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2. The Distinct Evolutionary Nature of two Class 0 Protostars in Serpens Main SMM4

Serpens MainのSMM4をALMAで観測 
（Cycle 3、分解能~0.55’’(240 au)＠1.3 mm, 12CO J=2-1, SO JN=65-54, C18O J=2-1）

● 1.3 mm continuum emission map
2つのコンパクトソース（SMM4A, SMM4B）、SMM4B周辺の広がった構造

輝度温度
SMM4A： 18 Kと高い 
SMM4B： 2 Kと低い

SMM4A：　r~240 auにシャープなエッジを持つ、disk状構造の存在 
SMM4B：　コンパクトな成分 or 半径56 auの小さなdisk?

見た目から

● 12CO
SMM4A：　ファン状のblueshiftした単極アウロフロー
SMM4B：　アウトフローは双極でcollimateしている

blueshiftとredshiftの軸は30°ほどmisalign
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All the imaging procedure was carried out with Com-
mon Astronomical Software Applications (CASA). The
visibilities were Fourier transformed and CLEANed with
Briggs weighting, a robust parameter of 0.0, and a
threshold of 3�. Multi-scale CLEAN was used to con-
verge CLEAN, where CLEAN components were point
sources or ⇠ 1.005 Gaussian sources.
We also performed self-calibration for the contin-

uum data using tasks in CASA (clean, gaincal, and
applycal). Only the phase was calibrated first with the
time bin of 3 scans (⇠ 18s). Then, using the derived
table, the amplitude and the phase were calibrated to-
gether. The self-calibration improved the rms noise level
of the continuum maps by a factor of ⇠ 2. The obtained
calibration tables for the continuum data were also ap-
plied to the line data. The noise level of the line maps
were measured in emission-free channels. The parame-
ters of our observations mentioned above and others are
summarized in Table 1.

3. RESULTS

3.1. 1.3 mm continuum

Figure 1 shows a map of the 1.3 mm continuum emis-
sion in the SMM4 condensation. The emission has two
local peaks. We label the stronger and the weaker
peaks as SMM4A and SMM4B, respectively, in this
paper. SMM4A shows a size of ⇠ 200 (860 AU) at
the 3� noise level, while SMM4B shows a ⇠ 500 (2100
AU) size at the same noise level. The peak positions
of SMM4A and SMM4B measured by Gaussian fitting
were ↵(J2000) = 18h29m56.s718, �(J2000) = 1�13015.0058
and ↵(J2000) = 18h29m56.s526, �(J2000) = 1�13011.0050,
respectively. The fitting uses emission within the 3�
contour enclosing each peak after primary beam correc-
tion, providing peak intensities and deconvolved sizes
(FWHM), as well as the positions. Total flux densities
of the sources were measured by integrating the flux in
the regions enclosed by the 3� contours after primary
beam correction.
The emission around SMM4A shows a compact struc-

ture with extensions to the east and the south. Its
peak intensity, total flux density, and deconvolved
size are 205 mJy beam�1, 492 mJy, and 0.0075 ⇥ 0.0046
(P.A.=145�), respectively. The peak intensity corre-
sponds to a brightness temperature of Tb = 18 K. The
dust temperature in Serpens Main was estimated by
Lee et al. (2014) to be ⇠ 20 K. Thus, the continuum
emission in SMM4A is thought to be optically thick.
A lower limit to the gas mass can be calculated from
the total flux density to be 0.83 M� by assuming opti-
cal thinness, a dust temperature Tdust = 20 K, opacity
coe�cient (850 µm) = 0.035 cm2 g�1 (Andrews &

Williams 2005), opacity index � = 1, and a gas-to-dust
mass ratio of 100.
In contrast to SMM4A, the emission from SMM4B

shows a more extended structure at lower contour lev-
els, as well as a compact structure at higher contour lev-
els. The extended structure mainly consists of compo-
nents toward the southeast and west from the SMM4B
position. The peak intensity, total flux density, and de-
convolved size of the SMM4B continuum emission are
25 mJy beam�1, 173 mJy, and 0.0070⇥ 0.0053 (P.A.=95�),
respectively. The peak intensity corresponds to a bright-
ness temperature of Tb = 2.0 K. The total flux density
corresponds to a gas mass of 0.29 M�, while the peak
intensity corresponds to a gas mass column density of
0.04 M� beam�1 under the same assumptions as above.

SMM4A

SMM4B

Tb (K)

1000 au

Figure 1. Continuum emission map of SMM4A and
SMM4B. Contour levels are 3, 6, 12, 24, . . . ⇥ �, where 1�
corresponds to 0.1 mJy beam�1. The color map shows
brightness temperature in the unit of K. Yellow plus signs
and lines denote two peak positions and major axes derived
from 2D Gaussian fitting. Yellow circle denotes ALMA pri-
mary beam (FWHM⇠ 2700). A blue-filled ellipse at the
bottom-left corner denotes the ALMA synthesized beam;
0.0057⇥ 0.0046, P.A. = �85�.

3.2. Spectral Energy Distribution

Figure 2a and 2b show Spitzer 24µm and Herschel
70µm images of the SMM4 region. SMM4A and
SMM4B are not detected by Spitzer and only marginally
with Herschel where they are much fainter than a neigh-
boring Class 0 protostar. Figure 2c shows the SED of
the overall submillimeter condensation SMM4 as defined
by the JCMT and derived from Spizter IRAC (3.6, 4.5,
5.8, 8.0 µm), Spizter MIPS 24 µm, Herschel PACS
70 µm observations, ALMA 1.3 mm (this work), and
the literature: CSO SHARK-II 350 µm (Suresh et al.
2016), JCMT SCUBA 450 µm and 850 µm (Davis et al.
1999), and CARMA 3 mm (Lee et al. 2014). The upper
limits in the SED, which are set to be the flux densities
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Figure 3. Integrated intensity (moment 0; contours) and mean velocity (moment 1; color) maps in (a) 12CO lower, (b) 12CO
higher, (c) SO lower, and (d) SO higher velocity components of SMM4A and SMM4B. The integrated velocity range of each
component is written in the upper part of each panel. Contour levels are: (a) from 20� in steps of 20�, (b) from 10� in steps
of 10�, (c) from 3� in steps of 3�, and (d) from 3� in steps of 3�, where 1� corresponds to (a) 20, (b) 35, (c) 16, and (d)
27 mJy beam�1 km s�1. Yellow plus signs and circle are the same as in Figure 1. Blue-filled ellipses at the bottom-left corners
denote the ALMA synthesized beams: 0.0061 ⇥ 0.0050, P.A. = �82� for 12CO emission and 0.0065 ⇥ 0.0052, P.A. = �85� for SO
emission. Yellow dashed lines denote directions of P.A.=0� and 150�, which is used to make a position-velocity diagram (Figure
8b).

velocity width of 1.0± 0.2 km s�1. Similarly the Gaus-
sian mean velocity of SMM4B is 7.86 ± 0.02 km s�1,
its peak brightness temperature is 15.8± 0.7 K, and its
FWHM velocity width is 0.91± 0.06 km s�1. We adopt
the Gaussian mean velocities as the systemic velocities
of SMM4A and SMM4B.

3.4.2. Position-Velocity Diagrams and Velocity Gradients

Next we investigate the velocity gradients around
SMM4B using PV diagrams. Figure 6 shows PV dia-
grams along (a) the direction perpendicular to the line
passing through SMM4A and SMM4B, P.A.=�55�, (b)
the direction passing through SMM4A and SMM4B,
P.A.=35�, (c) the central axis of the blue- and red-

shifted lobes of the SMM4B outflow, P.A.=�15�, and
(d) the direction perpendicular to the outflow direction,
P.A.=75�. The direction (a) is also along the main ve-
locity gradient seen in the mean velocity map (Figure
4). In addition to this gradient around the systemic ve-
locity, Figure 6a also shows a compact component at
VLSR = 7 km s�1. These two components are also seen
in all of the other PV diagrams (Figure 6b-d).
Figure 6b shows negative intensities at the SMM4A

position (o↵set= 500). The negative intensities consist of
two components along the velocity direction; the com-
ponent at 7 km s�1 . V . 8 km s�1 appears to be
associated to emission surrounding SMM4A, while the
more redshifted component (8 km s�1 . V . 9 km s�1)



12COのlobeに沿ったPV図：　線状の2つのペア
これらのペアが同じmomentを持っていると仮定　 
  ⇒　blueやred lobesの傾きは、ib ~36°とir ~70°

3Dでのそれらのずれは、~40°

● SMM4Bアフトフローが曲がっている原因
i) 0.1 pcスケールのアウトフローとの力学的相互作用 
ii) アフトフローと磁場（mGのオーダー）に起因する電流での、電磁相互作用 
iii) より小スケール構造（ゆがんだdisk?）　←空間分解できていない

SO
SMM4B：アウトフローの端と、SMM4B付近のショック領域
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Figure 3. Integrated intensity (moment 0; contours) and mean velocity (moment 1; color) maps in (a) 12 CO lower, (b) 12 CO
higher, (c) SO lower, and (d) SO higher velocity components of SMM4A and SMM4B. The integrated velocity range of each
component is written in the upper part of each panel. Contour levels are: (a) from 20 ! in steps of 20! , (b) from 10 ! in steps
of 10! , (c) from 3 ! in steps of 3! , and (d) from 3 ! in steps of 3! , where 1! corresponds to (a) 20, (b) 35, (c) 16, and (d)
27 mJy beam! 1 km s! 1. Yellow plus signs and circle are the same as in Figure1. Blue-Þlled ellipses at the bottom-left corners
denote the ALMA synthesized beams: 0.""61 ! 0.""50, P.A. = " 82# for 12 CO emission and 0.""65 ! 0.""52, P.A. = " 85# for SO
emission. Yellow dashed lines denote directions of P.A.=0# and 150#, which is used to make a position-velocity diagram (Figure
8b).

velocity width of 1 .0 ± 0.2 km s! 1. Similarly the Gaus-
sian mean velocity of SMM4B is 7.86 ± 0.02 km s! 1,
its peak brightness temperature is 15.8 ± 0.7 K, and its
FWHM velocity width is 0 .91± 0.06 km s! 1. We adopt
the Gaussian mean velocities as the systemic velocities
of SMM4A and SMM4B.

3.4.2. Position-Velocity Diagrams and Velocity Gradients

Next we investigate the velocity gradients around
SMM4B using PV diagrams. Figure 6 shows PV dia-
grams along (a) the direction perpendicular to the line
passing through SMM4A and SMM4B, P.A.= ! 55" , (b)
the direction passing through SMM4A and SMM4B,
P.A.=35 " , (c) the central axis of the blue- and red-

shifted lobes of the SMM4B outßow, P.A.=! 15" , and
(d) the direction perpendicular to the outßow direction,
P.A.=75 " . The direction (a) is also along the main ve-
locity gradient seen in the mean velocity map (Figure
4). In addition to this gradient around the systemic ve-
locity, Figure 6a also shows a compact component at
VLSR = 7 km s! 1. These two components are also seen
in all of the other PV diagrams (Figure 6b-d).

Figure 6b shows negative intensities at the SMM4A
position (o! set= 5##). The negative intensities consist of
two components along the velocity direction; the com-
ponent at 7 km s! 1 ! V ! 8 km s! 1 appears to be
associated to emission surrounding SMM4A, while the
more redshifted component (8 km s! 1 ! V ! 9 km s! 1)
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Figure 8. (a) Integrated intensity maps of blue- and redshifted components of the 12 CO emission. The integrated velocity
range is 15 km s! 1 < |V ! Vsys | < 50 km s! 1. Contour levels are from 3! to 24! in steps of 3! and then in steps of 6! ,
where 1! corresponds to 38 mJy beam! 1 km s! 1. The black dashed curve traces peaks of the integrated intensity maps. (b)
Position-velocity diagram along the curve shown in panel (a). Contour levels are 2

"
2, 4, 4

"
2, 8 . . . # ! , where 1! corresponds

to 2.6 mJy beam! 1. Color also shows the same PV diagram in logarithmic scale. The rectangular frame denotes the velocity
range |V ! Vsys | < 15 km s! 1. Solid and dashed lines trace Hubble-law motions derived by visual inspection; solid (dashed)
lines are considered to be a pair (see the text in more detail). (c) Momentum proÞles along the dashed and solid lines shown in
panel (b). The width of cut is 0 .55"" (1 beam) along the positional direction. Blue and red lines show the proÞles of the blue-
and redshifted components, respectively. Circles signs denote mean momenta and 3! lengths (positions) (see the text in more
detail).

the simplest hypothesis described above in the calcu-
lation below for the SMM4B outßow. This should be
reasonable approximation because its bending suggests
that the inclination angle di ! erence can strongly a! ect
the projected momentum in this system.

The inclination angles can be estimated from Figure
8c on the assumption discussed above. With a given in-
clination angle i b (i r ) of a blueshifted (redshifted) lobe
(0! ! i ! 90! and 0! means the pole-on conÞguration),
an intrinsic momentum, p, is observed as a projected
momentum, pb = pcosi b (pr = pcosi r ), while an intrin-
sic length, l , is similarly observed as a projected length,
lb = l sin i b (lr = l sin i r ). These are summarized as
lb/l r = sin i b/ sin i r and pb/p r = cos i b/ cosi r . These
ratios are independent of the assumed excitation tem-
perature and the conversion factor if those are the same
in the blue and red lobes. With the derived mean mo-
menta and the 3! lengths, the inclination angles are
calculated to be i b = 36! ± 3! and i r = 70! ± 2! for
the two pairs (b1, r1) and (b2, r2). With the inclina-
tion angels and the apparent bending angle" " = 30! ,
the intrinsic bending angle in the 3D space," , can be
written as cos" = cos i b cosi r + sin i b sin i r cos" " thus
" " 40! . These inclination angles also provide an in-
trinsic momentum of " 2-4# 10# 4 M $ km s# 1 with the
excitation temperature of 20-50 K for both older and
newer pairs of mass ejection. Intrinsic lengths can also
be estimated from the inclination angles to be" 1000

au and " 2000 au for the shorter and longer pairs, re-
spectively.

4.2. Continuum Visibility

Young stellar objects show remarkable structures de-
pending on their evolutionary phases, growing disks
out of spherical or ßattened envelopes. To reveal such
structures related to evolutionary phases in SMM4A
and SMM4B, the observed continuum visibilities are in-
spected in this subsection in detail, which unveil intrigu-
ing aspects of the continuum structures more clearly
than from the image inspection (Section3.1). The visi-
bility plots shows in Figure 9 are derived from the aver-
aging over all scans for each pair of antennas.

Since the total ßux density of the continuum emission
in SMM4A is ! 3 times larger than that in SMM4B,
the visibility distribution is expected to be dominated
by ßux from SMM4A. In fact, Figure 9 shows that the
2D visibility amplitude distribution is extended in the
perpendicular direction to the major axis of SMM4A
derived in the image domain. In other words, the proÞles
in Figure 9 are narrower at angles closer to the major
axis (0! or 180! in Figure 9). Furthermore this Þgure
also shows that radial proÞles of the visibility amplitude
at position angles close to the major axis have a null
point at a uv-distance of " 300 m. Radial proÞles at
angles close to the minor axis also exhibit a possible
null point at a greater uv-distance.



● SMM4A、SMM4B、SMM11（Class 0）と進化フェーズを比較

SMM4B（collimateしたアウトフロー、コンパクトな連続波源、SO輝線でトレースされる質量降着）：
SMM4A（高い輝度温度、fan型アウトフロー、大きなdisk状構造）よりも若い進化段階と考えられる

SMM11：　放射温度、放射光度、内部光度がSMM4AやSMM4Bよりも小さい
C18Oの存在量：数十倍ほどSMM4Bよりも小さい
連続放射：　球状エンベロープ（diskやコンパクト成分なし）

⇒　SMM4Bよりも更に若い

SMM4Aが最も進化したフェーズにあり、SMM4B、SMM11と続く

● C18O
SMM4A：　連続放射に対する吸収
SMM4B：　放射として観測
SMM4B周辺：　落ち込み、回転するenvelope

・SMM4Bの連続波ピークでのC18Oの存在量：　 
　　　　　　　典型的なISMよりも約50倍小さい
・~1500 auスケールでの存在量：　 
　　　　　　　より広いスケールでの観測値と矛盾しない
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Figure 4. Integrated intensity (moment 0; contours) and
mean velocity (moment 1; color) maps in the C 18 O emis-
sion of SMM4A and SMM4B. The integrated velocity range
is from 6 to 9 km s! 1. Contour levels of the integrated
intensity maps are from 3! in steps of 5! , where 1! cor-
responds to 6 mJy beam! 1 km s! 1. Plus signs and circle
are the same as in Figure 1. A blue-Þlled ellipse at the
bottom-left corner denotes the ALMA synthesized beam;
0.""64! 0.""52, P.A. = " 83# . Yellow solid lines passing SMM4B
show cuts for position-velocity (PV) diagrams (Figure 6).

(a) (b)

Figure 5. C18 O line proÞles of (a) SMM4A and (b)
SMM4B. Horizontal dashed lines and red curves denote 3!
cuto! s and the best-Þt Gaussian proÞles, respectively, in
each panel. (a) The spectrum was made within the 3"" ! 3""

region centered at SMM4A except for the 1"" ! 1"" region
centered at SMM4A, where the C18 O line has negative in-
tensities. The best-Þt Gaussian proÞle is described by a peak
temperature of 5.6 K, a mean velocity of 7.46 km s! 1, and
a FWHM velocity width of 1 .0 km s! 1. (b) The spectrum
was made within the 0.""5 ! 0.""5 region centered at SMM4B.
The main component at V > 7.35 km s! 1 was used for the
Þtting. The best-Þt Gaussian proÞle is described by a peak
temperature of 15.8 K, a mean velocity of 7.86 km s! 1, and
a FWHM velocity width of 0 .91 km s! 1.

has a di! erent velocities than the SMM4A main emis-
sion. The negative peak intensities of the two compo-
nents correspond to! " 9 K with respect to the con-
tinuum level. Figure 6b also shows two components
associated with SMM4B; a compact component at ve-
locities < 7.35 km s! 1 with a size of ! 0.5"" (210 au)

and a more extended brighter component at velocities
> 7.35 km s! 1 with a size of ! 6"" (2600 au), decreasing
at higher velocities. A small velocity gradient from a
blueshifted-southern part to a redshifted-northern part
can be seen in this PV diagram though it is not as pro-
nounced as that in the other PV diagrams (Figure 6a,
6c, and 6d).

The main velocity gradient seen in the C18O line is nei-
ther parallel nor perpendicular to the associated12CO
outßow. The bending outßow also complicates the ge-
ometry of this system and the uncertain orientation
and inclination angles prevent us from measuring kine-
matic quantities such as rotation and infall motion. We
thus only mention two interpretations of the velocity
gradient in the C18O line. One is a rotating and in-
falling envelope whose rotational axis is parallel to the
associated outßow. Figure6c overall shows a velocity
gradient along the outßow direction, axis (c) in Fig-
ure 4, from the blueshifted components on the north-
ern side to the redshifted components on the southern
side, including compact components in the higher veloc-
ities. The gradient direction is similar to the one seen
in the 12CO outßow; such a gradient can be observed
if there is a disk-like infalling envelope. On the other
hand, Figure 6c also shows that the northernmost part
is redshifted and the southernmost part is blueshifted,
which cannot be explained by the simple infalling mo-
tion. Figure 6d, a cut along the direction perpendic-
ular to the outßow shows the blueshifted components
on the southern side and the redshifted components on
the northern side. Such a velocity gradient perpendic-
ular to the outßow axis can be due to rotation of the
envelope around SMM4B. If this is the case, the linear
morphology of the C18O emission passing the center of
the PV diagram in Figure 6d appears more like rigid-
body rotation than di ! erential rotation on the scale of
our angular resolution, ! 0.""55 (240 au). The other in-
terpretation of the main velocity gradient seen in Fig-
ure 4 is the global rotation of the surrounding enve-
lope, while its rotation axis is di! erent from the outßow
axis by 40# " 50#. This is possible because the outßow
is launched on a scale smaller than circumstellar-disk
scales, while the C18O emission traces velocity gradients
on the much larger envelope scale. Such misalignment
of an envelope-rotation axis and an outßow axis is pre-
dicted in magneto-hydrodynamics (MHD) simulations
in the context of misalignment between magnetic Þelds
and initial rotation axes (e.g., Joos et al.2012; Li et al.
2013; Tsukamoto et al. 2017; Matsumoto et al. 2017).

The blueshifted (V < 7.35 km s! 1) component ap-
pears independent from the main component because it
shows a local peak in the PV diagrams Figure6a-d. Fig-
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The extended component can also be seen in the image
domain (Figure 1).

4.3. C18O abundance

On the basis of the continuum structures described
above, we can calculate the column density of H2
molecules along each line of sight with the following
equation:

I cont . = ( B! (T) ! B! (Tbg ))(1 ! e! " dust ), (1)

where I cont . , B! , T , Tbg = 2 .73 K, and ! dust are
the observed continuum intensity, the Planck function,
the dust/gas temperature, the background temperature,
and the dust optical depth, respectively. The dust
opacity law, gas and dust temperature, and the gas-
to-dust mass ratio are assumed to be" (850 µm) =
0.035 cm2 g! 1 (Andrews & Williams 2005), # = 1,
T = 20 K ( Lee et al. 2014), and 100, respectively. In
addition, the mean molecular weight 2.37 is adopted to
change the mass column density of gas to the number
column density of H2 molecules.

Similarly, the observed line intensity before continuum
subtraction is

I line = ( B! (T) ! B! (Tbg ))(1 ! e! ( " gas + " dust ) ), (2)

where I line and ! gas are the observed line intensity and
the optical depth of the molecular line. By applying
Equation (2) to the observed C18O emission above the
3$ level at each channel, we can derive the optical depth
at each channel. We assume LTE and the same gas tem-
perature as the dust. The C18O column density at each
channel is derived from the optical depth at each chan-
nel, and the total column density is derived by summing
up the column density at each channel. The fractional
abundance of C18O relative to H2, X (C18O) is then de-
rived from the ratio of the two column densities.

Figure 11 shows the spatial distribution of the de-
rived C18O abundance. The abundance is. 10! 8 at
the SMM4B position, which is & 50 times lower than
one in the interstellar medium (ISM) (e.g., 5 " 10! 7,
Lacy et al. 1994; Wilson & Rood 1994). On the other
hand, Figure 11 shows that the abundance in the sur-
rounding region is # 5 " 10! 8 on a # 1500 au scale,
which is consistent with measurement on a# 5000 au
scale (Duarte-Cabral et al. 2010). The derived optical
depth of the C18O line is . 1. The abundance would be
slightly lower if we assumed purely optically thin emis-
sion. In addition, higher temperatures result in higher
C18O abundances because of smaller population in the
upper level of the transition J = 2 ! 1; 15-40 K provides
X (C18O) = 0 .3-3 " 10! 8 at the SMM4B position. The

Figure 11. Map of C18O abundance estimated from the
observed C18O and continuum emission. Coordinates are
o↵sets from the SMM4B position, where 100 corresponds to
429 au. Contours and synthesized beam (red ellipse) are the
same as those in Figure 1. Pixels are masked if the continuum
intensity is below the 3� level.

C18O abundance is thus at least 10 times smaller than
the ISM value in this temperature range.

We are unable to carry out the same analysis for
SMM4A as the C18O line shows negative intensities
probably due to foreground absorption.

5. DISCUSSION

5.1. Possible Mechanisms of the Bending Outßow

In Section 4.1, we found that the SMM4B 12CO out-
ßow bends at an angle# 40" . Since similar bending
outßows have been reported in previous observations of
protostars (e.g., Ching et al. 2016; Tobin et al. 2016;
Yen et al. 2017; Aso et al. 2017b), it is worth consid-
ering possible mechanisms of this apparently common
outßow bending. In the case of SMM4B, one of the sim-
plest possibilities is the orbital motion between SMM4A
and SMM4B. It is, however, not likely, even if the two
protostars are gravitationally bound, because their pro-
jected separation corresponds to# 5##(2100 au). Such a
wide orbit only yields an orbital velocity of . 1 km s! 1

with a central stellar mass of # 1 M $ , for example,
which is negligible compared to the outßow velocity of
several tens km s! 1. The possible orbital motion, there-
fore, cannot explain the bending of the SMM4B outßow.
It is also unlikely either that SMM4B itself is a unre-
solved close binary system having a separation smaller
than several tens au. In the case of such a close binary
system, the orbital motion produces a wiggling pattern
in the outßow lobes (Masciadri & Raga 2002; Wu et al.
2009), rather than a large bending angle. Dynamical in-
teraction with dense gas also has a potential for bending
the outßow (Umemoto et al. 1991). The Serpens Main
region was observed with CARMA at an angular resolu-
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5. Synthetic C18O observations of fibrous filaments: the problems of mapping from PPV to PPP

● フィラメント形成と分裂は複合プロセス： もつれ相互接続しているサブ構造と、複雑な運動で示される
PPP空間での密度構造は、分裂と星形成を反映する

一方、分子線観測はPPV空間での特徴を明らかにするのみ

・PPV空間からPPP空間へのマッピングは、視線方向での重なりで難しい
・PPV空間での特徴（i.e. velocity coherence）の同定基準

そのような特徴が、PPP空間において物理的に連続的で確かなものかどうかはわからない

● シミュレートされたフィラメントのC18O観測

視線方向において様々な速度成分を持ち、 
複雑なスペクトルを示す

実際の観測と似ている

速度成分の多くは ~0.4 km s-1以下の線幅
遷音速 limit ＠~10 K

↑観測結果（sub-sonic or trans-sonic）と一致

4 S. D. Clarke et al.

Figure 2. On the left, the integrated intensity map of the C 18 O emission, with black dots showing the location of the Þve spectra
displayed on the right. Four of the Þve spectra show multiple velocity components (as shown in Section 4.1 and Fig. 5).

0.04 pc, and Þnally adding noise. For each voxel, the noise
is obtained by sampling from a Gaussian distribution with
a mean of zero and a standard deviation of 0.1 K.

3 RESULTS

The Arepo simulations presented here produce very simi-
lar morphologies to those presented in Clarke et al. (2017),
which used smoothed particle hydrodynamics. Fig. 1a shows
the column density from one frame of simulation Sim02 (this
frame is used throughout the paper to illustrate the proce-
dures used). One can see numerous elongated sub-Þlaments.

Fig. 1b shows the corresponding C18 O integrated inten-
sity map. The morphology of the Þlament is unchanged, but
the sub-structure is much less sharp than in Fig. 1a, and due
to freeze-out some of the column-density peaks are missing.
The lack of obvious signs of Þbres in the integrated intensity
map is similar to the results of Hacar et al. (2013).

Figure 1c shows the Þrst moment map, i.e. the intensity-
weighted mean radial velocity along each line of sight. Only
velocity channels with greater than 5 ! detections (i.e. >
0.5 K) are included in the calculation. The Þlament shows
a complex velocity Þeld with large alternating radial veloci-
ties, spanning a range of ! 2.0 km s! 1. This corresponds to
the range of velocities in the accretion ßow, i.e. ! 1.0 km s! 1

towards the observer and ! 1.0 km s! 1 away from the ob-
server, and is very similar to the range seen in L1495 by
Tafalla & Hacar (2015).

Figure 1d shows the second moment map, i.e. the in-
tensity weighted velocity dispersion along each line of sight.

As with the Þrst moment map, only velocity channels with
greater than 5! detections are included in the calculation.
The second moment varies greatly over the Þlament, from re-
gions with sub- or trans-sonic widths, to regions with highly
supersonic widths. Small absolute radial velocities and large
velocity dispersions tend to be concentrated near the spine
of the Þlament. Conversely, large absolute radial velocities
and small velocity dispersions tend to be found towards the
edges of the Þlament. This is because the edges trace the
shocks where the inßowing gas accretes onto the Þlament,
while lines of sight near the spine are seeing through turbu-
lent gas inside the Þlament.

Plots similar to Fig. 1 for frames from the other nine
simulations are presented in Appendix B.

4 DISCUSSION

To investigate whether the large second moment values in
the interior of the Þlament are due to one single broad ve-
locity component or multiple narrow velocity components,
we show in Fig. 2 the spectra on Þve di! erent represen-
tative lines of sight. Several spectra have multiple velocity
components, and most components have sub- or trans-sonic
widths. This prevalence of multiple narrow velocity compo-
nents suggests the existence of Þbres.

To distinguish between small localised regions with mul-
tiple velocity components (e.g. accreting cores) and regions
which contain multiple elongated substructures at di ! erent
velocities, we use position-velocity (PV) diagrams. Figure 3
displays longitudinal strips of the monochromatic intensity,
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main Þlament; the turbulence is driven by accretion. This
scenario conforms to the Ôfray and fragmentÕ scenario pro-
posed by Tafalla & Hacar (2015).

Although these simulations produce extended coher-
ent features in position-position-position (PPP) space, it
is presently unclear how these features would appear in
molecular-line observations, and how they compare with
the observed Þbres identiÞed in position-position-velocity
(PPV) space. It is also unclear whether the observed Þbres
correspond to coherent features in PPP space.

In this paper, we present the results of moving-mesh
simulations with the same initial setup used in Clarke et al.
(2017), an initially sub-critical Þlament which accretes from
a supersonic turbulent medium. We use sub-Þlamentsexclu-
sively to mean extended coherent features in PPP space, and
Þbresto mean extended coherent features in PPV space. In
Section 2, we detail the numerical setup, the initial condi-
tions and the production of synthetic observations. In Sec-
tion 3 we present the results of the simulations and the syn-
thetic C 18 O observations. In Section 4, we discuss the sig-
niÞcance of the results and compare to previous work and
observations. In Section 5, we summarise our conclusions.

2 NUMERICAL SETUP

2.1 Simulations

The simulations presented in this paper1 have been per-
formed using the moving-mesh codeArepo (Springel 2010).
The code uses self-gravitating hydrodynamics, with time-
dependent coupled chemistry and thermodynamics. The
boundary conditions are periodic for the hydrodynamics,
but not for self-gravity. Ten simulations are performed with
di! erent random seeds (labelledSim01 to Sim10).

The computational domain is deÞned by Cartesian co-
ordinates (x, y, z ), with |x| < 3.0 pc, |y| < 3.0 pc and |z| <
2.5 pc. The initial density Þeld is cylindrically symmetric
about the z axis, so we also introduce a radius variablew =
(x2 + y2)1/ 2 , and put

! (w, z)=
!

15 M! pc! 3(w/ pc)! 1 , w < 3.0 pc, |z| < 1.5 pc;
0.015 M! pc! 3, elsewhere.

(1)

Here the low-density gas is simply a Þller in the outer regions
of the computational domain, and plays no signiÞcant role
in the evolution of the Þlament; it constitutes ! 0.01% of
the total mass. The initial density Þeld is set up and settled
with ! 106 cells all having approximately the same mass.

The initial velocity Þeld is given by

v(w, z)=
!

" 0.75ör km s! 1 + v turb , w < 3.0 pc, |z| < 1.5 pc;
0 km s! 1, elsewhere.

(2)

Without the turbulent component, v turb , this gives a cylin-
drically symmetric inßow of 70 M ! Myr ! 1 pc! 1 towards the
z axis. The dense gas initially at w ! 3 pc takes ! 4 Myr
to reach the z axis. Since the simulations are only run for
! 0.45 Myr, the low-density Þller gas outside w ! 3 pc does
not have time to inßuence the dynamics near the z axis

1 The preliminary results from these simulations were
previously presented in the thesis of Seamus Clarke
(http://orca.cf.ac.uk/102784/)

where the Þlament is accumulating. The turbulent veloc-
ity Þeld, v turb , is generated assuming a power spectrum
Pk # k! 4, with kmin = 4 .2 pc! 1, a thermal mix of compres-
sive and solenoidal modes, and a mean velocity dispersion
of 1 km s! 1.

The chemical network in the simulations is a combina-
tion of the hydrogen network introduced in Glover & Mac
Low (2007a,b) and the CO network of Nelson & Langer
(1997); this combined network is introduced as NL97 in
Glover & Clark (2012). We use the cosmic ray heating rate,
and the radiative heating and cooling rates presented in
Glover & Mac Low (2007a,b); a standard dust-to-gas ratio of
0.01; and solar elemental abundances (relative to hydrogen
the abundances by number of helium, carbon and oxygen are
respectively " He =0 .1, " C =1 .41$ 10! 4 and " O =3 .16$ 10! 4

(Glover & Clark 2012)).
We combine the interstellar radiation Þeld (ISRF) de-

Þned by Draine (1978) at ultraviolet wavelengths, with that
deÞned by Black (1994) at longer wavelengths; the ISRF
is normalised to the local ISRF, G0 = 1 .7 in Habing (1968)
units. The ISRF is attenuated using the TreeCol algorithm
presented in Clark, Glover & Klessen (2012), we direct the
reader to that paper for more details. The cosmic ray ioniza-
tion rate is #CR = 10 ! 17 s! 1, consistent with that measured
in dense gas (Caselli et al. 1998; Bergin et al. 1999).

The gas is initially fully atomic and at 40 K; runs with
initially fully molecular gas, and runs at di ! erent initial tem-
peratures, show no signiÞcant di! erences. This supports the
results of Glover & Clark (2012) and Clark & Glover (2015),
who Þnd that the initial chemical state of a cloud does not
signiÞcantly alter the global dynamic evolution once the gas
density is above ! 100 cm! 3.

The resolution of the simulation is of order r cell =
(3Vcell / 4$)1/ 3 , where Vcell is the volume of a cell. Cell reÞne-
ment is used to ensure that the resolution always satisÞes the
Truelove criterion (Truelove et al. 1997), i.e. r cell < %Jeans / 8,
where %Jeans is the local Jeans length. The majority of
the gas in the Þlament has density in the range ! 10! 21

to ! 10! 18 g cm! 3, giving spatial resolution in the range
! 3$ 10! 3 to ! 3$ 10! 4 pc. Due to cell reÞnement the sim-
ulations end with ! 107 cells (having started with ! 106).

2.2 Synthetic observations

We generate maps of the C18 O(J =1 " 0) monochromatic in-
tensity, I obs

v from the simulations, using the post-processing
radiative transfer code RADMC-3D (Dullemond 2012). The
C18 O(J =1" 0) line is chosen because it was used in the Þrst
detection of Þbres by Hacar et al. (2013).

To run RADMC-3D we use the in-built Arepo algo-
rithm to map the Voronoi mesh onto a Þxed Cartesian grid,
with a resolution of 0.01 pc, and covering " 2.0 pc < x, y, z <
+2 .0 pc; this domain includes the Þlament and the accretion
ßow, while omitting most of the low density ÔÞllerÕ gas.

RADMC-3D is run assuming non-local thermodynamic
equilibrium and uses the large velocity gradient approxima-
tion (Sobolev 1957). To test the applicability of the large
velocity gradient approximation the Sobolev length scale is
calculated and compared to the grid size. The Sobolev length
scale,L , is deÞned as

L =
&

| dv/ dr |
, (3)
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main Þlament; the turbulence is driven by accretion. This
scenario conforms to the Ôfray and fragmentÕ scenario pro-
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Although these simulations produce extended coher-
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molecular-line observations, and how they compare with
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of the computational domain, and plays no signiÞcant role
in the evolution of the Þlament; it constitutes ! 0.01% of
the total mass. The initial density Þeld is set up and settled
with ! 106 cells all having approximately the same mass.

The initial velocity Þeld is given by

v(w, z)=
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" 0.75ör km s! 1 + v turb , w < 3.0 pc, |z| < 1.5 pc;
0 km s! 1, elsewhere.

(2)

Without the turbulent component, v turb , this gives a cylin-
drically symmetric inßow of 70 M ! Myr ! 1 pc! 1 towards the
z axis. The dense gas initially at w ! 3 pc takes ! 4 Myr
to reach the z axis. Since the simulations are only run for
! 0.45 Myr, the low-density Þller gas outside w ! 3 pc does
not have time to inßuence the dynamics near the z axis

1 The preliminary results from these simulations were
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where the Þlament is accumulating. The turbulent veloc-
ity Þeld, v turb , is generated assuming a power spectrum
Pk # k! 4, with kmin = 4 .2 pc! 1, a thermal mix of compres-
sive and solenoidal modes, and a mean velocity dispersion
of 1 km s! 1.

The chemical network in the simulations is a combina-
tion of the hydrogen network introduced in Glover & Mac
Low (2007a,b) and the CO network of Nelson & Langer
(1997); this combined network is introduced as NL97 in
Glover & Clark (2012). We use the cosmic ray heating rate,
and the radiative heating and cooling rates presented in
Glover & Mac Low (2007a,b); a standard dust-to-gas ratio of
0.01; and solar elemental abundances (relative to hydrogen
the abundances by number of helium, carbon and oxygen are
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We combine the interstellar radiation Þeld (ISRF) de-

Þned by Draine (1978) at ultraviolet wavelengths, with that
deÞned by Black (1994) at longer wavelengths; the ISRF
is normalised to the local ISRF, G0 = 1 .7 in Habing (1968)
units. The ISRF is attenuated using the TreeCol algorithm
presented in Clark, Glover & Klessen (2012), we direct the
reader to that paper for more details. The cosmic ray ioniza-
tion rate is #CR = 10 ! 17 s! 1, consistent with that measured
in dense gas (Caselli et al. 1998; Bergin et al. 1999).

The gas is initially fully atomic and at 40 K; runs with
initially fully molecular gas, and runs at di ! erent initial tem-
peratures, show no signiÞcant di! erences. This supports the
results of Glover & Clark (2012) and Clark & Glover (2015),
who Þnd that the initial chemical state of a cloud does not
signiÞcantly alter the global dynamic evolution once the gas
density is above ! 100 cm! 3.

The resolution of the simulation is of order r cell =
(3Vcell / 4$)1/ 3 , where Vcell is the volume of a cell. Cell reÞne-
ment is used to ensure that the resolution always satisÞes the
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! 3$ 10! 3 to ! 3$ 10! 4 pc. Due to cell reÞnement the sim-
ulations end with ! 107 cells (having started with ! 106).
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We generate maps of the C18 O(J =1 " 0) monochromatic in-
tensity, I obs

v from the simulations, using the post-processing
radiative transfer code RADMC-3D (Dullemond 2012). The
C18 O(J =1" 0) line is chosen because it was used in the Þrst
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To run RADMC-3D we use the in-built Arepo algo-
rithm to map the Voronoi mesh onto a Þxed Cartesian grid,
with a resolution of 0.01 pc, and covering " 2.0 pc < x, y, z <
+2 .0 pc; this domain includes the Þlament and the accretion
ßow, while omitting most of the low density ÔÞllerÕ gas.

RADMC-3D is run assuming non-local thermodynamic
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tion (Sobolev 1957). To test the applicability of the large
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scale,L , is deÞned as

L =
&

| dv/ dr |
, (3)

c! 2002 RAS, MNRAS 000 , 1Ð18

初期速度場初期密度場



● Fibre：　今回のsimulationで多く見られる（長さ~3pcのフィラメント中に、平均で22のFibre）
PPV空間でvelocity coherent構造として定義 by Hacar et al. (2013)
それらFibreは、高密度でのCO freeze outが含まれていようがいまいが、強く影響を受けない

● フィラメント中の速度coherentなFibreの同定
Fibreは別々の構造であり、フィラメントにおいて building blockとなる
⇒　個々のFibreやFibreのグループを調べることで、フィラメントの内部構造が推測できる

しかしながら、 
　PPV空間からPPP空間へのマッピングは視線方向の重なりで難しい
Fibreの約50%が物理的に離れているガスからのコンタミあり

8 S. D. Clarke et al.

Figure 7. A 3D plot showing the velocity centroids of the velocity components in PPV space, colour coded to show the individual groups
identified using the friends-of-friends algorithm. The structures are generally filamentary and resemble the fibres in Hacar et al. (2013)

Figure 8. The lefthand frames display the same five spectra presented in Fig. 2, and the righthand frames display the density profiles along
the corresponding lines-of-sight. The coloured bars identify the ranges contributing to the di! erent velocity components (vc ± 1.15! c ).
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Figure 7. A 3D plot showing the velocity centroids of the velocity components in PPV space, colour coded to show the individual groups
identiÞed using the friends-of-friends algorithm. The structures are generally Þlamentary and resemble the Þbres in Hacar et al. (2013)

Figure 8. The lefthand frames display the same Þve spectra presented in Fig. 2, and the righthand frames display the density proÞles along
the corresponding lines-of-sight. The coloured bars identify the ranges contributing to the di ↵erent velocity components ( v

c

± 1.15�
c

).
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Figure 9. A 3D plot showing the fibres identified in Fig. 7 mapped into PPP space, using the same colour code.

and can greatly complicate the mapping between PPV and
PPP (Moeckel & Burkert 2015; Zamora-Avilés, Ballesteros-
Paredes & Hartmann 2017). Here we test the assumption on
a single simple structure, an isolated filament.

To isolate the gas in fibres, we apply two criteria. First,
for each velocity component c (defined by I

c

, v

c

,�

c

) we con-
sider only the gas along that line of sight having velocity
in the interval v

c

± 1.175�
c

, i.e. within the FWHM. Sec-
ond, since we are using the C18O(J = 1�0) line, we only
consider gas which has a number density greater than the
critical value for this transition, ncrit ⇠ 1400 cm�3, in or-
der to limit line of sight contamination by di↵use gas in the
accretion flow. From the simulations we know that the me-
dian density of cells with at least 10% of their carbon in
CO is ⇠ 1300 cm�3, so using ncrit as a density threshold is
reasonable.

Figure 8 illustrates the results of applying this proce-
dure to the five spectra in Fig. 2. In the lefthand panels,
the coloured bands mark the FWHMs of the di↵erent ve-
locity components, i.e. from v

c

� 1.175�
c

to v

c

+1.175�
c

.
In the righthand panels, the density profiles along the cor-
responding lines of sight are presented, and the coloured
bands mark the regions contributing to the di↵erent veloc-
ity components. Line of sight confusion is evident in several
cases. In the bottom spectrum the overlapping narrow and
wide components come from the same PPP feature, with the
narrow component tracing quiescent material near the den-
sity peak, and the wide component tracing more extended
material accreting onto this peak. In the middle spectrum,
the four components originate from a region ⇠1 pc wide;
the main density feature along this line of sight (roughly

between 0.1 and 0.4 pc) contains two velocity components
(green and yellow bands), due to the convergent flow forming
it, whilst the red and blue components are associated with
density enhancements in the accretion flow, with the red
component being associated with two distinct density fea-
tures. The fourth spectrum shows severe line-of-sight confu-
sion, with alternating velocity components (yellow and blue
bands) due to acoustic oscillations.

The fibres identified in PPV space (see Section 4.2) are
found by collating the centroids of the fitted velocity compo-
nents, and so can be mapped into PPP space by summing
all the voxels contributing to the FWHMs of those veloc-
ity components. Fig. 9 shows the distribution in PPP space
of all the fibres in Fig. 7. In PPP space, most fibres are
compounded by continuous features, but they are also of-
ten fragmented or indistinct – due to confusion, blending at
boundaries, and overlaps.

In order to quantify this assertion, we estimate the pro-
portions of fibres that are ‘complete’, ‘contaminated’ or ‘sep-
arate’. To do this we use a FoF algorithm (as in Section 4.2)
to identify groups of voxels in PPP space. To be friends,
two voxels must be no more than 0.04 pc (2 voxels) apart.
A fibre is ‘complete’ if all the associated voxels belong to
the same group. A fibre is ‘separate’ if the associated vox-
els belong to more than one group, and two of these groups
overlap on more than 7 lines of sight (i.e. 7 pixels). A fibre is
‘contaminated’ if the associated voxels belong to more than
one group, but none of these groups overlap on more than
7 lines of sight. Table 1 gives the number of fibres that fall
into these categories; around 50% of fibres are complete in
PPP space, 30% are contaminated, and 20% are separated.
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観測者は不可能



● PPVで同定されるFibreは、PPPで同定されるsubフィラメントには関係しないが、
二次元に投影されたFibreとsubフィラメントの形は似ている

Jプロット（Jaffa et al. 2018）を用いると、 
　Fibreは平均的にはsubフィラメントよりも、 
　やや狭く、時折より曲がっている
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Figure 10. A 3D plot showing the sub-filaments found using DisPerSE. In the top panel, the di↵erent sub-filaments are colour coded.
In the bottom panel the colour shows the line-of-sight velocity from the simulation at that position.
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Figure 12. The lefthand frame displays the column density of the sub-Þlament from Fig. 11, and the black dots show the positions of
the three ÔspectraÕ displayed on the right, showing multiple velocity components, separated by ! 1 km s! 1 .

Figure 13. A map of the number of di ↵erent sub-Þlaments along
each line-of-sight. Over 30% of lines-of-sight intercept more than
one sub-Þlament.

actually be classified as sub-filaments. N2H
+ should be a

better tracer of sub-filaments, since N2H
+ emission is less

influenced by shocks than C18O, and the volume-filling fac-
tor of N2H

+ -bright gas is much lower than C18O-bright gas,
leading to less line-of-sight confusion.

Ammonia (NH3) is also a dense gas tracer, and is
thought to trace similar gas to N2H

+ (Johnstone et al. 2010;
Hacar, Tafalla & Alves 2017). NH3 has been used to detect
elongated features in the TMC-1 cloud in Taurus, using the
NbClust algorithm (Fehér et al. 2016), but it is unclear

how these features relate to fibres as defined by Hacar et al.
(2013). NH3 has also been used by Williams et al. (2018) to
study the more massive filaments (aka spokes) in the hub-
and-spoke system SDC13. However, they find no evidence
for fibres; each of the four filaments (spokes) shows only a
single velocity component.

It will be important to understand better how fragment-
ing filaments appear when observed with nitrogen bearing
molecules. These molecules trace di↵erent gas from C18O,
and therefore mapping from PPV space to PPP space may
be more straightforward. Synthetic N2H

+ and NH3 obser-
vations are outside the scope of this paper, but will be the
focus of future work.

5 CONCLUSIONS

Filament formation and fragmentation is a complex pro-
cess, characterised by tangled, interconnected sub-structures
and complicated kinematics, on both large and small scales.
While it is the real density structures in PPP space that
ultimately reflect the process of fragmentation and star-
formation, molecular-line observations only reveal features
in PPV space. Unfortunately, the mapping from PPV space
to PPP space is compromised by confusion along the line-
of-sight, and the identification criteria for features in PPV
space (i.e. velocity coherence) do not guarantee that such
features are physically continuous and distinct in PPP space.

Synthetic C18O observations of simulated filaments
show complex spectra, with multiple velocity components on
many lines-of-sight, similar to real observations of filaments

c" 2002 RAS, MNRAS 000 , 1Ð18

多くの視線方向において、 
subフィラメントも重なっており、 
同定は難しい？
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Figure 14. J moments of the sub-Þlaments (lefthand plot) and Þbres (righthand plot) from Sim02, conÞrming that at all levels they are
elongated. The square represents the trunk of the dendrogram, circles the branches, and triangles the leaves.

Figure 15. The distribution of J -moments for the sub-Þlaments (lefthand plot) and Þbres (righthand plot) from all 10 simulations,
constructed using a KDE. Filled black squares represent the trunks of the dendrograms. Black contours delineate the distribution of all
structures; red and blue contours delineate the distributions of leaves and branches respectively.

(Hacar et al. 2013; Tafalla & Hacar 2015; Dhabal et al. 2018,
Suri et al. in prep.). Most of these velocity components have
widths less than ⇠0.4 km s�1, the transonic limit at ⇠10K,
in agreement with observational studies showing that turbu-
lence within filaments in typically sub- or trans-sonic (Ar-
zoumanian et al. 2013; Hacar et al. 2013; Fernández-López
et al. 2014; Kainulainen et al. 2016).

Fibres, defined by Hacar et al. (2013) as velocity co-
herent structures in PPV space, are numerous in synthetic
C18O observations of the simulations presented here, with
on average 22 fibres in a filament ⇠ 3 pc in length. More-
over, these fibres are not strongly a↵ected by whether CO
freeze-out at high densities is included.

The identification of velocity coherent fibres in filaments

has led to the suggestion that fibres are discrete structures,
and act as building blocks for filaments; hence that by study-
ing individual fibres and groups of fibres one can infer the in-
ternal structure of a filament. However, mapping from PPV
space to PPP space is often compromised by line-of-sight
confusion; ⇠50% of fibres have some form of contamination
from a physically separate parcel of gas, or consist of two or
more physically continuous but separate features that hap-
pen to reside at the same velocity. It is impossible for an
observer to know which features in PPV space belong to
the ⇠ 50% that are continuous in PPP space. Furthermore,
those features that are continuous in PPP space may only
appear distinct in velocity space because of internal shocks.
It is therefore unclear what the properties of individual fibres

c� 2002 RAS, MNRAS 000 , 1Ð18



6. Water and interstellar complex organics associated with the HH 212 protostellar disc
C. Codella, E. Bianchi, B. Tabone, et al. 

Orion BのHH 212 (Class 0)に対して、HDOとCH3CHOで観測(Cycle 1 & Cycle 4 ALMA Band 7)

放射領域は垂直方向に~0.’’18 (73au)広がっている
全てのプロファイルのピーク：系速度の付近で、幅5-7 kms-1

● 14のCH3CHO輝線と1つのHDO輝線を検出
Codella et al.: Water and iCOMs around HH 212 mm

Fig. 1. Left panel: HH 212 protostellar system as observed by ALMA-Band 7 during Cycle 1. Blue and red contours plot the blue-
and red-shifted SiO(8–7) jet and the C34S(7–6) asymmetric cavity (magenta and green contours) overlaid on the continuum at 0.9
mm (white contours). Positions are given with respect to the coordinates of the MM1 protostar, reported in Sect. 2. The filled
ellipse shows the synthesised beam (HPBW) for the continuum: 0.0036 ⇥ 0.0028 (–62�). The beam for the SiO and C34S images is
0.0043 ⇥ 0.0033 (–64�). First contours and steps for the continuum are are 5� (1.5 mJy beam �1) and 60�, respectively. For SiO, the
first contours and steps are 5� and 25�, respectively: the blue map has been obtained by integrating down to –21 km s�1 (1� =
29 mJy beam �1 km s�1), and the red map collects emission up to +12 km s�1 (1� = 23 mJy beam �1 km s�1). The C34S map has
been obtained by integrating the velocities from -1 km s�1 to +1 km s�1 with respect to the systemic velocity v

sys

= +1.7 km s�1

(Lee et al. 2014): the first contour and steps are 5� (10 mJy beam �1 km s�1) and 3�, respectively. Central panels: Zoom-in of the
central region as observed by ALMA Band 7 Cycle 1: CH3CHO(181,17–171,16)E and CH3CHO(184,15–174,14)A emission integrated
over ±5 km s�1 with respect to v

sys

(black contours). The first contours and steps are 3� (18 mJy beam �1 km s�1). The HPBWs
are 0.0041 ⇥ 0.0033 (–64�) for CH3CHO(181,17–171,16)E, and 0.0044 ⇥ 0.0033 (–63�) for CH3CHO(184,15–174,14)A. The black triangle
shows the MM1 coordinates, and the tilted cross indicates the directions of the jet and of the equatorial plane. Right panels: Further
zoom-in of the central region, as observed by ALMA Band 7 Cycle 4, showing the HDO(33,1–42,2), CH3CHO(180,18–170,17)E,
and CH3CHO(180,18–170,17)A. The emission was integrated over 10 km s�1 around v

sys

(upper panels; black contours). The first
contours and steps are 3� (14 mJy beam �1 km s�1). The HPBW is 0.0015⇥ 0.0012 (PA = -88�). The corresponding first-moment maps
are reported in colour scale in the lower panels. Contours are from 0 km s�1 to +4 km s�1 in steps of 0.5 km s�1.

4. Physical properties

Given the lack of the collisional rate coe�cients available in
literature, the excitation temperature and column density of
CH3CHO were derived using the rotational diagram approach
(Fig. 3), assuming local thermodynamic equilibrium (LTE) con-
ditions and optically thin emission. We used Cycle 1 and Cycle
4 emission lines, and following the maps of Fig. 1, corrected the
observed intensities for a source size (of the total emitting re-
gion) of 0.0018. We derived an excitation temperature of 78±14
K and column density of 7.6±3.2 ⇥ 1015 cm�2. The temper-
ature agrees reasonably well with the Cycle 0 results reported
by Codella et al. (2016), and it is also consistent with the tem-
peratures of 165±85 K and 171±52 K derived from methanol
observations (covering a similar excitation range) by Lee et al.
(2017b) and Bianchi et al. (2017). On the other hand, the column
density is higher by a factor 4 than what was reported by Codella
et al. (2016). This discrepancy, however, can be explained given
the size of 0.003 assumed in Codella et al. (2016). The lower col-
umn density derived using the Cycle 0 dataset is an average over
a larger assumed emission area. The Cycle 4 data analysed in this
paper allow us to measure the size of the emitting region, hence
to obtain a reliable measure of the CH3CHO column density and
an improved estimate of the abundance. As stressed in Codella
et al. (2016), the continuum emission, being optically thick (see
e.g. Lee et al. 2017a, and references therein), cannot be used to

derive an N(H2) estimate. However, assuming H2 column den-
sities around 1024 cm�2, which is a typical value for hot corinos
in Perseus and in B335 (Taquet et al. 2015, Imai et al. 2016), we
can infer XCH3CHO ' 8 ⇥ 10�9. This is in good agreement with
the CH3CHO abundance found in a region within a few 10 au
around the B335 protostar using ALMA (2 ⇥ 10�9; Imai et al.
2016).

The HDO emission was analysed using a non-LTE Large
Velocity Gradient (LVG) model (see Ceccarelli et al. 2003), as-
suming collisional coe�cients for the system HDO-H2 com-
puted by Faure et al. (2012). A Boltzmann distribution for the
ortho-to-para H2 ratio, in agreement with the Faure et al. (2012)
computations, was found, showing that para-H2 and ortho-H2
collisional coe�cients are di↵erent only at temperatures ⌧ 45
K. Di↵erent to Codella et al. (2016), we can now use the mea-
sured size of 0.0018. Figure 3 shows the LVG predictions in the
Tkin–N(HDO) plane for densities of 108 cm�3 (blue), 109 cm�3

(magenta), and 1010 cm�3 (red; representing the LTE regime).
When we assume N(HDO)/N(H2O)  0.1, XH2O = 3 ⇥ 10�5;
see Taquet et al. 2015) and a source size of 0.0018, then Fig. 3
shows that only densities of at least 108 cm�3 are possible, lead-
ing to N(HDO)  3 ⇥ 1017 cm�2. Densities of 107 cm�3 would
imply N(HDO)  3 ⇥ 1016 cm�2, which are values that were
ruled out by the LVG solutions in Fig. 3. With a density of 108

cm�3 , the opacity of the HDO line is 0.3, while lower values
are expected for higher densities. The temperatures derived from
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Fig. 1. Left panel: HH 212 protostellar system as observed by ALMA-Band 7 during Cycle 1. Blue and red contours plot the blue-
and red-shifted SiO(8–7) jet and the C34S(7–6) asymmetric cavity (magenta and green contours) overlaid on the continuum at 0.9
mm (white contours). Positions are given with respect to the coordinates of the MM1 protostar, reported in Sect. 2. The filled
ellipse shows the synthesised beam (HPBW) for the continuum: 0.0036 ⇥ 0.0028 (–62�). The beam for the SiO and C34S images is
0.0043 ⇥ 0.0033 (–64�). First contours and steps for the continuum are are 5� (1.5 mJy beam �1) and 60�, respectively. For SiO, the
first contours and steps are 5� and 25�, respectively: the blue map has been obtained by integrating down to –21 km s�1 (1� =
29 mJy beam �1 km s�1), and the red map collects emission up to +12 km s�1 (1� = 23 mJy beam �1 km s�1). The C34S map has
been obtained by integrating the velocities from -1 km s�1 to +1 km s�1 with respect to the systemic velocity v

sys

= +1.7 km s�1

(Lee et al. 2014): the first contour and steps are 5� (10 mJy beam �1 km s�1) and 3�, respectively. Central panels: Zoom-in of the
central region as observed by ALMA Band 7 Cycle 1: CH3CHO(181,17–171,16)E and CH3CHO(184,15–174,14)A emission integrated
over ±5 km s�1 with respect to v

sys

(black contours). The first contours and steps are 3� (18 mJy beam �1 km s�1). The HPBWs
are 0.0041 ⇥ 0.0033 (–64�) for CH3CHO(181,17–171,16)E, and 0.0044 ⇥ 0.0033 (–63�) for CH3CHO(184,15–174,14)A. The black triangle
shows the MM1 coordinates, and the tilted cross indicates the directions of the jet and of the equatorial plane. Right panels: Further
zoom-in of the central region, as observed by ALMA Band 7 Cycle 4, showing the HDO(33,1–42,2), CH3CHO(180,18–170,17)E,
and CH3CHO(180,18–170,17)A. The emission was integrated over 10 km s�1 around v

sys

(upper panels; black contours). The first
contours and steps are 3� (14 mJy beam �1 km s�1). The HPBW is 0.0015⇥ 0.0012 (PA = -88�). The corresponding first-moment maps
are reported in colour scale in the lower panels. Contours are from 0 km s�1 to +4 km s�1 in steps of 0.5 km s�1.

4. Physical properties

Given the lack of the collisional rate coe�cients available in
literature, the excitation temperature and column density of
CH3CHO were derived using the rotational diagram approach
(Fig. 3), assuming local thermodynamic equilibrium (LTE) con-
ditions and optically thin emission. We used Cycle 1 and Cycle
4 emission lines, and following the maps of Fig. 1, corrected the
observed intensities for a source size (of the total emitting re-
gion) of 0.0018. We derived an excitation temperature of 78±14
K and column density of 7.6±3.2 ⇥ 1015 cm�2. The temper-
ature agrees reasonably well with the Cycle 0 results reported
by Codella et al. (2016), and it is also consistent with the tem-
peratures of 165±85 K and 171±52 K derived from methanol
observations (covering a similar excitation range) by Lee et al.
(2017b) and Bianchi et al. (2017). On the other hand, the column
density is higher by a factor 4 than what was reported by Codella
et al. (2016). This discrepancy, however, can be explained given
the size of 0.003 assumed in Codella et al. (2016). The lower col-
umn density derived using the Cycle 0 dataset is an average over
a larger assumed emission area. The Cycle 4 data analysed in this
paper allow us to measure the size of the emitting region, hence
to obtain a reliable measure of the CH3CHO column density and
an improved estimate of the abundance. As stressed in Codella
et al. (2016), the continuum emission, being optically thick (see
e.g. Lee et al. 2017a, and references therein), cannot be used to

derive an N(H2) estimate. However, assuming H2 column den-
sities around 1024 cm�2, which is a typical value for hot corinos
in Perseus and in B335 (Taquet et al. 2015, Imai et al. 2016), we
can infer XCH3CHO ' 8 ⇥ 10�9. This is in good agreement with
the CH3CHO abundance found in a region within a few 10 au
around the B335 protostar using ALMA (2 ⇥ 10�9; Imai et al.
2016).

The HDO emission was analysed using a non-LTE Large
Velocity Gradient (LVG) model (see Ceccarelli et al. 2003), as-
suming collisional coe�cients for the system HDO-H2 com-
puted by Faure et al. (2012). A Boltzmann distribution for the
ortho-to-para H2 ratio, in agreement with the Faure et al. (2012)
computations, was found, showing that para-H2 and ortho-H2
collisional coe�cients are di↵erent only at temperatures ⌧ 45
K. Di↵erent to Codella et al. (2016), we can now use the mea-
sured size of 0.0018. Figure 3 shows the LVG predictions in the
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(magenta), and 1010 cm�3 (red; representing the LTE regime).
When we assume N(HDO)/N(H2O)  0.1, XH2O = 3 ⇥ 10�5;
see Taquet et al. 2015) and a source size of 0.0018, then Fig. 3
shows that only densities of at least 108 cm�3 are possible, lead-
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imply N(HDO)  3 ⇥ 1016 cm�2, which are values that were
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cm�3 , the opacity of the HDO line is 0.3, while lower values
are expected for higher densities. The temperatures derived from
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Fig. 2. CH3CHO and HDO line profiles in Tb scale (with a spectral resolution of 1 km s�1) observed during ALMA Cycle 1 and 4
(right panels) operations. Species, transitions, and upper level excitations (Eu in K) are reported (see Table 1). The vertical dashed
line stands for the systemic velocity vsys = +1.7 km s�1 (e.g. Lee et al. 2014). Red curves are Gaussian fits, the results of which
are reported in Table 1. In some of the panels, vertical red segments indicate an additional CH3CHO line close to that centred at
vsys. The CH2DOH labels (see also the magenta profile in the upper left panel, residual of the (185,14–175,13)A and (185,13–175,12)A
fit) are for emission lines of deuterated methanol, published by Bianchi et al. (2017). Some unidentified lines (U labels) are also
reported.

Table 1. CH3CHO and HDO emission lines detected towards HH 212 mm during Cycle 1 and Cycle 4 observations.

Transitiona ⌫0
a

Eu
a

S

i j

µ2 a rms b

Tpeak
b

Vpeak
b FWHM b

I

int

b

(GHz) (K) (D2) (K) (K) (km s�1) (km s�1) (K km s�1)
Cycle 1

CH3CHO 185,14–175,13 A 347.2883 215 210 0.2 1.3 (0.2) +1.7 (–)c 5.0 (–)c 6.8 (0.4)
CH3CHO 185,13–175,12 A 347.2949 215 210 0.1 1.1 (0.2) +1.7 (-)c 5.0 (–)c 5.8 (0.2)
CH3CHO 183,16–173,15 A 347.5192 179 221 0.2 1.4 (0.2) +0.9 (0.3) 6.6 (0.7) 10.1 (0.9)
CH3CHO 183,16–173,15 E 347.5633 179 221 0.1 1.4 (0.2) +1.5 (0.1) 5.1 (0.2) 7.7 (0.2)
CH3CHO 184,15–174,14 A 347.6504 195 216 0.4 1.5 (0.2) +1.4 (0.4) 5.5 (0.8) 8.7 (1.3)
CH3CHO 184,15–174,14 E 347.7563 194 213 0.2 1.5 (0.2) +1.7 (–)c 6.3 (0.5) 10.2 (0.7)
CH3CHO 184,14–174,13 E 347.8310 195 213 0.1 1.3 (0.1) +1.7 (0.2) 5.3 (0.4) 7.1 (0.5)
CH3CHO 184,14–174,13 A 347.8390 195 213 0.1 1.4 (0.1) +0.5 (0.1) 5.9 (0.3) 8.8 (0.3)
CH3CHO 183,15–173,14 A 350.1334 179 221 0.1 3.1 (0.1) +1.7 (–)c 5.0 (-)c 16.3 (2.3)CH3CHO 183,15–173,14 E 350.1344 179 221
CH3CHO 181,17–171,16 E 350.3628 164 226 0.2 1.9 (0.2) +1.3 (0.2) 5.2 (0.3) 10.6 (0.6)
CH3CHO 181,17–171,16 A 350.4458 163 226 0.5 2.4 (0.4) +1.7 (–)c 5.0 (–)c 12.5 (1.2)

Cycle 4
HDO 33,1–42,2 335.3955 335 0.4 0.5 16.2 (1.3) +2.1 (0.1) 6.6 (0.2) 101.6 (1.9)
CH3CHO 180,18–170,17 E 335.3181 155 227 0.6 8.5 (1.3) +3.0 (0.2) 5.3 (0.2) 47.8 (2.6)
CH3CHO 180,18–170,17 A 335.3587 155 227 1.1 9.6 (1.3) +2.9 (0.2) 5.6 (0.5) 57.3 (4.5)

a Frequencies and spectroscopic parameters have been extracted from the Jet Propulsion Laboratory molecular database (Pickett et al. 1998) for
all the transitions. Upper level energies refer to the ground state of each symmetry. b Gaussian fit. Spectral resolution of 1 km s�1. c Assumed.

CH3CHO (grey region in Fig. 3) are consistent with the solu-
tions found with HDO. In conclusion, our dataset allow us to
further constrain the physical properties associated with HDO
and CH3CHO: Tkin = 78±14 K and nH2 � 108 cm�3.

5. Kinematics

The study of kinematics is instructive: Fig. 1 (lower panels)
reports the distribution of the first moment of the HDO and
CH3CHO Cycle 4 images. We detect a velocity gradient (± 2
km s�1 with respect to the systemic velocity) directed along the

4

● CH3CHO輝線のLTE解析: 温度78±14 K、柱密度7.6±3.2×1015 cm-2

NH2を1024 cm-2と仮定すると、CH3CHOの存在量 XCH3CHOは ~8 × 10-9

335 KでのHDO輝線のLVG解析: 個数密度nH2は108 cm-3以上 ⇒　柱密度NHDO < 3 × 1017 cm-2

● 赤道面に沿って、系速度に対して約±2 km s-1の速度勾配がある in CH3CHO, HDO
Blue shift：　北西方向
Red shift：　南東方向 より内部の原始星領域の別の分子トレーサーを使った以前の結果とよく一致

e.g., C17O, SO, HCO＋, CH3OH, NH2CHO



● 赤道面に沿ったCH3CHOとHCOのPV図
原始星から離れるにつれて速度↑
化学的に豊富なwarm gasのedge-onリングからの放射の可能性が高い
半径：~0’’.15 (60 au)で、以下の結果とよく一致

(i) 別のiCOMs（NH2CHOとか）で測られた以前の結果
(ii) 連続光で観測された光学的に厚いdiskの半径
(iii) HCO＋の落下運動から推測される遠心力バリアの場所
⇒ 今回の観測は、化学的に豊富なガスを見ている

そこで、落ち込むenvelopeが回転円盤に当たり、 
低速度のショックを作っている？

（低速度ショックによる化学の研究には、正確なモデリングが必要）

● 円盤面の上下40-50 au以下で、低速度の放射（系速度から±1 km s-1）がCH3CHOとHDOで見られる
より進化した原始星L1527で最近発見された（Sakai et al. 2017）ような、遠心力バリアの垂直構造を示唆

観測による空間分布
光学的に厚い円盤面の上下の、 
流れ出し、広がって、回転する2つのリングの証拠？

更なるALMA観測が必要

Codella et al.: Water and iCOMs around HH 212 mm

Fig. 7. Position-velocity cut of HDO(33,1–42,2) (colour scale,
magenta contours) along (left panels) and perpendicular (right
panels) to the equatorial plane (PA = 112! , see Fig. 1) over-
laid with the CH3CHO(180,18–170,17)-E (upper panels) and
CH3CHO(180,18–170,17)-A (lower panels), drawn as white con-
tours. The first contours and steps correspond to 3! (3.1 K km
s" 1). Dashed lines mark the position of the HH 212 mm proto-
star and the cloud VLSR (+1.7 km s" 1; Lee et al. 2014). The error
bars are drawn in the bottom right corners.

Fig. 8. Cartoon (not to scale) illustrating the scenario expected
in the inner 60 au region around the protostar for low-velocity
emission (# 1 km s" 1 with respect to vsys) in case of outflowing
(left) or infalling (right) chemically enriched gas (see text).
.
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Fig. 7. Position-velocity cut of HDO(33,1–42,2) (colour scale,
magenta contours) along (left panels) and perpendicular (right
panels) to the equatorial plane (PA = 112�, see Fig. 1) over-
laid with the CH3CHO(180,18–170,17)-E (upper panels) and
CH3CHO(180,18–170,17)-A (lower panels), drawn as white con-
tours. The first contours and steps correspond to 3� (3.1 K km
s�1). Dashed lines mark the position of the HH 212 mm proto-
star and the cloud VLSR (+1.7 km s�1; Lee et al. 2014). The error
bars are drawn in the bottom right corners.

Fig. 8. Cartoon (not to scale) illustrating the scenario expected
in the inner 60 au region around the protostar for low-velocity
emission ( 1 km s�1 with respect to vsys) in case of outflowing
(left) or infalling (right) chemically enriched gas (see text).
.
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Di ! use X-ray emission in the Cygnus OB2 association
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We present a large-scale study of di! use X-ray emission in the nearby massive stellar association Cygnus OB2 as part
of the Chandra Cygnus OB2 Legacy Program. We used 40 Chandra X-ray ACIS-I observations covering! 1.0 deg2.
After removing 7924 point-like sources detected in our survey, background-corrected X-ray emission, the adaptive
smoothing reveals large-scale di! use X-ray emission. Di! use emission was detected in the sub-bands Soft [0.5 : 1.2]
and Medium [1.2 : 2.5], and marginally in the Hard [2.5 : 7.0] keV band. From X-ray spectral analysis of stacked
spectra we compute a total [0.5Ð7.0 keV] di! use X-ray luminosity of Ldi !

x " 4.2# 1034 erg s! 1, characterized with plasma
temperature components at kT" 0.11, 0.40 and 1.18 keV, respectively. The Hi absorption column density corresponding
to these temperatures has a distribution consistent with NH = 0.43, 0.80 and 1.39# 1022 cm! 2. The extended medium
band energy emission likely arises from O-type stellar winds thermalized by wind-wind collisions in the most populated
regions of the association, while the soft band emission probably arises from less energetic termination shocks against
the surrounding Interstellar-Medium. Super-soft and Soft di! use emission appears more widely dispersed and intense
than the medium band emission. The di! use X-ray emission is generally spatially coincident with low-extinction
regions that we attribute to the ubiquitous inßuence of powerful stellar winds from massive stars and their interaction
with the local Interstellar-Medium. Di ! use X-ray emission is volume-Þlling, rather than edge-brightened, oppositely
to other star-forming regions. We reveal the Þrst observational evidence of X-ray haloes around some evolved massive
stars.
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We have observed the submillimeter continuum condensation SMM4 in Serpens Main using the Atacama Large Mil-
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smoothing reveals large-scale di! use X-ray emission. Di! use emission was detected in the sub-bands Soft [0.5 : 1.2]
and Medium [1.2 : 2.5], and marginally in the Hard [2.5 : 7.0] keV band. From X-ray spectral analysis of stacked
spectra we compute a total [0.5Ð7.0 keV] di! use X-ray luminosity of Ldi !

x " 4.2# 1034 erg s! 1, characterized with plasma
temperature components at kT" 0.11, 0.40 and 1.18 keV, respectively. The Hi absorption column density corresponding
to these temperatures has a distribution consistent with NH = 0.43, 0.80 and 1.39# 1022 cm! 2. The extended medium
band energy emission likely arises from O-type stellar winds thermalized by wind-wind collisions in the most populated
regions of the association, while the soft band emission probably arises from less energetic termination shocks against
the surrounding Interstellar-Medium. Super-soft and Soft di! use emission appears more widely dispersed and intense
than the medium band emission. The di! use X-ray emission is generally spatially coincident with low-extinction
regions that we attribute to the ubiquitous inßuence of powerful stellar winds from massive stars and their interaction
with the local Interstellar-Medium. Di ! use X-ray emission is volume-Þlling, rather than edge-brightened, oppositely
to other star-forming regions. We reveal the Þrst observational evidence of X-ray haloes around some evolved massive
stars.
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We have observed the submillimeter continuum condensation SMM4 in Serpens Main using the Atacama Large Mil-
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limeter/submillimeter Array (ALMA) during its Cycle 3 in 1.3 mm continuum, 12CO J = 2 ! 1, SOJN = 6 5 ! 54, and
C18O J = 2 ! 1 lines at angular resolutions of" 0.!! 55 (240 au). The 1.3 mm continuum emission shows that SMM4 is
spatially resolved into two protostars embedded in the same core: SMM4A showing a high brightness temperature, 18
K, with little extended structure and SMM4B showing a low brightness temperature, 2 K, with compact and extended
structures. Their separation is " 2100 au. Analysis of the continuum visibilities reveals a disk-like structure with
a sharp edge atr " 240 au in SMM4A, and a compact component with a radius of 56 au in SMM4B. The12CO
emission traces fan-shaped and collimated outßows associated with SMM4A and SMM4B, respectively. The blue
and red lobes of the SMM4B outßow have di! erent position angles by" 30" . Their inclination and bending angles
in the 3D space are estimated ati b " 36" , i r " 70" , and ! " 40" , respectively. The SO emission traces shocked
regions, such as cavity walls of outßows and the vicinity of SMM4B. The C18O emission mainly traces an infalling and
rotating envelope around SMM4B. The C18O fractional abundance in SMM4B is " 50 times smaller than that of the
interstellar medium. These results suggest that SMM4A is more evolved than SMM4B. Our studies in Serpens Main
demonstrate that continuum and line observations at millimeter wavelengths allow us to di! erentiate evolutionary
phases of protostars within the Class 0 phase.

Accepted by The Astrophysical Journal

https://arxiv.org/pdf/1806.10743

E! ect of stochastic grain heating on cold dense clouds chemis try
Long-Fei Chen 1,2, Qiang Chang 1, Hong-Wei Xi 2,3

1 Xinjiang Astronomical Observatory, Chinese Academy of Sciences, 150 Science 1-Street, Urumqi 830011, China;2

University of Chinese Academy of Sciences, Beijing 100049, China;3 National Astronomical Observatories, Chinese
Academy of Sciences, Beijing 100101, China

E-mail contact: chenlongf at xao.ac.cn

The temperatures of dust grains play important roles in the chemical evolution of molecular clouds. Unlike large
grains, the temperature ßuctuations of small grains induced by photons may be signiÞcant. Therefore, if the grain
size distribution is included in astrochemical models, the temperatures of small dust grains may not be assumed to
be constant. We simulate a full gas-grain reaction network with a set of dust grain radii using the classical MRN
grain size distribution and include the temperature ßuctuations of small dust grains. Monte Carlo method is used
to simulate the real-time dust grainÕs temperature ßuctuations which is caused by the external low energy photons
and the internal cosmic ray induced secondary photons. The increase of dust grains radii as ice mantles accumulate
on grain surfaces is also included in our models. We found that surface CO2 abundances in models with grain size
distribution and temperature ßuctuations are more than one order of magnitude larger than those with single grain
size. Small amounts of terrestrial complex organic molecules (COMs) can also be formed on small grains due to the
temperature spikes induced by external low energy photons. However, cosmic ray induced secondary photons overheat
small grains so that surface CO sublime and less radicals are formed on grains surfaces, thus the production of surface
CO2 and COMs decreases by about one order of magnitude. The overheating of small grains can be o! set by grain
growth so that the formation of surface CO2 and COMs becomes more e" cient.
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The Earth-Moon system is suggested to have formed through a single giant collision, in which the Moon accreted from
the impact-generated debris disk. However, such giant impacts are rare, and during its evolution the Earth experienced
many more smaller impacts, producing smaller satellites that potentially coevolved. In the multiple-impact hypothesis
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limeter/submillimeter Array (ALMA) during its Cycle 3 in 1.3 mm continuum, 12CO J = 2 ! 1, SOJN = 6 5 ! 54, and
C18O J = 2 ! 1 lines at angular resolutions of" 0.!! 55 (240 au). The 1.3 mm continuum emission shows that SMM4 is
spatially resolved into two protostars embedded in the same core: SMM4A showing a high brightness temperature, 18
K, with little extended structure and SMM4B showing a low brightness temperature, 2 K, with compact and extended
structures. Their separation is " 2100 au. Analysis of the continuum visibilities reveals a disk-like structure with
a sharp edge atr " 240 au in SMM4A, and a compact component with a radius of 56 au in SMM4B. The12CO
emission traces fan-shaped and collimated outßows associated with SMM4A and SMM4B, respectively. The blue
and red lobes of the SMM4B outßow have di! erent position angles by" 30" . Their inclination and bending angles
in the 3D space are estimated ati b " 36" , i r " 70" , and ! " 40" , respectively. The SO emission traces shocked
regions, such as cavity walls of outßows and the vicinity of SMM4B. The C18O emission mainly traces an infalling and
rotating envelope around SMM4B. The C18O fractional abundance in SMM4B is " 50 times smaller than that of the
interstellar medium. These results suggest that SMM4A is more evolved than SMM4B. Our studies in Serpens Main
demonstrate that continuum and line observations at millimeter wavelengths allow us to di! erentiate evolutionary
phases of protostars within the Class 0 phase.
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The temperatures of dust grains play important roles in the chemical evolution of molecular clouds. Unlike large
grains, the temperature ßuctuations of small grains induced by photons may be signiÞcant. Therefore, if the grain
size distribution is included in astrochemical models, the temperatures of small dust grains may not be assumed to
be constant. We simulate a full gas-grain reaction network with a set of dust grain radii using the classical MRN
grain size distribution and include the temperature ßuctuations of small dust grains. Monte Carlo method is used
to simulate the real-time dust grainÕs temperature ßuctuations which is caused by the external low energy photons
and the internal cosmic ray induced secondary photons. The increase of dust grains radii as ice mantles accumulate
on grain surfaces is also included in our models. We found that surface CO2 abundances in models with grain size
distribution and temperature ßuctuations are more than one order of magnitude larger than those with single grain
size. Small amounts of terrestrial complex organic molecules (COMs) can also be formed on small grains due to the
temperature spikes induced by external low energy photons. However, cosmic ray induced secondary photons overheat
small grains so that surface CO sublime and less radicals are formed on grains surfaces, thus the production of surface
CO2 and COMs decreases by about one order of magnitude. The overheating of small grains can be o! set by grain
growth so that the formation of surface CO2 and COMs becomes more e" cient.
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K, with little extended structure and SMM4B showing a low brightness temperature, 2 K, with compact and extended
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emission traces fan-shaped and collimated outßows associated with SMM4A and SMM4B, respectively. The blue
and red lobes of the SMM4B outßow have di! erent position angles by" 30" . Their inclination and bending angles
in the 3D space are estimated ati b " 36" , i r " 70" , and ! " 40" , respectively. The SO emission traces shocked
regions, such as cavity walls of outßows and the vicinity of SMM4B. The C18O emission mainly traces an infalling and
rotating envelope around SMM4B. The C18O fractional abundance in SMM4B is " 50 times smaller than that of the
interstellar medium. These results suggest that SMM4A is more evolved than SMM4B. Our studies in Serpens Main
demonstrate that continuum and line observations at millimeter wavelengths allow us to di! erentiate evolutionary
phases of protostars within the Class 0 phase.
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The temperatures of dust grains play important roles in the chemical evolution of molecular clouds. Unlike large
grains, the temperature ßuctuations of small grains induced by photons may be signiÞcant. Therefore, if the grain
size distribution is included in astrochemical models, the temperatures of small dust grains may not be assumed to
be constant. We simulate a full gas-grain reaction network with a set of dust grain radii using the classical MRN
grain size distribution and include the temperature ßuctuations of small dust grains. Monte Carlo method is used
to simulate the real-time dust grainÕs temperature ßuctuations which is caused by the external low energy photons
and the internal cosmic ray induced secondary photons. The increase of dust grains radii as ice mantles accumulate
on grain surfaces is also included in our models. We found that surface CO2 abundances in models with grain size
distribution and temperature ßuctuations are more than one order of magnitude larger than those with single grain
size. Small amounts of terrestrial complex organic molecules (COMs) can also be formed on small grains due to the
temperature spikes induced by external low energy photons. However, cosmic ray induced secondary photons overheat
small grains so that surface CO sublime and less radicals are formed on grains surfaces, thus the production of surface
CO2 and COMs decreases by about one order of magnitude. The overheating of small grains can be o! set by grain
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The temperatures of dust grains play important roles in the chemical evolution of molecular clouds. Unlike large
grains, the temperature ßuctuations of small grains induced by photons may be signiÞcant. Therefore, if the grain
size distribution is included in astrochemical models, the temperatures of small dust grains may not be assumed to
be constant. We simulate a full gas-grain reaction network with a set of dust grain radii using the classical MRN
grain size distribution and include the temperature ßuctuations of small dust grains. Monte Carlo method is used
to simulate the real-time dust grainÕs temperature ßuctuations which is caused by the external low energy photons
and the internal cosmic ray induced secondary photons. The increase of dust grains radii as ice mantles accumulate
on grain surfaces is also included in our models. We found that surface CO2 abundances in models with grain size
distribution and temperature ßuctuations are more than one order of magnitude larger than those with single grain
size. Small amounts of terrestrial complex organic molecules (COMs) can also be formed on small grains due to the
temperature spikes induced by external low energy photons. However, cosmic ray induced secondary photons overheat
small grains so that surface CO sublime and less radicals are formed on grains surfaces, thus the production of surface
CO2 and COMs decreases by about one order of magnitude. The overheating of small grains can be o! set by grain
growth so that the formation of surface CO2 and COMs becomes more e" cient.
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The Earth-Moon system is suggested to have formed through a single giant collision, in which the Moon accreted from
the impact-generated debris disk. However, such giant impacts are rare, and during its evolution the Earth experienced
many more smaller impacts, producing smaller satellites that potentially coevolved. In the multiple-impact hypothesis
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of lunar formation, the current Moon was produced from the mergers of several smaller satellites (moonlets), each
formed from debris disks produced by successive large impacts. In the Myrs between impacts, a pre-existing moonlet
tidally evolves outward until a subsequent impact forms a new moonlet, at which point both moonlets will tidally
evolve until a merger or system disruption. In this work, we examine the likelihood that pre-existing moonlets survive
subsequent impact events, and explore the dynamics of Earth-moonlet systems that contain two moonlets generated
Myrs apart. We demonstrate that pre-existing moonlets can tidally migrate outward, remain stable during subsequent
impacts, and later merge with newly created moonlets (or re-collide with the Earth). Formation of the Moon from the
mergers of several moonlets could therefore be a natural byproduct of the Earth’s growth through multiple impacts.
More generally, we examine the likelihood and consequences of Earth having prior moons, and find that the stability of
moonlets against disruption by subsequent impacts implies that several large impacts could post-date Moon formation.
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Molecular-line observations of filaments in star-forming regions have revealed the existence of elongated coherent
features within the filaments; these features are termed fibres. Here we caution that, since fibres are traced in PPV
space, there is no guarantee that they represent coherent features in PPP space. We illustrate this contention using
simulations of the growth of a filament from a turbulent medium. Synthetic C18O observations of the simulated
filaments reveal the existence of fibres very similar to the observed ones, i.e. elongated coherent features in the
resulting PPV data-cubes. Analysis of the PPP data-cubes (i.e. 3D density fields) also reveals elongated coherent
features, which we term sub-filaments. Unfortunately there is very poor correspondence between the fibres and the
sub-filaments in the simulations. Both fibres and sub-filaments derive from inhomogeneities in the turbulent accretion
flow onto the main filament. As a consequence, fibres are often affected by line-of-sight confusion. Similarly, sub-
filaments are often affected by large velocity gradients, and even velocity discontinuities. These results suggest that
extreme care should be taken when using velocity coherent features to constrain the underlying substructure within a
filament.
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Context: The unprecedented combination of high-sensitivity and high-angular resolution provided by the ALMA
interferometer allows us to shed light on the processes leading to the formation of the jet-disc system associated with
a Sun-like mass protostar.
Aims: We investigate the physical and chemical properties of the gas associated with water and interstellar complex
organic molecules around a protostar on solar system scales.
Methods: The HH 212 protostellar system, in Orion B, has been mapped thanks to ALMA-Band 7 Cycle 1 and Cycle
4 observations of dueterated water (HDO) and acetaldehyde (CH3CHO) emission with an angular resolution down to
∼0.′′15 (60 au).
Results: Many emission lines due to 14 CH3CHO and 1 HDO transitions at high excitation (Eu between 163 K and
335 K) have been imaged in the inner ∼ 70 au region. The local thermal equilibrium analysis of the CH3CHO emission
leads to a temperature of 78±14 K and a column density of 7.6±3.2 × 1015 cm−2, which, when NH2

of 1024 cm−2 is
assumed, leads to an abundance of XCH3CHO ≃ 8 × 10−9. The large velocity gradient analysis of the HDO emission
also places severe constraints on the volume density, nH2

≥ 108 cm−3. The line profiles are 5–7 km s−1 wide, and
CH3CHO and HDO both show a ± 2 km s−1 velocity gradient over a size of ∼ 70 au (blue-shifted emission towards
the north-west and red-shifted emission towards the south-east) along the disc equatorial plane, in agreement with
what was found so far using other molecular tracers.
Conclusions: The kinematics of CH3CHO and HDO are consistent with the occurrence of a centrifugal barrier, that
is, the infalling envelope-rotating disc ring, which is chemically enriched through low-velocity accretion shocks. The
emission radius is ∼ 60 au, in good agreement with what was found before for another interstellar complex organic
molecule such as NH2CHO. We support a vertical structure for the centrifugal barrier, suggesting the occurrence of
two outflowing, expanding, and rotating rings above and below (of about 40-45 au) the optically thick equatorial disc
plane. It is tempting to speculate that these rings could probe the basis of a wind launched from this region.
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The K2 Mission has photometrically monitored thousands of stars at high precision and cadence in a series of ∼80-
day campaigns focused on sections of the ecliptic plane. During its second campaign, K2 targeted over 1000 young
stellar objects (YSOs) in the ∼1–3 Myr ρ Ophiuchus and 5–10 Myr Upper Scorpius regions. From this set, we
have carefully vetted photometry from WISE and Spitzer to identify those YSOs with infrared excess indicative of
primordial circumstellar disks. We present here the resulting comprehensive sample of 288 young disk-bearing stars
from B through M spectral types and analysis of their associated K2 light curves. Using statistics of periodicity
and symmetry, we categorize each light curves into eight different variability classes, notably including “dippers”
(fading events), “bursters” (brightening events), stochastic, and quasi-periodic types. Nearly all (96%) of disk-bearing
YSOs are identified as variable at 30-minute cadence with the sub-1% precision of K2. Combining our variability
classifications with (circum)stellar properties, we find that the bursters, stochastic sources, and the largest amplitude
quasi-periodic stars have larger infrared colors, and hence stronger circumstellar disks. They also tend to have larger
Hα equivalent widths, indicative of higher accretion rates. The dippers, on the other hand, cluster toward moderate
infrared colors and low Hα. Using resolved disk observations, we further find that the latter favor high inclinations,
apart from a few notable exceptions with close to face-on disks. These observations support the idea that YSO time
domain properties are dependent on several factors including accretion rate and view angle.
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emission radius is ∼ 60 au, in good agreement with what was found before for another interstellar complex organic
molecule such as NH2CHO. We support a vertical structure for the centrifugal barrier, suggesting the occurrence of
two outflowing, expanding, and rotating rings above and below (of about 40-45 au) the optically thick equatorial disc
plane. It is tempting to speculate that these rings could probe the basis of a wind launched from this region.
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The K2 Mission has photometrically monitored thousands of stars at high precision and cadence in a series of ∼80-
day campaigns focused on sections of the ecliptic plane. During its second campaign, K2 targeted over 1000 young
stellar objects (YSOs) in the ∼1–3 Myr ρ Ophiuchus and 5–10 Myr Upper Scorpius regions. From this set, we
have carefully vetted photometry from WISE and Spitzer to identify those YSOs with infrared excess indicative of
primordial circumstellar disks. We present here the resulting comprehensive sample of 288 young disk-bearing stars
from B through M spectral types and analysis of their associated K2 light curves. Using statistics of periodicity
and symmetry, we categorize each light curves into eight different variability classes, notably including “dippers”
(fading events), “bursters” (brightening events), stochastic, and quasi-periodic types. Nearly all (96%) of disk-bearing
YSOs are identified as variable at 30-minute cadence with the sub-1% precision of K2. Combining our variability
classifications with (circum)stellar properties, we find that the bursters, stochastic sources, and the largest amplitude
quasi-periodic stars have larger infrared colors, and hence stronger circumstellar disks. They also tend to have larger
Hα equivalent widths, indicative of higher accretion rates. The dippers, on the other hand, cluster toward moderate
infrared colors and low Hα. Using resolved disk observations, we further find that the latter favor high inclinations,
apart from a few notable exceptions with close to face-on disks. These observations support the idea that YSO time
domain properties are dependent on several factors including accretion rate and view angle.
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We have conducted a homogenous near-IR spectroscopic survey of 33 objects with varying degrees of similarity to
FU Orionis. Common spectroscopic features that are characteristic of the three classical FUors FU Ori, V1057 Cyg,
and V1515 Cyg are: strong CO absorption, weak metal absorption, strong water bands, low gravity, strong blue shifted
He I absorption, and few (if any) emission lines. Based on these criteria, we classify the 33 objects as either bona
fide FUors (eruption observed), FUor-like objects (eruption not observed), or peculiar objects with some FUor-like
characteristics, and present a spectral atlas of 14 bona-fide FUors, 10 FUor-like objects, and 9 peculiar objects. All
objects that we classify as FUors or FUor-like have very similar near-IR spectra. We use this spectral similarity to
determine the extinction to each source, and correlate the extinction to the depth of the 3 µm ice band. All bona fide
FUors still today maintain the spectrum of a FUor, despite the eruption occurring up to 80 years ago. Most FUors
and FUor-like objects occupy a unique space on a plot of Na+Ca vs. CO equivalent widths, whereas the peculiar
objects tend to be found mostly elsewhere. Since most FUors show a reflection nebula, we also present an atlas of
K-band images of each target. We found that the near-IR spectra of FUors and young brown dwarfs can be extremely
similar, a distinguishing feature being the Paschen β absorption in the spectra of FUors. Although V1647 Ori, AR 6a,
and V346 Normae had been previously classified as candidate FUors, we classify them as peculiar objects with some
FUor-like properties since their spectra now differ significantly from bona fide FUors. We confirm two new FUor-like
objects that were initially identified as candidates based on their near-IR morphology.
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Mid- and far-infrared observations of the environment around embedded protostars reveal a plethora of high excitation
molecular and atomic emission lines. A number of different mechanisms for the origin of these lines have been proposed,
including shocks induced by protostellar jets and radiation by the embedded protostar interacting with its immediate
surroundings.
In this paper we employ extended spectral-line maps that spatially resolve regions where diverse excitation processes
appear to dominate. Studying the morphology and excitation of the most important molecular and atomic coolants,
we aim to constrain the physical conditions around the embedded protostellar system HH211-mm.
Spectro-imaging observations with Herschel/PACS provide emission from major molecular (CO, H2O and OH) and
atomic coolants (e.g. [OI]). Emission line maps reveal the morphology of the observed emissions and allow associations
between the different species. Comparisons are also made with mid-infrared line-maps from Spitzer and sub-mm
interferometers. The excitation conditions of the detected molecular species along with the ortho-to-para ratio of
water are assessed through Boltzmann diagrams. Further investigations focus on constraining the CO/H2 ratio in
shocks and the mass flux of the atomic jet as traced by [OI]. We find that molecular lines are exited mainly at the
terminal bowshocks of the outflow and around the position of the protostar. All lines show maxima at the SE bowshock
with the exception of water emission that peaks around the central source. Excitation analysis in all positions shows
that CO and H2O are mainly thermally excited at Tex ∼ 350K and 90K respectively, with the CO showing a second
temperature component at 750K towards the SE peak. Excitation analysis breaks down in the case of OH at the
blue-shifted bowshock, indicating that the molecule is non-thermally excited. Comparisons between the CO and H2

column densities suggest that the X [CO] value in shocks can be up to an order of magnitude lower than the canonical
value of 10−4. The water ortho-to-para ratio around the protostar is only 0.65, indicating low-temperature water
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ice formation followed by non-distructive photodesorption from the dust grains. The two-sided total atomic mass
flux estimated from the [OI] jet sums to 1.65 ! 10! 6 M" yr! 1, a value that is very close to the mass flux previously
estimated for the SiO jet and the H2 outflow. We conclude that the bulk of the cooling from CO, OH and [OI] is
associated with gas excited in outflow shocks, with the blue-shifted (SE) outflow showing evidence of a shock-induced
UV field responsible for the OH emission. Water lines around the protostar reveal a very low ortho-to-para ratio that
can be interpreted in terms of formation from a primordial gas reservoir in the envelope. Finally comparisons of the
[OI] jet mass-flux to the mass fluxes derived for SiO and H2 renders HH 211 the first embedded system where an
atomic jet is demonstrably shown to possess enough momentum to drive the observed molecular jets and large scale
outflows.
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Spiral arm structures seen in scattered light observations of protoplanetary disks can potentially serve as signposts
of planetary companions. They can also lend unique insights into disk masses, which are critical in setting the mass
budget for planet formation but are di! cult to determine directly. A surprisingly high fraction of disks that have been
well-studied in scattered light have spiral arms of some kind (8/29), as do a high fraction (6/11) of well-studied Herbig
intermediate mass stars (i.e., Herbig stars > 1.5M " ). Here we explore the origin of spiral arms in Herbig systems by
studying their occurrence rates, disk properties, and stellar accretion rates. We find that two-arm spirals are more
common in disks surrounding Herbig intermediate mass stars than are directly imaged giant planet companions to
mature A and B stars. If two-arm spirals are produced by such giant planets, this discrepancy suggests that giant
planets are much fainter than predicted by hot start models. In addition, the high stellar accretion rates of Herbig stars,
if sustained over a reasonable fraction of their lifetimes, suggest that disk masses are much larger than inferred from
their submillimeter continuum emission.As a result, gravitational instability is a possible explanation for multi-arm
spirals. Future observations can lend insights into the issues raised here.
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The identification and characterisation of low-mass binaries is of importance for a range of astrophysical investigations.
Low-mass binaries in young (" 10–100 Myr) moving groups (YMGs) are of particular significance as they provide
unique opportunities to calibrate stellar models and evaluate the ages and coevality of the groups themselves. Low-
mass M-dwarfs have pre-main sequence life times on the order of " 100 Myr and therefore are continually evolving
along a mass-luminosity track throughout the YMG phase, providing ideal laboratories for precise isochronal dating,
if a model-independent dynamical mass can be measured. AstraLux lucky imaging multiplicity surveys have recently
identified hundreds of new YMG low-mass binaries, where a subsample of M-dwarf multiples have estimated orbital
periods less than 50 years. We have conducted a radial velocity survey of a sample of 29 such targets to complement
the astrometric data. This will allow enhanced orbital determinations and precise dynamical masses to be derived in a
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ice formation followed by non-distructive photodesorption from the dust grains. The two-sided total atomic mass
ßux estimated from the [OI] jet sums to 1.65! 10! 6 M" yr ! 1, a value that is very close to the mass ßux previously
estimated for the SiO jet and the H2 outßow. We conclude that the bulk of the cooling from CO, OH and [OI] is
associated with gas excited in outßow shocks, with the blue-shifted (SE) outßow showing evidence of a shock-induced
UV Þeld responsible for the OH emission. Water lines around the protostar reveal a very low ortho-to-para ratio that
can be interpreted in terms of formation from a primordial gas reservoir in the envelope. Finally comparisons of the
[OI] jet mass-ßux to the mass ßuxes derived for SiO and H2 renders HH 211 the Þrst embedded system where an
atomic jet is demonstrably shown to possess enough momentum to drive the observed molecular jets and large scale
outßows.
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We have conducted a homogenous near-IR spectroscopic survey of 33 objects with varying degrees of similarity to
FU Orionis. Common spectroscopic features that are characteristic of the three classical FUors FU Ori, V1057 Cyg,
and V1515 Cyg are: strong CO absorption, weak metal absorption, strong water bands, low gravity, strong blue shifted
He I absorption, and few (if any) emission lines. Based on these criteria, we classify the 33 objects as either bona
Þde FUors (eruption observed), FUor-like objects (eruption not observed), or peculiar objects with some FUor-like
characteristics, and present a spectral atlas of 14 bona-Þde FUors, 10 FUor-like objects, and 9 peculiar objects. All
objects that we classify as FUors or FUor-like have very similar near-IR spectra. We use this spectral similarity to
determine the extinction to each source, and correlate the extinction to the depth of the 3µm ice band. All bona Þde
FUors still today maintain the spectrum of a FUor, despite the eruption occurring up to 80 years ago. Most FUors
and FUor-like objects occupy a unique space on a plot of Na+Ca vs. CO equivalent widths, whereas the peculiar
objects tend to be found mostly elsewhere. Since most FUors show a reßection nebula, we also present an atlas of
K-band images of each target. We found that the near-IR spectra of FUors and young brown dwarfs can be extremely
similar, a distinguishing feature being the Paschen! absorption in the spectra of FUors. Although V1647 Ori, AR 6a,
and V346 Normae had been previously classiÞed as candidate FUors, we classify them as peculiar objects with some
FUor-like properties since their spectra now di! er signiÞcantly from bona Þde FUors. We conÞrm two new FUor-like
objects that were initially identiÞed as candidates based on their near-IR morphology.
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Mid- and far-infrared observations of the environment around embedded protostars reveal a plethora of high excitation
molecular and atomic emission lines. A number of di! erent mechanisms for the origin of these lines have been proposed,
including shocks induced by protostellar jets and radiation by the embedded protostar interacting with its immediate
surroundings.
In this paper we employ extended spectral-line maps that spatially resolve regions where diverse excitation processes
appear to dominate. Studying the morphology and excitation of the most important molecular and atomic coolants,
we aim to constrain the physical conditions around the embedded protostellar system HH 211-mm.
Spectro-imaging observations with Herschel/PACS provide emission from major molecular (CO, H2O and OH) and
atomic coolants (e.g. [OI]). Emission line maps reveal the morphology of the observed emissions and allow associations
between the di! erent species. Comparisons are also made with mid-infrared line-maps from Spitzer and sub-mm
interferometers. The excitation conditions of the detected molecular species along with the ortho-to-para ratio of
water are assessed through Boltzmann diagrams. Further investigations focus on constraining the CO/H2 ratio in
shocks and the mass ßux of the atomic jet as traced by [OI]. We Þnd that molecular lines are exited mainly at the
terminal bowshocks of the outßow and around the position of the protostar. All lines show maxima at the SE bowshock
with the exception of water emission that peaks around the central source. Excitation analysis in all positions shows
that CO and H 2O are mainly thermally excited at Tex ! 350 K and 90 K respectively, with the CO showing a second
temperature component at 750 K towards the SE peak. Excitation analysis breaks down in the case of OH at the
blue-shifted bowshock, indicating that the molecule is non-thermally excited. Comparisons between the CO and H2
column densities suggest that theX [CO] value in shocks can be up to an order of magnitude lower than the canonical
value of 10! 4. The water ortho-to-para ratio around the protostar is only 0.65, indicating low-temperature water
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Spiral arm structures seen in scattered light observations of protoplanetary disks can potentially serve as signposts
of planetary companions. They can also lend unique insights into disk masses, which are critical in setting the mass
budget for planet formation but are di! cult to determine directly. A surprisingly high fraction of disks that have been
well-studied in scattered light have spiral arms of some kind (8/29), as do a high fraction (6/11) of well-studied Herbig
intermediate mass stars (i.e., Herbig stars> 1.5M " ). Here we explore the origin of spiral arms in Herbig systems by
studying their occurrence rates, disk properties, and stellar accretion rates. We Þnd that two-arm spirals are more
common in disks surrounding Herbig intermediate mass stars than are directly imaged giant planet companions to
mature A and B stars. If two-arm spirals are produced by such giant planets, this discrepancy suggests that giant
planets are much fainter than predicted by hot start models. In addition, the high stellar accretion rates of Herbig stars,
if sustained over a reasonable fraction of their lifetimes, suggest that disk masses are much larger than inferred from
their submillimeter continuum emission.As a result, gravitational instability is a possible explanation for multi-arm
spirals. Future observations can lend insights into the issues raised here.

Accepted by ApJ

https://arxiv.org/pdf/1806.05183

Radial velocity survey of spatially resolved young, low-mas s binaries
Stephen Durkan 1,2, Markus Janson 2, Simona Ciceri 2, Wolfgang Brandner 3, Joshua Schlieder 4, Thomas
Henning 3, Micka¬el Bonnefoy 5, Juliet Kankare 1, and Christopher A. Watson 1

1 Astrophysics Research Center, Queens University Belfast, Belfast, Northern Ireland, UK;2 Department of Astronomy,
Stockholm University, Stockholm, Sweden;3 Max Planck Institute for Astronomy, Heidelberg, Germany; 4 NASA
Exoplanet Science Institute, Caltech, Pasadena, California, USA;5 Univ. Grenoble Alpes, IPAG, Grenoble, France

E-mail contact: sdurkan01 at qub.ac.uk

The identiÞcation and characterisation of low-mass binaries is of importance for a range of astrophysical investigations.
Low-mass binaries in young (" 10Ð100 Myr) moving groups (YMGs) are of particular signiÞcance as they provide
unique opportunities to calibrate stellar models and evaluate the ages and coevality of the groups themselves. Low-
mass M-dwarfs have pre-main sequence life times on the order of" 100 Myr and therefore are continually evolving
along a mass-luminosity track throughout the YMG phase, providing ideal laboratories for precise isochronal dating,
if a model-independent dynamical mass can be measured. AstraLux lucky imaging multiplicity surveys have recently
identiÞed hundreds of new YMG low-mass binaries, where a subsample of M-dwarf multiples have estimated orbital
periods less than 50 years. We have conducted a radial velocity survey of a sample of 29 such targets to complement
the astrometric data. This will allow enhanced orbital determinations and precise dynamical masses to be derived in a
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