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Figure 1. ⌧353GHz map of the Perseus molecular cloud (Zari et al. 2016), with magenta lines showing the directions of the outflows
measured in this study. The size of the lines only represents the direction of the outflow and not the angular extent. Thin blue contours
are shown for ⌧353GHz = 0.0002. These contours roughly show the boundaries of each labeled clump and correspond to a column density
of N(H2) ⇡ 5 ⇥1021 cm�2 (Sadavoy et al. 2014).

where PAOut and PAFil are the PAs of the outflow and
filament, respectively. MIN indicates that we are inter-
ested in the minimum of the two values in the brackets.
Table 3 lists the measured PAs for all outflows and fila-
ments in this study.

3.1. Outflow Position Angles

We present the outflow PAs in Table 3. We indepen-
dently measure the outflow PAs for both the blue- and
red-shifted outflows (henceforth, called the blue and red
lobes). The range of the PA measurements are from
–180� to +180�; both positive and negative values allow
one to assign the appropriate quadrant for the outflow.
We also provide the combined PA, PAOut, which is sim-
ply the average of the two outflows after adding 180� to
the lobe with the negative PA. Some entries only pro-
vide measurements for one lobe because the other lobe
was undetected.
In many cases (about half of the sources) we used out-

flow PAs from other CO line studies in place of MASSES
observations since these studies had data that are better
quality and/or at higher resolution. We indicate which
study provided the outflow direction for each protostar
in the “Ref/Info” column of Table 3. For the majority of
the measured outflow PAs in this study, we made mea-
surements using a methodology very similar to that used
in Hull et al. (2013). We connect the peak intensity of
the SMA 1.3mm continuum observations with the peak
of the integrated intensity maps for both the blue and
red outflow lobes. Based on visual inspection, if the CO

line emission obviously traces the outflow cavity walls
rather than the outflow centroid, we connect the contin-
uum peak to a local CO maximum near the continuum
rather than the absolute maximum. In cases where there
are no clear local outflow maxima for one lobe, we use
the PA measured by the other lobe. If no local maxima
exists for both lobes and the CO only traces cavity walls,
we manually measure the PA by eye. We indicate in the
“Ref/Info” column of Table 3 which outflow measuring
method we used. For the angles measured in this paper,
a crude approximation of the uncertainty can be found
by subtracting the blue outflow PA from the red outflow
PA. With such an approximation, the uncertainty in the
outflow PA is typically less than 10�.
Frequently, the observed field about a MASSES tar-

get overlaps with other protostellar sources, which can
cause significant confusion in assigning which emission
comes from which protostar. To disentangle which emis-
sion belongs to which source, we used SAOImage DS9 to
overlay all CO emission detected with MASSES on top
of Spitzer IRAC emission (not shown). In particular,
both the 3.6 and 4.5µm Spitzer bands trace the outflow
cavities in scattered light and/or knots of H2 emission
that are most prominent in the 4.5µm channel. We also
use the catalog of Perseus protostars from Young et al.
(2015) to locate other nearby T Tauri stars that may be
contributing to the CO emission observed by the SMA.
Together, we are able to disentangle which outflow em-
anates from which source. In this paper, we only present
the outflow PAs that we believe we were confidently able
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Prior to star formation, pre-stellar cores accumulate matter towards the centre. As a consequence, their central density
increases while the temperature decreases. Understanding the evolution of the chemistry and physics in this early phase
is crucial to study the processes governing the formation of a star. We aim at studying the chemical differentiation of
a prototypical pre-stellar core, L1544, by detailed molecular maps. In contrast with single pointing observations, we
performed a deep study on the dependencies of chemistry on physical and external conditions. We present the emission
maps of 39 different molecular transitions belonging to 22 different molecules in the central 6.25 arcmin2 of L1544. We
classified our sample in five families, depending on the location of their emission peaks within the core. Furthermore, to
systematically study the correlations among different molecules, we have performed the principal component analysis
(PCA) on the integrated emission maps. The PCA allows us to reduce the amount of variables in our dataset. Finally,
we compare the maps of the first three principal components with the H2 column density map, and the Tdust map of
the core. The results of our qualitative analysis is the classification of the molecules in our dataset in the following
groups: (i) the c-C3H2 family (carbon chain molecules like C3H and CCS), (ii) the dust peak family (nitrogen-bearing
species like N2H+), (iii) the methanol peak family (oxygen-bearing molecules like methanol, SO and SO2), (iv) the
HNCO peak family (HNCO, propyne and its deuterated isotopologues). Only HC18O+ and 13CS do not belong to
any of the above mentioned groups. The principal component maps allow us to confirm the (anti-)correlations among
different families that were described in a first qualitative analysis, but also points out the correlation that could not
be inferred before. For example, the molecules belonging to the dust peak and the HNCO peak families correlate in
the third principal component map, hinting on a chemical/physical correlation. The principal component analysis has
shown to be a powerful tool to retrieve information about the correlation of different molecular species in L1544, and
their dependence on physical parameters previously studied in the core.
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• ペルセウス座分子雲の原始星57個に関
してSMAのCO(2-1)観測をし、アウトフ
ローとフィラメントの向きの関係につい
て調べた。


• フィラメントの方向はHerschelのoptical 
depth mapを元に調べた。


• アウトフロー/フィラメント間の角度は
ランダムか、平行(22%)と垂直(78%)の
混合のどちらかと一致した。


• 原始星の性質(multiplicity, 温度, opacity)
に関わらず、同じような角度の分布を
持っていた。


• 原始星の角運動量の軸の方向は周りの
構造に依存していないのかもしれない。

(上図) Herschelの353 GHz optical depth mapに
τ353GHz=0.0002のコントアを青で表している。マ
ゼンダの線はアウトフローの方向を示しており、
長さに意味はない。
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the AD test gives p-values of 0.65 and 0.62, respectively.
This signifies that we cannot distinguish the PAOut his-
tograms in Figures 6 and 7 from a random distribution
of angles.

Figure 8. Cumulative distribution function of the projected an-
gles between outflows and filaments, �. The red step function shows
�F for this study, which measures the angle between MASSES out-
flows and fitted Herschel filaments directions using the FILFINDER
algorithm discussed in Section 3.2. The three blue lines show
Monte Carlo simulations of the expected projected � for out-
flows and filaments that are 3-dimensionally only parallel (actual
outflow-filament angle that is between 0 and 20�), only perpendic-
ular (70–90�), or completely random (0–90�).

4.2. Cumulative Distribution Functions using
FILFINDER Filament Angles

While the first visual and clump regional tests did not
show any obvious relationship between clump structure
and protostellar outflow directions, clumps are pc-sized
while filaments are about 0.1 pc in diameter (e.g., Ar-
zoumanian et al. 2011). As discussed in Section 3.2, we
use FILFINDER to extract filament directions at the 3600

(0.04 pc) scale. These filament directions, PAFil,F, are
then compared to PAOut to determine the projected out-
flow and filament angular di↵erence, �F . We plot the
cumulative distribution function (CDF) of the observed
�F in Figure 8. To investigate whether the distribution
of �F reflects outflows and filaments that are primarily
aligned parallel, perpendicular, or at random, we per-
form 3-D Monte Carlo simulations that we project onto
2-D. Specifically, we simulate the CDF of the expected
projected angles in the sky for outflow-filament angles
that are 3-dimensionally “only parallel” (defined as ac-
tual outflow-filament angles that are distributed between
0� and 20�), “only perpendicular” (actual angles between
70� and 90�), or completely random (actual angles be-
tween 0� and 90�). The expected observed (i.e., pro-
jected) � for these three Monte Carlo instances are also
shown in Figure 8. Detailed information on the Monte
Carlo simulations is presented in Appendix A.
Immediately evident from Figure 8 is that the distribu-

tion of �F is inconsistent with outflows and filaments that
are preferentially parallel. The projected angles are also
inconsistent with a purely perpendicular alignment with

Figure 9. Same as Figure 6, but now the stacked histogram is
shown for �F . The histogram bin size is 10�.

over 99% confidence (AD test gives a p-value = 0.0045).
However, we cannot significantly distinguish the �F dis-
tribution from a distribution of randomly aligned out-
flows and filaments (p-value = 0.20). Table 1 summarizes
the statistical tests conducted on all the � measurements
discussed in Section 3. In Figure 9, we show the dis-
tribution of �F as a stacked histogram, with colors rep-
resenting the parental clump. No obvious non-random
relationship is found, regardless of the protostar’s clump
location.

Figure 10. Cumulative distribution function of the projected an-
gles between outflows and filaments, �, with the red step curve
showing the empirical distribution, �F . Black dashed lines show
di↵erent mixes of projected outflow-filament angles that are 3-
dimensionally parallel and perpendicular in increments of 10% (i.e.,
the top line is 100% parallel and 0% perpendicular, the next line
is 90% parallel and 10% perpendicular, and so on). Parallel angles
are defined as 3-dimensional angles drawn from a distribution be-
tween 0� and 20�, while perpendicular angles are defined as angles
drawn from a distribution between 70� and 90� (see Appendix A
for details). The blue line shows a random distribution of projected
angles, while the magenta line shows the best bimodal fit to the
data of 22% parallel and 78% perpendicular. 11

Figure 13. CDFs of �, binning data based on multiplicity (left), bolometric temperature (middle, an indicator of age), and optical depth
(right). All CDFs use filament measurements from the FILFINDER algorithm.

Tilley & Pudritz (2004) show that cores within filaments
can form at oblique shocks, and these shocks can impart
angular momentum to the core. Simulations by Clarke
et al. (2017) show that filaments accreting from a tur-
bulent medium have a vorticity (and hence, angular mo-
mentum) that is typically parallel to filaments, which is
primarily derived from radial inhomogeneous accretion.
Chen & Ostriker (2014, 2015) included magnetohydrody-
namics in their simulations and found that for filaments
forming due to converging flows, mass flows along mag-
netic field lines to both the filaments and cores (which
form simultaneously). For dense filaments of size-scales
on order of 0.1 pc, some observations have suggested that
magnetic field lines are perpendicular to the filament’s
elongation (e.g., Matthews & Wilson 2000; Pereyra &
Magalhães 2004; Santos et al. 2016). If such fields help
drive gas perpendicular to the filaments, the results from
Clarke et al. (2017) suggest that this could induce a vor-
ticity parallel to the filaments. The ability for such vor-
ticity to be transferred to angular momentum at the core
scale or smaller is unclear, and this was not investigated
by Clarke et al. (2017). However, if angular momentum
is inherited by the protostar in the same direction of the
vorticity, we would expect the rotation of the protostar
to be parallel with the filament. Indeed, simulations by
Tilley & Pudritz (2004) and Banerjee et al. (2006) show
that for filaments forming due to colliding flows, oblique
shocks can impart net rotation parallel to the filament,
which in turn can produce parallel filaments and proto-
stellar rotation axes. However, numerical simulations by
Whitworth et al. (1995) suggest that filaments can form
via two colliding clumps, and the initial net angular mo-
mentum of the system will typically be perpendicular to
the filaments that form. The protostar can inherent this
angular momentum, and thus its rotation axis will tend
to be perpendicular to the filament. Theoretical predic-
tions of rotation axes either parallel or perpendicular to
the filament axes are at odds with observations at both
the core (Tatematsu et al. 2016) and protostellar scales
(this study).
Since filaments may be created through a variety of

mechanisms, a combination of these mechanisms could
cause outflow-filament alignment to appear more ran-
domly aligned. Assuming the alignment is not purely
random, our observations suggest that outflows are more
likely to form perpendicular than parallel to the filamen-
tary elongation. Unfortunately, two-dimensional projec-

tions of 3-dimensionally random and mostly perpendic-
ular distributions look quite similar, making it di�cult
for even large samples to distinguish between the two.
Moreover, the fact that the angles between outflows and
filaments are neither purely parallel nor purely perpen-
dicular may reflect how material is funneled toward the
protostars at both the large and small scales. On large
scales, Chen & Ostriker (2014) suggested that material
flows along magnetic field lines, which could be mainly
perpendicular to the filament along its exterior and par-
allel within the interior. This mix of flows could induce
a more random-like vorticity to the parental cores of the
protostars.
Higher resolution simulations have explored angular

momentum transfer within cores (i.e., scales .0.1 pc).
Walch et al. (2010) used smoothed particle hydrody-
namic simulations of a low-mass, transonically turbu-
lent core, and found that the rotation axes of protostars
tend to be perpendicular to “small” filaments (diam-
eters ⇠0.01 pc) within cores. However, the Herschel-
derived ⌧353GHz maps (3600 = 0.04 pc resolution) do not
resolve these small filaments. Observations of molecu-
lar line (Hacar et al. 2013, e.g.,) or continuum tracers
(e.g., Pineda et al. 2011a) suggest that filaments break
into smaller substructures, and therefore the initial con-
ditions for protostellar rotation and collapse may be set
by these smaller structures. These substructures some-
times have similar elongation as their parent filaments
(Pineda et al. 2011a; Hacar et al. 2013), but not always
(e.g., Pineda et al. 2010, 2015). At scales of ⇠10,000 AU,
elongated, flattened envelopes are observed to be perpen-
dicular to their outflows (e.g., Looney et al. 2007). The
typical size of these flattened structures and their univer-
sality remains unclear. Observational surveys that probe
dense structures at scales between⇠0.01 to 0.1 pc can un-
cover whether and at what scale an elongated structure
is perpendicular with a protostar’s angular momentum
axis.
Regardless of the initial conditions that create fila-

ments, the actual spin of a protostar may be independent
of the filamentary structure. The local vorticity of turbu-
lence may determine the spin of the parent core (McKee
& Ostriker 2007). Even within the core, the rotation axes
of protostars may change. O↵ner et al. (2016) and Lee
et al. (2017) found that both turbulent accretion onto a
protostar and interaction with companions can cause a
significant evolution in a protostar’s spin. Essentially, at

• 赤線、黒線: 観測からわかったアウトフロー/フィラメント間の角
度。


• 点線: 3Dモンテカルロシミュレーションを2Dに投影。平行を0-
20°、垂直を70-90°と定義した。


• 青線: 0-90°でランダムに存在しているとき。


• 下の3図はmultiplicity(左), 温度(中), opacity(右)への依存性を調べ
たもの。multiplicityは10,000au以内に別の原始星があるかどう
か。温度とopacityについては、ちょうど半分ずつ分布する境目
が50Kと0.016だった。
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Figure 3. Possible main formation pathways leading to HC3N.

2. L134N : the main formation pathway of HC3N is the reaction of CCH + HNC (Pathway 2).

According to Figure 6 in Furuya et al. (2011), the both CCH/13CCH and CCH/C13CH ratios steeply increase and
decrease at the early stage around 103 yr, and the ratios are almost constant by ∼ 105 yr. The derived 12C/13C ratios
of HC3N in L134N summarized in Table 2 agree with their model at just before 105 yr (CCH/13CCH ∼ 100 and
CCH/C13CH ∼ 60). The C13CH/13CCH ratio (Figure 3 (b) in Furuya et al. 2011) is approximately 1.6 between 104

and 105 yr and starts to increase just before 105 yr. The H13CCCN/HC13CCN ratio is derived to be 1.5± 0.2. If the
main formation pathway of HC3N is the neutral-neutral reaction of CCH + HNC, the expected C13CH/13CCH ratio
is 1.5± 0.2, which is consistent with 1.6 calculated by Furuya et al. (2011).

4.2. What a factor contributes the differences in main formation pathway between L134N and L1521B/TMC-1 CP?

Taniguchi et al. (2016b) compared the 13C isotopic fractionation of HC3N in various sources from low-mass prestellar
to high-mass star-forming cores. They found that the fractionation patterns in all of the four sources are the same,
and suggested that the primary formation pathway of HC3N may be common in various physical conditions. Chemical
reactions significantly depend on the physical conditions such as temperature and density. It is then naturally expected
that the 13C isotopic fractionation patterns in the similar physical conditions are the same. The temperature and
density are almost the same among the three clouds, L134N, L1521B, and TMC-1 CP (Tkin ∼ 10 K, n ∼ 104 − 105
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Table 1. Spectral line parameters of HC3N and its three 13C isotopologues in L1521B and L134N

L1521B L134N

Species Frequencya
T

∗

A
∆v

∫
T

∗

A
dv VLSR

b rmsc T
∗

A
∆v

∫
T

∗

A
dv VLSR

d rmsc

(GHz) (mK) (km s−1) (K km s−1) (km s−1) (mK) (mK) (km s−1) (K km s−1) (km s−1) (mK)

HC3N 45.49031 2456 (82) 0.73 (3) 1.89 (10) 6.3 7.9 990 (26) 0.71 (2) 0.75 (3) 2.7 3.4

H13CCCN 44.08416 68 (7) 0.67 (6) 0.049 (7) 6.3 6.5 21 (2) 0.67 (7) 0.015(2) 2.0 2.3

HC13CCN 45.29733 61 (6) 0.78 (8) 0.051 (7) 6.3 7.5 12 (2) 0.78 (17) 0.010 (3) 2.6 3.0

HCC13CN 45.30171 102 (8) 0.71 (5) 0.077 (8) 6.3 8.5 27 (4) 0.71 (9) 0.020 (4) 2.6 4.0

Note—Numbers in parentheses represent the standard deviation in the Gaussian fit, expressed in units of the last significant digits.

aTaken from the Cologne Database for Molecular Spectroscopy (CDMS) (Müller et al. 2005).

b The errors are approximately 0.2 km s−1, which correspond to the velocity resolution.

c The rms noises in emission-free regions.

dThe errors are 0.5 km s−2 at most due to smoothing in the velocity direction.

τ = −ln

[

1−
T ∗
A

fηB {J(Tex)− J(Tbg)}

]

, (1)

where

J(T ) =
hν

k

{

exp
( hν

kT

)

− 1
}−1

, (2)

and

N = τ
3h∆v

8π3

√

π

4ln2
Q

1

µ2

1

Jlower + 1
exp

(Elower

kTex

){

1− exp
(

−
hν

kTex

)}−1
. (3)

In Equation (1), τ denotes the optical depth, T ∗
A the antenna peak temperature (Table 1), f the beam filling factor,

and ηB the main beam efficiency, respectively. We used 1 for the beam filling factor in both L1521B and L134N,
because the emission region sizes in L1521B (Hirota et al. 2004) and L134N (Dickens et al. 2000) are larger than the
beam size of the Z45 receiver (37′′, Section 2). The main beam efficiency was 0.71 (Section 2). Tex and Tbg are the
excitation temperature and the cosmic microwave background temperature (≃ 2.73 K). We assumed that the excitation
temperature is 6.5 K (Suzuki et al. 1992) for the normal species and the 13C isotopologues. J(T ) in Equation (2) is the
Planck function. In Equation (3), N is the column density, ∆v is the line width (FWHM, Table 1), Q is the partition
function, µ is the permanent electric dipole moment of HC3N, and Elower is the energy of the lower rotational energy
level. We used 3.73172 D for µ of HC3N (Deleon & Muenter 1985).
The derived column densities are summarized in Table 2. The optical depths are derived to be 3.01± 0.15, 0.0267±

0.004, 0.0241± 0.003, and 0.0403± 0.004 for HC3N, H13CCCN, HC13CCN, and HCC13CN, respectively, in L1521B.
The column density of the normal species derived here ((5.5± 0.3)×1013 cm−2) is slightly larger than that derived by
Suzuki et al. (1992) (4.1 × 1013 cm−2) by a factor of 1.3. The difference can be explained by the uncertainty in the
main beam efficiency. If we used 0.75 for the main beam efficiency, which is the upper limit reported by the Nobeyama
Radio Observatory3, the column density is derived to be (4.2 ± 0.2)×1013 cm−2, and it is well consistent with that
derived by Suzuki et al. (1992). The abundance ratios among the three 13C isotopologues are found to be 0.98 (±0.14)
: 1.00 : 1.52 (±0.16) (1σ) for [H13CCCN]:[HC13CCN]:[HCC13CN].
In L134N, the optical depths are calculated to be 0.48 ± 0.02, 0.0081± 0.0013, 0.0047± 0.0013, and 0.011± 0.002

for HC3N, H13CCCN, HC13CCN, and HCC13CN, respectively. There is no available literature deriving the column
density of HC3N by observations at the same position, and we do not discuss comparison between our results and
others. The abundance ratios among the three 13C isotopologues are derived to be [H13CCCN]:[HC13CCN]:[HCC13CN]
= 1.5 (±0.2) : 1.0 : 2.1 (±0.4) (1σ).

3 http://www.nro.nao.ac.jp/ nro45mrt/html/prop/status/Status R16.html

We present new Submillimeter Array (SMA) observations of CO(2–1) outflows toward young, embedded protostars
in the Perseus molecular cloud as part of the Mass Assembly of Stellar Systems and their Evolution with the SMA
(MASSES) survey. For 57 Perseus protostars, we characterize the orientation of the outflow angles and compare them
with the orientation of the local filaments as derived from Herschel observations. We find that the relative angles
between outflows and filaments are inconsistent with purely parallel or purely perpendicular distributions. Instead,
the observed distribution of outflow-filament angles are more consistent with either randomly aligned angles or a mix
of projected parallel and perpendicular angles. A mix of parallel and perpendicular angles requires perpendicular
alignment to be more common by a factor of ∼3. Our results show that the observed distributions probably hold
regardless of the protostar’s multiplicity, age, or the host core’s opacity. These observations indicate that the angu-
lar momentum axis of a protostar may be independent of the large-scale structure. We discuss the significance of
independent protostellar rotation axes in the general picture of filament-based star formation.
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We observed the J = 5− 4 rotational lines of the normal species and three 13C isotopologues of HC3N at the 45 GHz
band toward two low-mass starless cores, L1521B and L134N (L183), using the Nobeyama 45 m radio telescope in order
to study the main formation pathways of HC3N in each core. The abundance ratios of the three 13C isotopologues
in L1521B are derived to be [H13CCCN]:[HC13CCN]:[HCC13CN] = 0.98 (0.14) : 1.00 : 1.52 (0.16) (1 sigma). The
fractionation pattern is consistent with that at the cyanopolyyne peak in Taurus Molecular Cloud-1. This fractionation
pattern suggests that the main formation pathway of HC3N is the neutral-neutral reaction between C2H2 and CN.
On the other hand, their abundance ratios in L134N are found to be [H13CCCN]:[HC13CCN]:[HCC13CN]= 1.5 (0.2) :
1.0 : 2.1 (0.4) (1 sigma), which are different from those in L1521B. From this fractionation pattern, we propose that
the reaction between HNC and CCH is a possible main formation pathway of HC3N in L134N. We find out that the
main formation pathways of the same molecule are not common even in the similar physical conditions. We discuss
the possible factors to make a difference in fractionation pattern between L134N and L1521B/TMC-1.
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Table 2. Column densities of HC3N and its three 13C isotopologues
and the 12C/13C ratios in L1521B and L134N

L1521B L134N

Species Column density 12C/13C Column density 12C/13C

(×1011 cm−2) ratio (×1011 cm−2) ratio

HC3N (5.5 ± 0.3)×100 − (8.6 ± 0.3)×10 −

H13CCCN 4.7 ± 0.6 117 ± 16 1.4 ± 0.2 61 ± 9

HC13CCN 4.7 ± 0.7 115 ± 16 0.9 ± 0.2 94 ± 26

HCC13CN 7.2 ± 0.8 76 ± 6 1.9 ± 0.3 46 ± 9

Note—Errors represent the standard deviation.

4. DISCUSSION

4.1. Main formation pathways of HC3N in L1521B and L134N

The differences in abundance among the three 13C isotopologues of HC3N, namely the 13C isotopic fractionation,
cannot be brought by the isotope exchange reactions, as discussed by Takano et al. (1998) in detail. Li et al. (2006)
showed that the reaction between HC3N and carbon atom is efficient at the temperature as low as 10 K. They suggested
that the reaction of “13C + HC3N” may form various 13C isotopologues of HC3N. However, it is not still clear whether
the reaction contributes to the 13C isotopic fractionation of HC3N, because their results did not clearly show which 13C
isotopologue is selectively formed. We then will not consider the effects of the reaction on the 13C isotopic fractionation
of HC3N in the following discussion. Hence, the observed 13C isotopic fractionation of HC3N should occur during its
formation processes and reflect its main formation pathways. We investigate the main formation pathways of HC3N
in each starless core in this section based on the observed 13C isotopic fractionation.
We find out that there are three possible main routes leading to HC3N (Taniguchi et al. 2016b), using the UMIST

Database for Astrochemistry 2012 (McElroy et al. 2013) as follows.
Pathway 1: the neutral-neutral reaction between C2H2 and CN
Pathway 2: the neutral-neutral reaction between CCH and HNC
Pathway 3: the electron recombination reaction of HC3NH+

Figure 3 shows the reaction schemes of the formation pathways leading to HC3N. We add the reaction of “C2H2 +
HCNH+ → HC3NH+ + H2” (Mitchell et al. 1979), besides the UMIST 2012 database.
As discussed by Taniguchi et al. (2016b) in detail, the predicted 13C isotopic fractionation patterns brought from

each possible main formation mechanism are as follows;
Pathway 1: [H13CCCN]:[HC13CCN]:[HCC13CN] = 1 : 1 : x (x is an arbitrary value)
Pathway 2: [H13CCCN]:[HC13CCN]:[HCC13CN] = x : 1 : y (x and y are arbitrary values)
Pathway 3: [H13CCCN]:[HC13CCN]:[HCC13CN] ≈ 1 : 1 : 1

Regarding Pathway 2, Furuya et al. (2011) found that the difference in abundance between C13CH and 13CCH arises
mostly due to the exchange reaction, 13CCH + H ! C13CH + H + ∆E (8.1 K), rather than during its formation
process. Therefore, the 13C isotopic fractionation in CCH could occur independently from its formation pathways.
The 13C isotopic fractionation in CCH would be preserved during the reaction of Pathway 2 (Fukuzawa & Osamura
1997), and x is expected to be larger than 1.
In case of Pathway 3, the 13C isotopic fractionation in HC3NH+ will be averaged by several formation processes of

the ion, as shown in Figure 3. In addition, there is no reason that 13C concentrates in a particular carbon atom in
HC3NH+ after the ion is formed.
From comparisons between the observational results in L1521B and L134N with the above expected fractionation

patterns, we propose possible main formation pathways of HC3N in each low-mass starless core as follows.

1. L1521B : the main formation pathway of HC3N is the reaction of C2H2 + CN (Pathway 1).

• 星のない2つの低質量コアを野辺山45mの45GHz帯で　　　　　　　　　　　　　　　　　　　　
観測し、HC3Nの3つの13C同位体置換体の比率を調べた。


• L1521Bでは[H13CCCN]:[HC13CCN]:[HCC13CN] = 0.98(±0.14):1.00:1.52(±0.16)であった。


• これはHC3Nが主にC2H2とCNの反応で形成されることを示している。


• 一方、L134Nでは[H13CCCN]:[HC13CCN]:[HCC13CN] = 1.5(±0.2):1.0:2.1(±0.4)であった。


• これはHNCとCCHの反応で形成されることを示している。



We present new Submillimeter Array (SMA) observations of CO(2–1) outflows toward young, embedded protostars
in the Perseus molecular cloud as part of the Mass Assembly of Stellar Systems and their Evolution with the SMA
(MASSES) survey. For 57 Perseus protostars, we characterize the orientation of the outflow angles and compare them
with the orientation of the local filaments as derived from Herschel observations. We find that the relative angles
between outflows and filaments are inconsistent with purely parallel or purely perpendicular distributions. Instead,
the observed distribution of outflow-filament angles are more consistent with either randomly aligned angles or a mix
of projected parallel and perpendicular angles. A mix of parallel and perpendicular angles requires perpendicular
alignment to be more common by a factor of ∼3. Our results show that the observed distributions probably hold
regardless of the protostar’s multiplicity, age, or the host core’s opacity. These observations indicate that the angu-
lar momentum axis of a protostar may be independent of the large-scale structure. We discuss the significance of
independent protostellar rotation axes in the general picture of filament-based star formation.
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We observed the J = 5− 4 rotational lines of the normal species and three 13C isotopologues of HC3N at the 45 GHz
band toward two low-mass starless cores, L1521B and L134N (L183), using the Nobeyama 45 m radio telescope in order
to study the main formation pathways of HC3N in each core. The abundance ratios of the three 13C isotopologues
in L1521B are derived to be [H13CCCN]:[HC13CCN]:[HCC13CN] = 0.98 (0.14) : 1.00 : 1.52 (0.16) (1 sigma). The
fractionation pattern is consistent with that at the cyanopolyyne peak in Taurus Molecular Cloud-1. This fractionation
pattern suggests that the main formation pathway of HC3N is the neutral-neutral reaction between C2H2 and CN.
On the other hand, their abundance ratios in L134N are found to be [H13CCCN]:[HC13CCN]:[HCC13CN]= 1.5 (0.2) :
1.0 : 2.1 (0.4) (1 sigma), which are different from those in L1521B. From this fractionation pattern, we propose that
the reaction between HNC and CCH is a possible main formation pathway of HC3N in L134N. We find out that the
main formation pathways of the same molecule are not common even in the similar physical conditions. We discuss
the possible factors to make a difference in fractionation pattern between L134N and L1521B/TMC-1.
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• ALMAの890µmで22の円盤を空間分解し、ダスト表面密度、円盤
質量、円盤サイズ、赤道面温度プロファイルを求めた。


• ダストガス比=0.01、表面: amin=10nm、amax=1µm、n(a)∝a-3.5、　
赤道面: amin=10nm、amax=1.023cm、n(a)∝a-3.0、　　　　　　　
ダスト表面密度: 


• (上図) 赤道面平均温度と中心星質量、光度に相関はなかった。


• (下図) sub-mmの積分フラックス(=円盤質量)と指数関数のカット
オフ半径(=円盤サイズ)には相関があった。


• (下図) LupusはTaurus-Auriga/Ophiuchusと比べて暗く(=質量が小
さく)大きい円盤を持つ傾向にある。1-2Myrの差(Lupusの方が古
い)を考慮すると、これは粘性進化を表しているかもしれない。


• 太陽系から導かれる円盤のダスト表面密度よりも、Lupusは浅い
プロファイルと大きなサイズを持つ。これは太陽系の惑星/微惑
星が形成後に外部から内側へ移動したことを示唆しているのかも
しれない。

A&A proofs: manuscript no. main

Fig. 11. 890µm integrated flux (normalized to a common distance of
150 pc) as a function of exponential cut-o↵ radius, constrained by fit-
ting spatially resolved observations with angular resolution better than
0.75”. For some disks, the 890µm flux was extrapolated from the mea-
sured 1.3 mm flux assuming an average spectral index ↵ “ 3.0. Yel-
low elements are Taurus-Auriga/Ophiuchus disks from the Andrews
(2015) compilation; blue elements are Lupus disks analyzed in this pa-
per. Gray lines represent the correlations found by the Bayesian linear
regression for the Taurus-Auriga/Ophiuchus disks (dash-dotted), for the
Lupus disks (dashed), and for both the samples taken together (solid).

with intrinsically di↵erent viscous timescales and/or initial disk
conditions. Indeed, the size-mass measurements of the Taurus-
Auriga/Ophiuchus disks in Figure 11 give us a snapshot of their
structure at a given moment of their evolution, and the large un-
certainties in the relative ages of the stars in the sample do not
allow us to distinguish between these three possible causes.

In order to shed light on the observed size-mass correlation,
in Figure 11 we add the results of this study, reporting the size
measurements of 16 (out of 22 analyzed) Lupus disks. Since the
Taurus-Auriga/Ophiuchus samples consider only full disks and
exclude binaries and transition disks, we removed from the plot-
ted Lupus sample the six disks with cavities described in the
previous Section. In terms of stellar spectral types the Taurus-
Auriga/Ophiuchus and the Lupus samples are not identical, but
comparable: the former sample is mostly made of stars between
K5 to M1 spectral types, while the latter extends to slightly later
types, mostly between K7 to M5 types.

The resulting luminosity-size plot in Figure 11 shows that,
for a given integrated (sub-)mm flux, the Lupus disks tend to
be slightly larger than the disks in Taurus-Auriga/Ophiuchus,
with the exception of two disks, Sz 68 and Sz 83, which appear
smaller than the average Lupus disks with a comparable flux.
This evidence seems consistent throughout the range of cut-o↵
radii between 10 and 200 au. We note that the Lupus disks in the
0.7´1.0 Md mass range (circled blue dots) in which our sample
is complete appear to be distributed randomly, with no signs of a
particular correlation. If we apply to the Lupus sample the same
linear regression used above, we find that also the Lupus disks

exhibit a similar size-mass correlation:

log F890 µm “ p0.8 ˘ 0.2q log Rc ` p0.7 ˘ 0.3q , (8)

with correlation coe�cient of 0.73 ˘ 0.15 and a standard de-
viation of 0.12 ˘ 0.05. The slopes of the two linear correla-
tions are similar within the uncertainties, both suggesting that
larger disks appear brighter and smaller disks appear fainter.
The Lupus correlation results systematically below the Taurus-
Auriga/Ophiuchus one, confirming that the Lupus disks tend to
be larger and fainter than the Taurus-Auriga/Ophiuchus ones. In
this study we assumed a distance of 200 pc for the disks in the
Lupus III cloud, however recent measurements of the Gaia space
telescope suggest they could be closer, at a distance of „ 150 pc,
which would make them even fainter.

In order to test whether the Lupus disks are e↵ectively less
massive and more extended than the Taurus-Auriga/Ophiuchus
ones, we need to check whether the two samples are distinguish-
able along a direction perpendicular to the inferred average cor-
relation. To do that, we proceed as follows. First, we consider
the two samples as a single sample and we perform a linear re-
gression (same Bayesian algorithm used above), finding a corre-
lation:

log F890 µm “ p0.8 ˘ 0.2q log Rc ` p0.8 ˘ 0.2q , (9)

with correlation coe�cient of 0.80 ˘ 0.06 and a standard devi-
ation of 0.08 ˘ 0.02. As expected, the correlation results paral-
lel to those derived for the two samples considered separately
and with a vertical o↵set intermediate between them. Then, for
each disk, we computed the distance from the fit � f it, which is
defined to be positive for disks more massive and smaller than
the linear relationship in Eq. 9, and negative for disks that are
less massive and larger. In Fig. 12 (upper panels) , we show the
distributions of (� f it) for the two samples of Lupus (blue his-
togram) and Taurus-Auriga/Ophiuchus (yellow histogram); the
left plot is for the full sample, while the right one is for the sub-
sample of stars between 0.7 and 1 Md. In the bottom panels of
Fig. 12 we show the empirical cumulative distribution functions
(ECDF) of the two samples. We performed an Anderson-Darling
(AD) two-sample test4 to check whether the two populations in
Lupus and in Taurus-Auriga/Ophiuchus are consistent with be-
ing drawn from the same distribution of � f it. The AD test on the
full sample gives a very low probability that the two samples are
drawn by the same parent distribution (§ 0.2%). When we re-
strict to the sample in the 0.7 § M‹{Md § 1 range, then the
null hypothesis cannot be excluded (p„8%).

5.2. Evidence for viscous evolution?

Considering that the typical disk dispersal time scale is 5-10 Myr
and that the Lupus SFR is slightly older (by 1 ´ 2 Myr) than
the Taurus-Auriga and Ophiuchus ones (Hernández et al. 2007;
Fedele et al. 2010), viscous evolution could be a candidate mech-
anism to explain the systematic di↵erence found in the two disk
populations. Indeed, in the context of viscously evolving disks,
while the inner disk material accretes onto the star, the outer disk
radius spreads outwards. For the typical self-similar solutions
adopted in this study (Eq. 1), the disk mass and the exponential
cut-o↵ radius evolve such that, at any given time, Mdisk9R´1{2

c ,
where Mdisk is the total disk mass. As a result, the total disk
4 We used the implementation of the test as provided in
scipy.stats.anderson_ksamp, which is based on Scholz &
Stephens (1987)
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Fig. 7. (left): Ratio between the dust masses derived in this work and those derived by Ansdell et al. (2016). Although derived with very di↵erent
methods (for a detailed description, see the text), the masses are within a factor of 2 (gray area) for the vast majority of disks. (right): Comparison
between the disk inclinations i (along the line of sight) obtained in this work and those derived by Ansdell et al. (2016). In both plots, the disks are
sorted from left to right by increasing stellar mass and the circled dots highlight sources with 0.7 § M‹{Md § 1.

Fig. 8. Mass-averaged midplane temperature as a function of stellar
mass (left) and luminosity (right) for the disks for which we derive a
reliable disk structure. Error bars on the y-axis reflect the distribution
of models obtained from the fits. In more than half disks we find a disk
temperature smaller than Td “ 20 K used by Ansdell et al. (2016).

In Table 4 we report the findings of the fits of these disks. As
explained in Section 2, we do not fit the three disks with clearly
resolved gaps since the huge density depletion and the consid-
erable size of such gaps is likely to have changed the heating
of the dust in the remainder of the disk, which cannot be ex-
plained with a simple model based on the two-layer approxima-
tion. These disks will be analyzed in detail in van der Marel et
al., in prep. Conversely, we apply our modeling to all the disks
in the sample for which a gap is not observed in the synthesized
maps: among these disks, five of them are found to have surface
densities inwardly decreasing that are compatible with partially
depleted gaps.

For Sz 100, one of the three sources with possible cavities,
we obtain a robust fit with � “ ´1.5 that confirms the presence
of an inner hole with radius Rhole « 46 au, where we defined
Rhole as the radius where ⌃dpRq peaks. Unlike Sz 100, the other
two sources with possible cavities Sz 123A and J16070854-
3914075 were excluded from our sample, the former because
it is a binary, the latter because it is edge-on. Finally, four out
of the six disks classified as TD but with no evidence of cav-
ities in the continuum maps were included in our sample: for
Sz 84 and MY Lup we derive a surface density profile with a

Table 4. Summary of fit results for disks with cavities.

Previously known TDs
Name � Rhole reason ref.

(au)
MY Lup ´0.59 ˘ 0.01 34 1
Sz 100 ´1.5 ˘ 0.1 46 2
Sz 84 ´1.0 ˘ 0.2 41 3
J16102955-3922144 ´0.5 ˘ 0.64 31 4

Disks with tentatively new evidence of a cavity
Sz 129 ´0.33 ˘ 0.02 22 5
J16000236-4222145 ´0.20 ˘ 0.02 30 6

Not fitted
J16083070-3828268 large cavity 2
RY Lup large cavity 7
Sz 111 large cavity 2
Sz 123A binary 2, 4
J16070854-3914075 edge-on 2, 4
Sz 112 F890µm † 4 mJy 5
J16011549-4152351 no stellar parameters 5
J16081497-3857145 unresolved (4)

Notes For four previously known TDs (top) and for two disks for
which we found new evidence of a cavity (middle) we report the radial
slope �, the hole radius Rhole (estimated as the the ⌃dpRq peak radius).
We also list the disks that we have not fitted (bottom) with the reason
for which we have been unable to fit them.
References (1) Romero et al. (2012), (2) Merín et al. (2008), (3)
Merín et al. (2010), (4) Bustamante et al. (2015) (5), van der Marel
et al. (2016), (7) see discussion in Ansdell et al. (2016).

clear hole (� “ ´1.0 and � “ ´0.8) located respectively at
Rhole « 41 au and Rhole « 34 au, for J16102955-3922144 the
fit is more uncertain (uncertainty on � is large), with a marginal
evidence of a cavity at Rhole « 31 au). The findings of our fits
are confirmed from the fact that all these disks exhibit visibil-
ity profiles (cfr. deprojected visibility plots in in Appendix A)
whose real part tends toward (and in some cases reaches) nega-
tive values, compatible with the surface brightness of a disk with
a central cavity. The other two disks classified as TD (Sz 112
and J16011549-4152351) were excluded from our sample due
to a low integrated flux (below 4 mJy) and due to the lack of
stellar parameters, respectively.
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which makes the deprojected visibility profile compatible
with being unresolved: these sources result to have an in-
tegrated flux Fcont † 4 mJy (Sz 106, J16002612-4153553,
J16000060-4221567, J16085529-3848481, J16084940-
3905393, V1192 Sco, Sz 104, Sz 112, J16073773-3921388,
J16080017-3902595, J16085373-3914367, J16075475-
3915446, J16092697-3836269, J16134410-3736462). This
results in a sub-sample of 35 sources. In addition to these
sources, we analyze ALMA 890 µm observations of Sz 82
(IM Lup) that have been taken by another observing program
(PI: Cleeves, I.; id: ADS/JAO.ALMA#2013.1.00226.S). with
comparable resolution and rms noise. After calibrating the
IM Lup data set with the script provided by the ALMA Obser-
vatory, we performed self calibration with two rounds of phase
calibration and one round of amplitude and phase.

Table 1 summarizes the properties of the 36 sources analyzed
in this work, including their stellar properties and integrated
890µm flux and rms. In Figure 1 we highlight the properties of
the sub-sample in comparison to the complete sample from Ans-
dell et al. (2016). In the top panel, we show the distribution of
stellar masses, ranging between 0.1 Md and 3 Md: it is notewor-
thy that the sub-sample selected for this analysis includes all the
stars in the 0.7 ´ 1 Md mass bin except J16090141-3925119
that has an irregular shape: in this and in future plots the sources
in this mass bin are identified with circled dots. In the bottom
panel, we present the integrated continuum flux at 890 µm as a
function of stellar mass, di↵erentiating the sources whose anal-
ysis is presented in this paper (blue symbols) from the sources
that we excluded (black symbols) according to the criteria listed
above. The 14 red dots represent disks that were initially part of
the 36 analyzed objects, but resulted in having a signal-to-noise
ratio at long baselines too small to allow for a robust estimate of
their disk structure, compatible with being unresolved. An ex-
ception among the red dots is J16102955-3922144 (marked in
blue) on whose structure we have been able to obtain a marginal
constraint.

3. Modeling

To study the structure of the disks we fit their continuum emis-
sion with a disk model that is based on the two-layer approxi-
mation (Chiang & Goldreich 1997; Dullemond et al. 2001). In
the following we introduce the fundamental quantities that are
needed to compute the disk emission and for more details we
refer to Tazzari et al. (2016).

3.1. Disk model

Under the basic assumptions that, at each radius, the disk is ver-
tically isothermal and in hydrostatic equilibrium, the two-layer
approximation allows us to compute the disk continuum emis-
sion given the properties of the central star, a surface density
profile and a dust grain size distribution. At mm wavelengths,
most of the disk emission originates from the dust grains resid-
ing in the dense and geometrically thin disk midplane. Based on
the conservation of the energy delivered by the star onto the disk
surface and on its propagation to the disk midplane, the two-
layer approximation is thus appropriate for reproducing the disk
emission at mm wavelengths (Isella et al. 2009; Ricci et al. 2010;
Trotta et al. 2013; Testi et al. 2016).

Following previous studies (Andrews et al. 2009; Trotta et al.
2013; Tazzari et al. 2016), we parametrize the gas surface density
with a self-similar solution for an accretion disk (Lynden-Bell &

Fig. 1. (top): distribution of stellar masses for the full Lupus sample
from Ansdell et al. (2016) (white bars) and for the sub-sample analyzed
in this work (blue bars). (bottom): observed integrated continuum flux
at 890 µm (Ansdell et al. 2016) as a function of stellar mass. Blue dots
represent sources whose analysis is presented in this work. Red dots
represent sources that appear unresolved and have been discarded in the
rest of the analysis due low signal-to-noise ratio. In this and subsequent
plots, the circled dots highlight sources in the 0.7 ´ 1 Md mass bin. We
also report transition disks (“x” symbols), sources with irregular shape
(hexagons), binaries (diamonds), and the sources with integrated flux
Fcont † 4 mJy that we excluded from our analysis (empty circles).

Pringle 1974; Hartmann et al. 1998), using the parametrization:

⌃gpRq “ ⌃0

ˆ
R
R0

˙´�
exp

«

´

ˆ
R
Rc

˙2´��

, (1)

where ⌃0 is a normalization factor, R0 is a characteristic radius
that we keep fixed to 10 au, � is the power-law slope and Rc is
the exponential cut-o↵ radius. The dust surface density is given
by:

⌃dpRq “ ⇣ ⌃gpRq , (2)

where ⇣ is the dust-to-gas mass ratio, assumed to be constant
and equal to the typical ISM value ⇣ “ 0.01. The choice of the
profile in Eq. (1) and of a constant dust-to-gas ratio are a clear
simplification of reality, in which we expect ⇣ to change across
the disk from both observational (de Gregorio-Monsalvo et al.
2013) and theoretical (Birnstiel & Andrews 2014) arguments.
However, since in this study we are only analyzing the dust con-
tinuum emission, we cannot pose any constraint on the actual
gas-to-dust variations in the disks. These choices are useful as
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The formation of planets strongly depends on the total amount as well as on the spatial distribution of solids in
protoplanetary disks. Thanks to the improvements in resolution and sensitivity provided by ALMA, measurements
of the surface density of mm-sized grains are now possible on large samples of disks. Such measurements provide
statistical constraints that can be used to inform our understanding of the initial conditions of planet formation. We
analyze spatially resolved observations of 36 protoplanetary disks in the Lupus star forming complex from our ALMA
survey at 890 µm, aiming to determine physical properties such as the dust surface density, the disk mass and size and
to provide a constraint on the temperature profile. We fit the observations directly in the uv-plane using a two-layer
disk model that computes the 890 µm emission by solving the energy balance at each disk radius. For 22 out of 36
protoplanetary disks we derive robust estimates of their physical properties. The sample covers stellar masses between
∼0.1 and ∼2 M⊙, and we find no trend between the average disk temperatures and the stellar parameters. We find,
instead, a correlation between the integrated sub-mm flux (a proxy for the disk mass) and the exponential cut-off radii
(a proxy of the disk size) of the Lupus disks. Comparing these results with observations at similar angular resolution
of Taurus-Auriga/Ophiuchus disks found in literature and scaling them to the same distance, we observe that the
Lupus disks are generally fainter and larger at a high level of statistical significance. Considering the 1–2 Myr age
difference between these regions, it is possible to tentatively explain the offset in the disk mass/disk size relation with
viscous spreading, however with the current measurements other mechanisms cannot be ruled out.
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Barnard 207 (B207, LDN 1489, LBN 777), also known as the Vulture Head nebula, is a cometary globule in the
Taurus-Auriga-Perseus molecular cloud region. B207 is known to host a Class I protostar, IRAS 04016+2610, located
at a projected distance of ∼8,400 au from the dense core centre. Using imaging and photometry over a wide wavelength
range, from UV to sub-mm, we study the physical properties of B207 and the dust grains contained within. The core
density, temperature, and mass are typical of other globules found in the Milky Way interstellar medium (ISM). The
increase in the dust albedo with increasing optical wavelengths, along with the detection of coreshine in the near
infrared, indicates the presence of larger dust grains in B207. The measured optical, near-, mid- and far-infrared
intensities are in agreement with the CMM+AMM and CMM+AMMI dust grain type of The Heterogeneous dust
Evolution Model for Interstellar Solids (THEMIS), suggesting mantle formation on the dust grains throughout the
globule. We investigate the possibility of turbulence being responsible for diffusing dust grains from the central core
to external outer layers of B207. However, in situ formation of large dust grains cannot be excluded.
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• (左上図) Class I 原始星であるB207を多波長観測した。


• (左下図) 温度9.4-11.1K、コア密度5.6×105cm-3、コア質量5.6Msunは
典型的なglobuleと似ていた。


• (右下図) ダストのアルベドは0.54(Uバンド)から0.84(Iバンド)まで波長
と共に増加しており、ISMより大きなダストの存在が示唆される。


• NIR, MIR, FIRの観測から大きなダストがglobule全体に分布している
ことがわかった。


• コアで形成された大きなダストが乱流によりリムまで拡散したと考
えられるが、その場形成の可能性は除外できなかった。

Togi, Witt & St.John: Dust properties in B207
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Fig. 2. Overlay of our rectangular cut region on the core of B207 on
a SPIRE-Herschel dust emission map at 500 µm. The rectangular box
towards the lower right in the image measures the background intensity.

Fig. 3. Measured background subtracted integrated FIR intensities for
each rectangular region as a function of core distance. The zeroth posi-
tion is the centre of the central rectangular box with equatorial coordi-
nates RA = 4h4m47s , Dec = +26◦19′32′′ .

erage individual background-subtracted intensities over the strip
of 15 boxes, each of size 50′′×100′′. These measured values of
FIR intensities at 160, 250, 350, and 500 µm are plotted in Fig.
3. The core centre is at the zeroth spatial position in the plot
with negative and positive offsets signifying the direction from
southeast to northwest.

Spectral energy distributions (SEDs) were constructed and
single temperature modified black-body curves were used to fit
the SEDs for each rectangular box region . We used a single dust
temperature black-body model S ν = ΩB(ν, Td)(1− e−τ(ν)), where
Ω, B(ν, Td), and τ(ν) are solid angle of the emitting element,
Planck function at dust temperature Td, and optical depth at fre-
quency ν, respectively. We used a dust opacity model, κν ∝ ν

β

with β = 1.8 (Planck Collaboration et al. 2011) to fit the SED
using the MPFIT programme (Markwardt 2009).

We used the Herschel-SPIRE 500 µm map to estimate the
column density. We calculated B(500µm, Td) from dust temper-
atures estimated from the SED fit for each region to calculate

Fig. 4. Temperature profile of B207 obtained by fitting the SED at the
FIR wavelengths. The temperature decreases to about 11 K in the core
compared to the surrounding medium of 14 K. We used these estimated
temperatures in Planck’s function to calculate optical depths at 500 µm
to estimate column densities. The column density, N(H), at the core is
about 7.2×1022 cm−2, causing an extinction of about AV = 48, assuming
RV = 5.5 for molecular clouds, and assuming the aggregate (AMM and
AMMI type) dust grain opacity from Köhler et al. (2015).

the optical depth τ500 =
I500

B500µm
. The column density, N(H), can be

obtained from

N(H) =
MH

Md
×

τ500

κ500 × mH
, (1)

where MH

Md
= 110 is the adopted hydrogen gas-to-dust mass ra-

tio in the solar neighbourhood (Sodroski et al. 1997) and κ500 is
the dust opacity at 500 µm. We used the value for κ500 = 2.85
cm2 g−1 from Köhler et al. (2015), average for AMM and AMMI
type dust grains.

The spatial width of each box is 50′′×100 ′′ = 0.034×0.068
pc2 for an assumed distance of 140 pc. After estimating the col-
umn density, we calculated the mass of the gas column in each
region. The FIR intensities, temperature, column density, and
mass of the gas of each region are listed in Table 1. Summing
up the mass estimates, the total gas mass is about 5.6 M⊙ (not
including heavy element correction). Figure 4 shows the temper-
ature and the column density profile for B207 over our selected
regions. The temperature at the core is about 11 K and the peak
column density, N(H), is 7.2×1022 cm−2. This column density is
equivalent to an extinction of AV = 48, assuming RV = 5.5 for
renormalized case A from Weingartner & Draine (2001); Draine
(2003a). When considering an alternate dust mass opacity κ500

= 5.04 cm2/g at 500 µm for dust grains with thin ice mantles at
central density 106 cm−3 (Ossenkopf & Henning 1994), the col-
umn density and mass in each region was reduced by a factor
5.04
2.85=1.77 and the total mass reduces from 5.6 to 3.2 M⊙. This
illustrates the approximate nature of these estimates.

3.2. Temperature and number density-Abel Inversion method

Recently, the radial variation in dust temperature and density has
been studied in a few starless cores. Roy et al. (2014), using the
inverse Abel transform technique on FIR Herschel maps of B68
and L1689B, concluded that the actual core dust temperature is
about 2 K lower compared to the temperature obtained by the
line-of-sight averaged SED fitting, which we used in Sect. 3.1.
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Table 1. Measured FIR intensities of B207 and derived physical properties

Region 160µm 250µm 350µm 500µm T N(H) M(H) TAbel NAbel(H)
MJy/sr MJy/sr MJy/sr MJy/sr K 1021 cm−2 M⊙ K 1021 cm−2

1(south) 1.75 2.66 1.97 1.01 – – –
2 0.30 3.28 2.21 1.36 – – –
3 9.21 15.3 9.54 5.00 14.1 2.46 0.04 11.6 4.01
4 28.7 45.6 31.3 15.1 13.6 8.13 0.15 11.1 13.7
5 47.8 79.5 57.6 28.9 13.0 17.3 0.32 10.6 29.9
6 63.8 121 101 49.1 12.0 35.9 0.66 10.1 58.5
7 69.8 151 136 78.2 11.1 71.6 1.31 9.40 117

8(core) 117 201 170 89.4 11.7 69.6 1.27 10.1 107
9 115 182 135 63.9 12.9 38.5 0.70 10.6 66.0

10 58.5 99.8 74.0 34.4 13.0 20.6 0.38 11.1 31.2
11 44.1 78.1 54.8 25.6 13.4 14.1 0.26 11.6 20.5
12 27.4 57.3 39.9 18.9 13.3 10.6 0.19 12.7 12.0
13 20.3 41.5 27.6 13.3 13.7 7.01 0.13 13.3 7.50
14 13.4 32.7 21.1 10.1 13.8 5.20 0.09 – –

15(north) 11.7 28.2 18.2 8.48 13.8 4.35 0.08 – –
Temperature, column density and mass for regions 1 and 2 were not estimated since they
are outside of the globule in the diffuse sky region.
The column density, N(H), and mass, M(H), are calculated for each region using the
AMM and AMMI dust mass opacity at 500 µm from Köhler et al. (2015).
The temperature, TAbel, and column density, NAbel(H), are the temperature and the
corresponding column density, respectively, estimated from the Abel inversion method.

Evaluating the core temperature using a SED fit gives an aver-
age temperature along the line of sight and does not take into ac-
count the temperature gradients within the sources. We adopted
the inverse Abel measurement technique to study the variation in
temperature along the radial direction towards the core of B207.
We used Herschel-SPIRE FIR maps at 250 and 350 µm for this
analysis. We direct the reader to Roy et al. (2014) for the mathe-
matical details of the method.

We used convolved 250 and 350 µm Herschel-SPIRE in-
tensity values to evaluate the temperature profile of B207. The
cloud was divided into 12 equal angular sector regions along
with equal radial steps for each angular sector region. A radial
temperature profile for each angular sector was computed. Fig-
ure 5a represents the radial temperature profile of B207, aver-
aged over all 12 angular sector regions. The error in the tem-
perature value is computed using the standard deviation from 12
angular sector regions. However, because of the presence of the
protostar, IRAS 04016+2610, and the transparent hole region,
angular sector regions towards the western side of the core and
at a distance greater than 10,000 au were not considered. The
protostar is likely to heat gas and dust in its vicinity, causing
deviations in the temperature profile of the globule. We will dis-
cuss the effects of the protostar on the core’s physical properties
in more detail in Sect. 4.5.

The temperature profile, when extrapolated to the core,
reaches a minimum of about 9.4±0.1 K. The temperature in-
creases to 13.4±1.0 K in the outer regions of the cloud at a
distance of about ∼ 40000 au, where it is more strongly heated
by the interstellar radiation field (ISRF). The core temperature
derived by the Abel inversion technique is 1.7 K less than that
found from the SED fitting technique. Table 2 lists the core and
rim temperatures for B207 derived from the SED fit and Abel
inversion method.

Knowing the radial temperature distribution in B207 we cal-
culated the radial density profile from the 250 µm map (using
Equation 2 of Roy et al. (2014)). We used the dust mass opac-
ity at 250 µm, κ250 = 11.45 cm2/g for AMM and AMMI type

Fig. 5. a) Dust temperature profile of B207 obtained by applying the
Abel inversion method to circularly-averaged intensity profiles ob-
served with Herschel at 250µm and 350µm. The error bars represent
the standard deviation of the mean in Td(r) values obtained from in-
dependent profile reconstruction along 12 angular directions. b) Den-
sity profile of B207 obtained by applying the Abel inversion method
to circularly-averaged intensity profiles observed with Herschel at 250
µm.

Table 2. B207 core and rim temperature.

Region TS ED(K) TAbel(K)
Core 11.1 9.4±0.1
Rim 14.0 13.4±1.0

dust grains (Köhler et al. 2015). Assuming a hydrogen gas-to-
dust mass ratio of 110 in the analysis, we adopted a gas mass
opacity at 250 µm, κ250,gas = κ250/110 = 0.10 cm2/g. The density
distribution was obtained again for each angular sector region.
Figure 5b represents the density profile for B207 averaged over
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Table 4. Dust characteristics

Filter ISRF τ a τabs IDGL,sky S Bmax
(0.78×IDGL,sky+S Bmax)

IS RF
ac

U 4.77 0.721 0.625 0.135 1.338 0.259 0.273 0.54±0.05
B 5.55 0.624 0.648 0.110 1.497 0.839 0.361 0.65±0.05
V 6.41 0.485 0.671 0.080 1.528 1.811 0.468 0.74±0.05
R 6.80 0.402 0.676 0.065 1.425 2.361 0.511 0.77±0.03
I 6.37 0.259 0.656 0.045 0.911 3.272 0.625 0.84±0.03

a. The values of ISRF, DGL, and SBmax are in units of 10−8erg/s/cm2/A/sr. The ISRF for different wavelengths are from
Porter & Strong (2005).
b. τ and a are the extinction optical depth and albedo of the dust in the sky adjacent to B207 assuming RV = 3.1. The albedo
values are from Draine (2003a).
c. τabs is the average absorption optical depth of photons after their first scattering, τabs = 0.5(1 − a)τ
d. IDGL,sky is the diffuse galactic light adjacent to B207, derived by using aIIS RF(1 − e−τ)e−τabs

e. S Bmax is the peak intensity of the globule after subtracting the nearby background sky intensity.
f. The quantity (0.78×DGL+SBmax)/ISRF is the ratio of the maximum intensity at the rim of the globule to the intensity of the
illuminating interstellar radiation field.
g. The albedo of the cloud, ac, evaluated from the corresponding ratio (0.78×IDGL+SBmax)/ISRF assuming the forward scattering
asymmetry parameter, 0.6 ≤ g ≤ 0.9 from Fig. 6, Witt & Stephens (1974).

wavelengths the conversion from DN to Jy units is adopted from
the WISE Preliminary Data Release3 and using the flux for zero-
magnitude zero point conversion values for 2MASS4, respec-
tively. We estimated the ISRF at NIR wavelengths 1.25–4.62 µm
by scaling the Mathis et al. (1983) ISRF at 10.0 kpc to match
the optical ISRF from Porter & Strong (2005) at optical wave-
lengths, and we used these values to estimate the DGL at NIR
wavelength by the method described in Sect. 3.4.1.

We found B207’s core intensity excess above sky at 3.4 µm
to be 0.066 MJy/sr. This surface brightness value of the B207
core is comparable to other star forming cores found in the
Taurus-Perseus region (Lefèvre et al. 2014). Theoretical mod-
elling by Steinacker et al. (2014a) predicted a somewhat lower
value of ∼ 0.06 MJy/sr for the surface brightness at a slightly
longer wavelength of 3.6 µm. The core intensity at 3.36 µm listed
in Table 5 is slightly higher than the corresponding W1 surface
brightness shown in Fig. 7. The intensities in Tab. 5 were mea-
sured using a 20′′ radius circular aperture while the intensities in
Fig. 7 were obtained with a four-times smaller size rectangular
box aperture. As a result, the intensity at 3.36 µm in Table 5 was
more strongly contaminated by the presence of the protostar. The
relatively high observed surface brightness at the core of B207
suggests that the nearby class I protostar, IRAS 04016+2610, is
in fact contributing to the core illumination at 3.4 µm to a small
degree.

3.4.3. THEMIS model

The variations in the dust SED due to temperature, far-
IR/submm opacity and spectral index, in both the diffuse
and dense ISM were reproduced by the THEMIS model
(Köhler et al. 2015). Within the context of the THEMIS model,
grains up to a radius of 20 nm consist purely of aromatic-rich
H-poor amorphous carbon, a-C, whereas bigger grains have a
core/mantle (CM) structure, where the core consists of amor-
phous silicate (Mg-rich forsterite and enstatite-normative com-
positions) or of aliphatic H-rich amorphous carbon. Köhler et al.
(2015) assumed that the dust properties change with increasing
local density through accretion and coagulation. The model con-
sists of several dust population mixtures, labelled according to

3 wise2.ipac.caltech.edu/docs/release/prelim/expsup/sec2_3f.html
4 www.ipac.caltech.edu/2mass/releases/allsky/doc/sec6_4a.html

Table 5. DGL and optical-IR-submm sky-subtracted intensities for
B207

Wavelength Core Rim DGL fDGL

λ (µm) MJy/sr MJy/sr MJy/sr MJy/sr
0.43 -5.43E-5 4.02E-3 9.14E-3 3.44E-3
0.54 2.44E-3 1.55E-2 1.47E-2 4.17E-3
0.63 7.89E-3 3.05E-2 1.90E-2 4.11E-3
0.81 2.74E-2 6.82E-2 1.97E-2 2.00E-3
1.25 9.06E-2 1.14E-1 1.27E-2 9.76E-4
1.65 9.90E-2 1.62E-1 7.22E-3 3.38E-4
2.17 6.66E-2 1.10E-1 3.71E-3 1.37E-4
3.36 6.64E-2 2.61E-2 7.89E-4 1.79E-5
4.62 1.02E-1 2.24E-2 1.77E-4 3.16E-6
100 9.02E+0 9.53E+0 — —
160 6.94E+1 3.75E+1 — —
250 1.55E+2 5.80E+1 — —
350 1.45E+2 4.14E+1 — —
500 8.20E+1 1.99E+1 — —

a. The uncertainties in the observed intensities and the DGL are
about 10% and 25%, respectively. However, for H (1.65µm) and
Ks (2.17µm) bands the uncertainties are higher than the observed
sky subtracted intensities.
b. The centre of the core region is R.A. = 4h4m47.539s , Dec =
+26◦18′51.66′′.
c.The centre of the rim region is R.A. = 4h5m00.00s , Dec =
+26◦19′00.00′′.
d. The intensities are measured using the optical, NIR, MIR,
and FIR wavelengths from DCT, 2MASS, WISE, and Herschel
PACS and SPIRE images.

Köhler et al. (2015):
CM (core mantle): no evolution of diffuse ISM dust;
CMM (core mantle mantle): dust grains with a second H-rich
carbon mantle, present in the molecular cloud edges;
CMM+AMM (core mantle mantle + aggregates): CMM grains
coagulate to form aggregates in the outer molecular core regions;
CMM+AMMI (core mantle mantle + aggregates with ice): simi-
lar to the previous case but includes the formation of ice mantles
on the aggregates in the dense core regions.

The model in Ysard et al. (2016), applicable to the globule
B207, assumes a dense spherical cloud with central number den-
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• (上図) SEDをモデルと比較すると、コア(赤点)とリム
(青点)の両方において、CMM+AMMI、CMM+AMMダ
ストモデルと一致した。


• つまり、globule全体でダストへのマントル形成が起
きている。


• CM (core mantle): 成長していないISMダストモデル。


• CMM (core mantle mantle): 分子雲の端に存在するよ
うな、2番目のH-rich carbon mantleを持つダストモデ
ル。


• CMM+AMM (+aggregates): 分子コアの外側にあるよ
うな、CMM粒子が集まってアグリゲイトを形成する
モデル。


• CMM+AMMI (with ice): 高密度コア領域にあるよう
な、CMM+AMMのアグリゲイトに氷マントルが形成
されたモデル。


• (下図) ダストのアルベドの波長依存性を見ても、少な
くともISMのダスト(CM)は除外されている。

Togi, Witt & St.John: Dust properties in B207

Fig. 8. 10′×10′ WISE W1 image of B207 at 3.4 µm. The protostar IRAS
04016+2610 is at the centre of the image. B207 is exhibiting the core-
shine effect by showing a clear excess of 3.4 µm emission. The protostar
IRAS 04016+2610 is at the centre of the image. B207 is exhibiting the
coreshine effect by showing a clear excess of 3.4 µm. The coreshine
effect is due to the scattering by large grains inside the globule. The
two circular regions marked on the image are the core (C) and rim (R)
regions, where we measured optical-, near-, mid-, and far-infrared in-
tensities.

sity nc = 105 cm−3 and column density N(H) = 2.9 × 1022 cm−2

with a gas mass of 8 M⊙. The cloud is illuminated by the inter-
stellar radiation field and consists of CM, CMM, CMM+AMM,
and CMM+AMMI dust populations. The number density at the
core of B207 is 5.6 times higher than assumed by the Ysard et al.
(2016) model and would increase even further, if the actual
core temperature is lower than that derived by the Abel Inver-
sion technique. However, as is shown in Fig. 8d of Ysard et al.
(2016), a change in central number density from 105 to 106

H/cm3 decreases the model intensity of CMM+AMMI grains
by a factor less than two at optical, and by a still smaller fac-
tor at NIR wavelengths. The model cloud of Ysard et al. (2016)
is sufficiently similar to B207 in terms of density, column den-
sity, and mass,to allow meaningful comparisons between the ob-
served B207 scattering and emission intensities with the pre-
dicted model intensities.

For this purpose, we selected two regions at the core and
the rim, marked by green circles in Fig. 8, to measure and com-
pare our intensities with the THEMIS model. In Table 5 we list
our sky-subtracted intensities for these two regions at different
wavelengths. The projected distances of the protostar in the sky
plane from the centre of our marked core and rim regions are
8400 and 32000 au, respectively. The THEMIS model assumes
no dust in the sky background, and hence no sky DGL is in-
cluded in the model. Our sky-background subtraction results in
a lowering of the measured intensities at the core and rim re-
gions by amounts equal to the intensity of DGL; hence, we need
to add the sky DGL to our measured intensities before compar-
ing them with the THEMIS predicted intensities. In contrast to
the optically thick core, the rim is optically thin. This allows the
scattered fraction of DGL to be transmitted at the rim region and
hence, only the absorbed fraction of total DGL, fDGL, needs to
be added. This fraction is calculated using (1 − e−τ

′
abs )× DGL,

where τ′abs is the absorption optical depth of the cloud estimated
from the relation τ′

abs
= (1 − ac) × τ′. We estimated τ′ = 1.3 in

Fig. 9. Core+DGL (red circles) and rim+fDGL (blue squares) intensities
of B207 as a function of wavelength. The solid and dashed lines in the
near-to-MIR and FIR are the scattering and emission spectra of dust, re-
spectively. Different line colours (black, green, red, and blue) represent
CM, CMM, CMM+AMM, and CMM+AMMI grains, respectively.

the V band and scaled this value to applicable optical depths for
the other bands by using the dust model of RV = 5.5. The values
of DGL and fDGL for the direction of B207 are listed in Table 5
for wavelengths from the optical to MIR. In Fig. 9 we plot our
intensities after having added the DGL and the fDGL for the core
and rim, respectively, along with the THEMIS model values of
CM, CMM, CMM+AMM, and CMM+AMMI from Ysard et al.
(2016).

4. Results and discussions

4.1. Physical properties of the globule

4.1.1. Temperature

Assuming a single temperature black body to fit the SED at FIR
wavelengths, the dust temperature at the core position is esti-
mated to be about 11 K. The core temperature is about 3 K less
than the dust temperature in the outer warm regions of the glob-
ule. With the Abel Inversion technique the measured dust tem-
perature at the core is found to be about 1.7 K less than the SED-
measured temperatures. This difference is in agreement with the
results obtained by Roy et al. (2014) for the globule B68 and
L1689. The SED technique uses the measured FIR intensities
averaged over the line of sight. The outer area of the projected
core region is at higher temperatures than the inner region, which
is partially shielded against the ISRF and other sources respon-
sible for heating the dust and gas. At the outer regions, towards
the rim of the globule, the measured temperatures using both
methods, SED fitting and Abel inversion technique, yield simi-
lar values for the dust temperatures. However, we would like to
caution our readers that recent studies have shown temperatures
in the core can be as low as in the range 6–8 K.

4.1.2. Density and mass

SED analysis:
The column density, N(H), estimated at the central dense core
with the SED technique, is 7.2 × 1022 cm−2 (Table 1). Assuming
the core radius of 9800 au, as discussed in Sect. 3.2, this column
density corresponds to an average number density n(H) = 2.5 ×
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umn density modelled by Ysard et al. (2016). The observed core
intensity should therefore be higher by a similar amount. Simi-
larly, the column density at our rim position is smaller than that
adopted by Ysard et al. (2016), with a corresponding difference
in the far-IR and sub-mm intensities. Given that the THEMIS
cloud model relies on heating by the external ISRF only, this
agreement of our observations with the model also suggests that
the presence of the class I protostar, IRAS 04016+2610, at a pro-
jected offset distance of 8,400 au from the core does not result in
a measurable increase in the dust heating in the cloud core. This
supports the finding by Launhardt et al. (2013) that the presence
of a protostar affects the physical conditions of the core if the
star is within a distance of less than 5000 au. However, the pro-
tostar in B207 is likely to affect the observations in the mid-IR,
as we will discuss in the following sub-section.

Given that the observational data for the optical and near-IR
range shown in Figs. 9 and 10 reflect conditions in the outer-
most layers of B207, we can conclude that the dust grains in the
bright rim of B207 are of CMM+AMM or CMM+AMMI type.
Ford & Shirley (2011) modelled B207’s core with a canonical
abundance of CO and found a significant depletion compared
to the ISM value. This indicates freezing of CO and other ma-
jor molecules like H2O onto grains, supporting the possibility
of AMMI type dust grains. In an externally illuminated, opti-
cally thick system such as B207, the estimated dust scattering
characteristics at optical wavelengths apply only to the outer-
most optically thin layers because only those are being probed
by photons incident from the external ISRF, limiting our estima-
tion of dust albedo to the rim. In the core region of B207 we
have no information on optical properties; we can only conclude
that the dust grains are of CM, CMM+AMM, or CMM+AMMI
type also from the agreement of the FIR and sub-mm data with
the prediction from the THEMIS cloud model. In Sect. 4.6 we
will discuss how coagulated grains from the inner core may be
transported to the cloud surface.

4.5. Effects of the protostar on core properties

The SED of the class I protostar, IRAS 04016+2610, has
been modelled from the optical to the sub-mm wavelengths
(Gramajo et al. 2010; Robitaille et al. 2007) . We calculated the
radiation field intensities due to this star at a linear offset distance
of 8,400 au, that is, the projected core position, thus arriving at
upper limits for the stellar flux that could affect the conditions
at the core. The class I protostar may be positioned behind the
core (Brinch et al. 2007) leading to an increase in the actual pro-
tostar distance. We compared the radiation densities due to the
star to the radiation densities of the ISRF used in the THEMIS
cloud model, both of them uncorrected for in-cloud extinction,
with their ratio plotted as a continuous thin black line in Fig. 11.
We also show for comparison in Fig. 11 the ratio of observation
to model data from Fig. 9.

Figure 11 clearly shows that the stellar contribution to the
cloud illumination at optical and near-IR wavelengths is quite
insignificant. This implies that the high albedo values found in
the even more distant rim region are in no way affected by the
presence of the star. Also, the star does not contribute signifi-
cantly to the heating of the core at these shorter wavelengths.
The IRSF photons in the optical and near-IR contain most of the
energy of the ISRF and reach the core via diffusion through mul-
tiple scattering in a high-albedo dust environment. In the mid-IR,
at wavelengths 3.6 µm and 4.5 µm, the radiation fields due to the
star and due to the ISRF are of comparable magnitude. It is very
likely, therefore, that illumination by the protostar is contribut-

Fig. 10. Our derived rim dust albedos (black circles) are calculated
using the ratio (0.78×IDGL + SBmax)/ISRF and plotted along with the
THEMIS model values for the full size distribution of CM, CMM,
AMM, and AMMI grains. The grey circles are dust albedos estimated
assuming no reduction in DGL (using the ratio (IDGL + SBmax)/ISRF).
A reduction of 13% and 7% in albedo values are seen in U and B bands,
respectively, with insignificant changes at higher wavelengths for a 22%
reduction in DGL intensity.

ing to the observed coreshine at these wavelengths, as we sug-
gested in Sect. 3.4.2. This is further supported by the extremely
red colour of the observed coreshine over the range of these
two wavelengths. The coreshine ratio, 4.5 µm / 3.6 µm, for the
CM, AMM, and AMMI dust grains predicted by the THEMIS
model are in the range 0.42–0.56, consistent with the results of
Lefèvre et al. (2014) for starless cores in the Taurus-Perseus re-
gion of the sky. The observed coreshine ratio (4.6 µm / 3.4 µm)
for the core of B207 is 1.54 (Table 5). This suggests that the core-
shine at 4.6 µm is substantially dominated by the illumination
from the protostar. Nevertheless, the presence of the coreshine at
these wavelengths, regardless of the illumination source, is evi-
dence of high dust albedos in the mid-IR, characteristic of large,
evolved grains.

It is possible that illumination in the mid-IR by the protostar
could contribute to the heating of dust grain in B207, in partic-
ular through absorption in the water band near 3.1 µm and the
silicate band near 9.7 µm. This is not likely to be a significant
contribution, because we were able to account for the higher ob-
served far-IR and sub-mm intensities at the core position by not-
ing that B207 has a core column density more than twice that
of the THEMIS model cloud without requiring grains of higher
temperatures than that expected from heating by the ISRF alone.

In the far-IR, the radiation field at the core of B207 originat-
ing with the protostar totally dominates over the ISRF. However,
given that the dust albedo at such long wavelengths is essentially
zero, there is no contribution to the far-IR core intensity from
scattering. The contribution to the heating of grains at the core
due to stellar far-IR flux is also insignificant, because the ab-
sorption cross sections of grains at these wavelengths are lower
than the cross sections at UV, optical, and near-IR wavelengths
by four to five orders of magnitude, which more than vitiates the
increase of the far-IR radiation density of about a few 100.
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The formation of planets strongly depends on the total amount as well as on the spatial distribution of solids in
protoplanetary disks. Thanks to the improvements in resolution and sensitivity provided by ALMA, measurements
of the surface density of mm-sized grains are now possible on large samples of disks. Such measurements provide
statistical constraints that can be used to inform our understanding of the initial conditions of planet formation. We
analyze spatially resolved observations of 36 protoplanetary disks in the Lupus star forming complex from our ALMA
survey at 890 µm, aiming to determine physical properties such as the dust surface density, the disk mass and size and
to provide a constraint on the temperature profile. We fit the observations directly in the uv-plane using a two-layer
disk model that computes the 890 µm emission by solving the energy balance at each disk radius. For 22 out of 36
protoplanetary disks we derive robust estimates of their physical properties. The sample covers stellar masses between
∼0.1 and ∼2 M⊙, and we find no trend between the average disk temperatures and the stellar parameters. We find,
instead, a correlation between the integrated sub-mm flux (a proxy for the disk mass) and the exponential cut-off radii
(a proxy of the disk size) of the Lupus disks. Comparing these results with observations at similar angular resolution
of Taurus-Auriga/Ophiuchus disks found in literature and scaling them to the same distance, we observe that the
Lupus disks are generally fainter and larger at a high level of statistical significance. Considering the 1–2 Myr age
difference between these regions, it is possible to tentatively explain the offset in the disk mass/disk size relation with
viscous spreading, however with the current measurements other mechanisms cannot be ruled out.
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Barnard 207 (B207, LDN 1489, LBN 777), also known as the Vulture Head nebula, is a cometary globule in the
Taurus-Auriga-Perseus molecular cloud region. B207 is known to host a Class I protostar, IRAS 04016+2610, located
at a projected distance of ∼8,400 au from the dense core centre. Using imaging and photometry over a wide wavelength
range, from UV to sub-mm, we study the physical properties of B207 and the dust grains contained within. The core
density, temperature, and mass are typical of other globules found in the Milky Way interstellar medium (ISM). The
increase in the dust albedo with increasing optical wavelengths, along with the detection of coreshine in the near
infrared, indicates the presence of larger dust grains in B207. The measured optical, near-, mid- and far-infrared
intensities are in agreement with the CMM+AMM and CMM+AMMI dust grain type of The Heterogeneous dust
Evolution Model for Interstellar Solids (THEMIS), suggesting mantle formation on the dust grains throughout the
globule. We investigate the possibility of turbulence being responsible for diffusing dust grains from the central core
to external outer layers of B207. However, in situ formation of large dust grains cannot be excluded.
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• 多重リング円盤が見つかっているTW HyaをNIRで直接撮像し、原始
惑星への降着があるかどうか調べた。


• 原始惑星へ降着しているとPaβ (1.282µm)で明るくなり、それは黒体
輻射よりも高い強度を持つ。


• (上図) 中心星を避けて4つの領域に分割したField of view。


• (中図) 1st FOVのPaβ画像。


• (下図) spectral differential imaging (SDI)では降着なしだったが、Paβ
放射の5σ検出限界を0.”4で5.8×10-18, 1.”6で1.5×10-18 erg/s/cm2と導
出できた。


• 円盤と水素放射のシミュレーションから原始惑星質量も求められ、
25auに1.45±0.04MJ, 95auに2.29(+0.03 -0.04)MJがあることがわか
り、これは以前の惑星検出限界とも一致している。

3

Figure 2. Paβ image of the first FOV. The image is aligned with
that in Figure 1. The black square near the upper-right vertex is
a badpixel cluster.

Figure 3. SDI-reduced image of the first FOV. The alignment is
the same as in Figure 2.

noise was compared to photometric results for the central
star. The photomectic reference was made by combining
the same continuum channels as the SDI reduction. We
finally obtained 5σ detection limits for the Paβ flux of
5.8 × 10−18 and 1.5 × 10−18 erg/s/cm2 at 0.′′4 and 1.′′6,
respectively.

2.2. IRSF/SIRIUS

YSOs are variable due to stellar factors such as
starspots, accretion, disks, and envelopes (Herbst et al.
1994; Wolk et al. 2013). While previous catalogues such
as 2MASS (Cutri et al. 2003) contain photometric results
for this YSO in the J-band, it is important to evaluate
the variability of the central star in order to determine
the detection limit for potential protoplanets. We used
the J-band luminosity of TW Hya as a photometric ref-
erence. Investigating the variability helps in setting the
error in the detection limit.
Since its luminosity varies over a period of a few

days (e.g Rucinski et al. 2008; Siwak et al. 2014), we
observed TW Hya with IRSF/SIRIUS, a 1.4-m tele-
scope in South Africa, using the defocus mode, on
January 28 and 30, 2017 to examine its J-band vari-
ability. After dark subtraction and flat fielding we
conducted photometry. We found that the variabil-
ity during the observations was less than 5%, which
agrees with the standard deviation in 2MASS, Tycho,
UCAC 2, and other catalogues (∼7%; Cutri et al. 2003;
Zacharias et al. 2004; Ofek 2008; Tokovinin & Lépine
2012; Kunder et al. 2017). Since the detection limits are

calculated based on the J-band flux of TW Hya, we de-
fine the error in the detection limit as 5%.

3. DISCUSSION

We investigate the presence of potential protoplanets
within TW Hya’s disk in two different ways. Section 3.1
presents a conventional approach that assumes mass ac-
cretion from circumstellar disk onto the central star and
ignores the inability to distinguish between the mass and
mass accretion rate. Section 3.2 proposes a new method
for interpreting the detection limit by considering cir-
cumplanetary disk mechanisms. We focus on the two
notable gaps at 0.′′4 and 1.′′6. We assume that these loca-
tions represent ∼25 AU and ∼95 AU using the distance
data (59±1 pc) published by Gaia Collaboration et al.
(2016), whereas previous studies have assumed that the
gaps are at∼20 AU and∼80 AU based on data published
by van Leeuwen (2007). We assume that extinction of
the Paβ line by the circumstellar disk is negligible. TW
Hya’s disk is almost face-on (Qi et al. 2004, 2008). The
vertical direction from the jovian-mass protoplanet can
be estimated locally clear for Paβ (Tanigawa et al. 2012;
Aoyama et al. 2017).

3.1. Using the Empirical Relationship

The Paβ luminosity of YSOs has been reported to have
an empirical correlation with the accretion luminosity
(Natta et al. 2004, 2006) for objects down to ∼10 MJ
(e.g. GSC 06214-00210 b and FW Tau b; Bowler et al.
2011, 2014). The relationship is given by

log(
Lacc

L⊙

) = 1.36× log(
LPaβ

L⊙

) + 4, (1)

where Lacc is the accretion luminosity and LPaβ is the
Paβ luminosity. In this discussion, we assume that the
empirical relationship is valid for objects as small as ∼1
MJ.
Since we did not detect any accretion signals, con-

straining the mass of planets requires other assumptions
for the accretion rate and radius. We assume an exces-
sive radius and modest accretion rate because the accre-
tion luminosity (Lacc = GMṀ/R, where R, M , and Ṁ
are the radius, mass, and accretion rate, respectively) in-
creases in proportion to the accretion rate and in inverse
proportion to the radius. We define an upper limit of
Rp = 10 RJ. Ayliffe & Bate (2009) and Szulágyi et al.
(2016) suggested with nominal simulations that an ob-
ject with Rp = 10 RJ has a peak temperature of ∼104 K,
which causes spectral emission from hydrogen. The ac-
cretion rate for TW Hya is 9.0×10−10–4.2×10−9 M⊙/yr
(Dupree et al. 2012). Considering ongoing planet forma-
tion, the accretion rate for protoplanets should be close
to that for the star (Tanigawa & Tanaka 2016). We de-
fine a lower limit of Ṁp = 10−11 M⊙/yr, which is smaller
than the theoretical accretion rate of Ṁp ≃ 10−10 M⊙/yr
for a Mp∼1 MJ object (Lissauer et al. 2009). With these
assumptions and the stellar parameters in Table 1, the
calculation results give 5σ detection limits of 1.1× 10−2

and 1.7 × 10−3 MJ at each gap. We do not think that
these values can really constrain the mass of the proto-
planets. The detection limits are calculated by extrapo-
lation of Equation (1) and thus less than the lower limit
of the relationship in Natta et al. (2004). These values
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Table 1
Stellar Parameters for TW Hya

parameters Value Ref.
Sp type M2 a

Mass [M⊙] 0.55±0.15 a
Age [Myr] 7–10 b

Distance [pc] 59±1 c
Av 0.0 d

R mag 10.4 e
J mag 8.22 f

J-band flux [erg/s/cm2/µm] 1.60×10−9 f

Note. — a: Debes et al. (2013), b: Akiyama et al. (2015),
c: Gaia Collaboration et al. (2016), d: Herczeg et al. (2004), e:
UCAC4 catalogue (Zacharias et al. 2012) f: 2MASS catalogue
(Cutri et al. 2003)

2016; van Boekel et al. 2016). There have been no re-
ports of companion candidates (e.g. van Boekel et al.
2016).
Section 2 describes the observations and results. In

Section 3, we set detection limits for low-mass objects.
This work mainly focuses on accretion signatures based
on the emission line intensity. Conventionally, emis-
sion line intensity is converted into accretion luminosity.
However, if there is only one observable, there is a degen-
eracy between mass and mass accretion rate. Therefore,
we present an additional method for interpreting the ob-
tained data and evaluating the mass of protoplanets. Fi-
nally, we summarize the results of this study in Section
4.

2. OBSERVATIONS AND RESULTS

2.1. Keck/OSIRIS

We performed Keck/OSIRIS observations in the Jn2-
band (1.228–1.289 µm) with a 0.′′035 plate scale, which
corresponds to a 1.47′′× 2.24′′ field of view (FOV) and
a spectral resolution of R ∼3800. Paβ (1.282 µm)
and Brγ (2.166 µm) lines are available for OSIRIS.
The AO performance at Brγ is better than that at
Paβ (van Dam et al. 2004), while expected line inten-
sity of Brγ is much smaller than that of Paβ. We
compared the feasibility of detecting these lines with
OSIRIS and finally selected more favorable case of the
Paβ line to search for accretion signatures. We set four
FOVs around the central star to provide sufficient expo-
sure time to avoid saturation of the stellar point-spread
function (PSF), to perform a deep imaging survey. A
schematic of the observation region is shown in Figure 1.
We separated the FOVs 0.25′′ from the central star and
explored the disk from ∼20 AU to ∼100 AU.
The observation was conducted on 2016 April 27. The

exposure time for each FOV was 15 minutes × 3 and
the total observation time was 180 minutes. We also
observed unsaturated frames of the central star for tel-
luric correction, photometric standard, and PSF refer-
ence. We note that the OSIRIS enables to use the un-
saturated frames as calibration reference regardless of its
variability. Details are described in the following para-
graph.
After the first reduction using the OSIRIS pipeline,

which corrects dark, flat, distortion, wavelengths solu-
tion, and cosmic rays, we removed telluric contributions
from the data cube. In the telluric correction process

Figure 1. FOV arrangement for observations. Each rectangle
represents a separate FOV. The red circle indicates the central star.
The vertical and horizontal axes represent the angular distance
from the central star. These settings avoid the central star together
with an inner square of 0.5′′×0.5′′, which allows sufficient exposure
time without saturation.

the pipeline usually removes hydrogen, which means Paβ
in our data cube is not affected by telluric correction.
To achieve high contrast, we used a spectral differential
imaging technique (SDI; Smith 1987). We selected seven
channels around the Paβ wavelength as a science chan-
nel with a width of 1.05 nm and other 24 channels be-
tween 1.278 and 1.285 µm as continuum (reference) chan-
nels. We avoided the OH airglow region (Maihara et al.
1993) when selecting reference channels. The airglow sky
lines remain in the data cube because they are used for
wavelength references in the pipeline. We made reference
PSFs for each FOV using linear combinations of the refer-
ence frames based on equations (2)–(4) in Artigau et al.
(2008) to determine the coefficients of the reference im-
ages. In this process, we divided the FOV into 12 annu-
lar regions in a similar manner to the locally optimized
combination of images (LOCI) method (Lafrenière et al.
2007).
Following SDI data reduction, no point sources were

detected in any of the FOVs. Figure 2 shows the Paβ
image that was produced by combining the seven chan-
nels of the science frames, and Figure 3 shows the final
SDI-reduced image for the first FOV. In the Paβ image,
because of low AO performance, a stellar halo is evident
near the central star where there is expected to be rem-
nants of subtraction in the SDI-reduced image due to
Poisson noise. We then normalized all of the images by
dividing by their integration time, and convolved them
with an aperture with a radius equal to half the FWHM
of the central star. The FWHM was measured in the
unsaturated frames to be ∼60 mas. We calculated the
standard deviation for each FOV and produced a radial
noise profile. We masked badpixels in this process and
they do not affect on calculating the noise. The typical


