 3, 
~2.0 x 10−2 Mo 2) New source 

(extra galaxy?)

MMS-2 
(~3.5 x 10−3 Mo 1, 
~5.1 x 10−3 Mo 2)

������� 	

� �

Column	
density	

? 3000	AU

(Tokuda+14,16)

Protostar at	the	center	of	the	core



ALMA		Cycle	3	Observations	

Period ALMA Cycle 3
Target MC27(=L1521F)
Beam size 0.”18 x 0”.1 (25 x 14 AU)
Velocity resolution 0.85 km/s
Lines CO(3−2), H13CO+(4−3), C17O(3−2), 

0.87 mm continuum

Table: Specifications

*ALMA	12m	array	alone	(7m,	TP	observations	in	Cycle	1)

Main	Results	
1.	R ~10	AU	disk	around	~0.2	M⊙ protostar (Tokuda et	al.	2017)
2.	The	12CO	(3-2)	observations	revealed
- warm	(>50	K)	gas,	very	thin	filaments,	and	compact	clumps
(Tokuda et	al.	in	prep.)



(a) (b)

0.′′18× 0.′′1

Color: 0.87 mm continuum
Contour: CO (3–2)

Color: Obs.
Contour: Model

A	rotationally	supported	disk	around	the	protstar

Constrained	physical	properties	form	simulated	observations	12CO and		0.87mm

−0.65~4.45	kms−1
8.7~12.1	kms−1

M* Mdisk Rdisk
0.18	±0.05	M☉ 5	x	10-4	M☉ 9	AU



A	rotationally	supported	disk	around	the	protstar

Constrained	physical	properties	form	simulated	observations	12CO and		0.87mm

M* Mdisk Rdisk
0.18	±0.05	M☉ 5	x	10-4	M☉ 9	AU



Disscussion1:	
Witnessing	the	final	stage	of	the	formation	of	∼0.2	M⊙ protostar?

Schematic	view	of	detached	disk

Observed features Indications
・Low-luminosity	(<0.07	Lo)
・Tiny	outflow

Quite low-accretion rate	
(<2e-8	Mo/yr)

・Scatted	light	seen	in	Spitzer ・Large	accretion	activities in	the	past
・Braking	radius	of	the	column	
density	profile	~3000	AU

・Accretion	late	(2e-6	M⊙/yr)	*	time	
(7e4	yr)		~0.1	M⊙

・ No-high density	envelope	around	
the	protostar
・Rdisk ~10 AU

The	disk	is	detached from	envelopes
=>	Mass	accretion	through	the	disk	
does	not	occur	anymore		
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Schematic	view	of	detached	disk

Observed features Indications
・Low-luminosity	(<0.07	Lo)
・Tiny	outflow

Quite low-accretion rate	
(<2e-8	Mo/yr)
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density	profile	~3000	AU

・Accretion	late	(2e-6	M⊙/yr)	*	time	
(7e4	yr)		~0.1	M⊙

・ No-high density	envelope	around	
the	protostar
・Rdisk ~10 AU

The	disk	is	detached from	envelopes
=>	Mass	accretion	through	the	disk	
does	not	occur	anymore		

The	intrinsically	larger	disk	was	
stripped	by	the	surrounding	gas	in	
the	turbulent	environment.

Posibility



We	cannot	explain	the	observed	low-luminosity	with	the	standard	pre-
main-sequence	evolutionary	track	
- It	takes	>1	Myr for	a	∼0.2	M⊙ protostar to	reach	a	luminosity	of	<0.1	L⊙.	

Possibility1:	The	large	uncertainty	of	the	internal	luminosity	
- A	high	ISRF	luminosity	(Lbol =	0.36	L⊙)
- An	anisotropic	radiation	from	the	optically	thick	disk	
Possibility2:	Cold	accretion	model	*1
(the	accreting	gas	provides	very	low	entropy)	
Note:	Initial	stellar	radius	and	mass	are	~0.65	R⊙ and	0.01	M⊙

*1:	References:	e.g.,	Hartmann+97,	Hosokawa+11,	
Baraffe+12,	Vorobyov+17,	Kunitomo+17

•	What	is	the	nature	of	VeLLOs (Lint<0.1	L⊙ protostar)?	
1.		Very	young	protostar with	the	mass	of	<0.1M⊙
2.		Proto-brown	dwarf
3.	 Sub-stellar	object	after	the	mass	accretion Case	of	MC27	

Disscussion2:	
Quite	difficult	to	explain	the	low-luminosity



ALMA		Cycle	3	Observations	

Period ALMA Cycle 3
Target MC27(=L1521F)
Beam size 0.”18 x 0”.1 (25 x 14 AU)
Velocity resolution 0.85 km/s
Lines CO(3−2), H13CO+(4−3), C17O(3−2), 

0.87 mm continuum

Table: Specifications

*ALMA	12m	array	alone	(7m,	TP	observations	in	Cycle	1)

Main	Results	
1.	R ~10	AU	disk	around	~0.2	M⊙ protostar (Tokuda et	al.	2017)
2.	The	12CO	(3-2)	observations	revealed
- warm	(>50	K)	gas,	very	thin	filaments,	and	compact	clumps
(Tokuda et	al.	in	prep.)



12CO	(3-2)	channel	map

+	:Position	of	the	protostar (MMS-1)
・Warm	(>50K)	gas	around	4-5	km/s
・Many	filamentary	and	clumpy	structures



Relation	among	12CO	gas	and	the	previously	identified	structures	

MMS-3

MMS-2Arc-like	structure

Color:	12CO	(3−2)	Tpeak map
White:	HCO+ (3−2)	6.8−7.0	km/s
Yellow:	1.1	mm	continuum

Possible	interpretations:	
- Warm	gas	formed	by	shock	heating	(see	later)
- Clumpy	structure	formed	by	thermal	instability		
(e.g,	Koyama	&	Inutuka 2002,	Aota et	al.	2013)

0.2M⊙protostar
+10AU	disk



Relation	among	12CO	gas	and	the	previously	identified	structures	

MMS-3

MMS-2Arc-like	structure

Color:	12CO	(3−2)	Tpeak map
White:	HCO+ (3−2)	6.8−7.0	km/s
Yellow:	1.1	mm	continuum

Shinnaga+09
Contour:	12CO	(6-5)
Gray:	0.85	mm	continuum	



Relation	among	12CO	gas	and	the	previously	identified	structures	

MMS-3

MMS-2Arc-like	structure
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Possible	interpretations:	
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0.2M⊙protostar
+10AU	disk



Warm	gas	was	formed	by	shock
n_0 = 1.000E+05 [1/cc] :vz_0 = 2.000 [km/s] :T_0 = 10.000 [K] 

-200 0 200 400 600 800
z (AU)

0

50

100

150

200

250
T_

ga
s 

(K
)

==Preshock==
n_0 = 1.00E+05 [1/cc] 
vz_0 = 2.00 [km/s] 
T_0 = 10.00 [K] 

==Postshock==
n_1 = 5.74E+05 g/cc
vz_1 = 0.35 [km/s] 
T_1 = 224.88 [K] 

E_gd = 1.314E-20 [erg cm^-3 s^-1]
timescale = 9.995E+10 [s]
dl_shock = 2.321E+02 [AU]

E-folding	time	scale	~	3000	yr

Saigo-san’s	calculation

Discussion



T	(K)
0.0 20.010.0

Peculiar	filamentary	structuresDiscussion



T	(K)
0.0 20.010.0

Protosta,		MMS-1	

Peculiar	filamentary	structuresDiscussion



Complimentary	distributions	between	blue	and	red	shifted	gas

MMS-2

Gray:	1.1	mm	continuum
HCO+	Blue:	5.3−6.3	km/s
HCO+	Red:	6.7−7.2	km/s

This	picture	is	qualitatively	resemble	gas	distributions	induced	
by	cloud-cloud	collisions	in	High-mass	star	forming	regions

Discussion



Warm	gas	and	filamentary	gas	delineate	interface	layer	of	two	velocity	components
Discussion

Gray:	12CO	(3-2)	peak	temp.



Warm	gas	and	filamentary	gas	delineate	interface	layer	of	two	velocity	components
Discussion

Gray:	12CO	(3-2)	peak	temp.
HCO+	Blue:	5.3−6.3	km/s



Warm	gas	and	filamentary	gas	delineate	interface	layer	of	two	velocity	components
Discussion

Gray:	12CO	(3-2)	peak	temp.

HCO+	Red:	6.7−7.2	km/s



Warm	gas	and	filamentary	gas	delineate	interface	layer of	two	velocity	components
Discussion

Gray:	12CO	(3-2)	peak	temp.
HCO+	Blue:	5.3−6.3	km/s
HCO+	Red:	6.7−7.2	km/s



MMS-1

MMS-2

Red:	0.87mm	continuum	
Green:	C18O(2-1)	6.7	km/s
Blue:	12CO(3-2)	5.3	km/s MMS-3

Possible	formation	scenario	of	the	dense	condensations	
Shock	compression?

Dense	gas	around	the	protostar (MMS-1)	was	stripped	by	
the	surrounding	gas	in	the	turbulent	environment

Discussion



Summary
ALMA	View	of	A	Dense	Core,	MC27/L1521F,	with	~20	AU	Resolution

Important	implications
Interactions	among	envelope	gas	and	protostar induced	by	
turbulent	environment	may	be	hints	to	understand	the	origins	of	
the	stellar	mass	and	the	formation	of	substructures	of	dense	cores

Future	work:	ALMA	Cycle	5	observations	(Grade	A,	P.I.	Tokuda)
=>	Resolving	the	disk	with	a	resolution	of	0.03”	(~4AU)


