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アブストラクト 
Av=3-60の大きなダイナミックレンジで、California 
Molecular Cloudを観測した。 
観測データ：ハーシェルのダスト減光と、12CO, 13CO, 
C18O 

目的：10^5箇所の独立な場所でCO X-factorを導出した。 

結果： 
Tdust < 20Kの冷たい領域では、CO X-factorは単純な1パ
ラメータではない。 
Tdust < 25K の暖かい場所では、single valueのCO X-
factorを導出した 

LTEを仮定して、13COとC18Oの密度を出した。光学的に薄
い。温かい領域では、COは全部気相にあると仮定して良さそ
う。 
COの凝結についても調べた。場所によっては>20くらい
depletionしてる。 

20. Probing the Cold Deep Depths of the 
California Molecular Cloud: The Icy Relationship 
between CO and Dust, John Arban Lewis et al.

We study the relationship between molecular gas and dust in 
the California Molecular Cloud over an unprece- dented 
dynamic range of cloud depth (AV = 3 – 60 magnitudes). We 
compare deep Herschel-based measure- ments of dust 
extinction with observations of the 12CO, 13CO, and C18O 
J=2-1 lines on sub-parsec scales across the cloud. We directly 
measure the ratio of CO integrated intensity to dust extinction 
to derive the CO X-factor at over 105 independent locations in 
the cloud. Confirming an earlier study, we find that no single 
12CO X-factor can characterize the molecular gas in the cold 
( Tdust ≤ 20) regions of the cloud that account for most of its 
mass. We are able to derive a single-valued X-factor for all 
three CO isotopologues in the warm ( Tdust >25 K ) material 
that is spatially coincident with an H II region surrounding the 
star LkHα 101. We derive the LTE CO column densities for 
13CO and C18O since we find both lines are relatively 
optically thin. In the warm cloud material CO is completely in 
the gas phase and we are able to recover the total 13CO and 
C18O abundances. Using CO abundances and deep Herschel 
observations, we measure lower bounds to the freeze-out of 
CO onto dust across the whole cloud finding some regions 
having CO depleted by a factor of > 20. We construct the first 
maps of depletion that span the extent of a giant molecular 
cloud. cores and discuss their physical nature. 



イントロ 
通常X-factorは12COを用いて、GMCの比較的面密度の低い
ところ(Av<4-5)で求められている。 

先行研究：Kong et al.. Av~35までについてX-factorを出し
た。Tex>18Kのところではsingle X-factorを導出した。ただ
し、これらはHII regionのある場所と一致している。 

この研究は Kong et al. 2015の拡張。まず、ハーシェル使っ
てAv=3-60のダイナミックレンジで観測。COで観測した領
域は3倍大きい。星形成が活発じゃない領域も含まれる。温
度はハーシェルを使った。 
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Figure 3. ICO as a function of AV combining the 24 local molecular clouds listed in Table 1. (left) The average relation calculated by combining the relations
for the individual clouds. Each grey point here shows a bin from an individual cloud; the green profile shows the mean and scatter among the profiles. This
approach weights each cloud equally. Unfilled circles mark the average ICO in the AV bins where we do not have enough statistics to estimate the scatter.
(right) The average relation, now calculated treating each line of sight in the sample equally, so that larger clouds contribute more. The grey contours show
data density and are chosen to encompass 99.9 per cent, 99.5 per cent, 99 per cent, 95 per cent, 75 per cent, and 50 per cent of the data. The green points again
show the mean relation and the error bars indicate the 1σ scatter in the bin. Blue and red lines show the sub-parsec resolution ICO−AV relations measured for
the Pipe Nebula (Lombardi et al. 2006) and Perseus molecular cloud (Pineda et al. 2008).

The two weighting schemes result in similar ICO for a given
AV bin, which lends confidence to the generality of our result.
Both methods suggest that averaged over our sample, ICO increases
close to linearly with increasing AV in the low-to-intermediate AV

regime (AV ≤ 4 mag). As AV increases further (AV ≥ 4 mag), the
slope of the ICO−AV relation becomes shallower. This provides
some suggestion of the saturation of CO emission due to high
optical depth at high AV, though not strong evidence. Evidence
for a minimum AV threshold for CO emission (AV, thres) is even
weaker in the aggregate relations, while this feature is predicted
by theoretical PDR models and numerical simulations of molecular
clouds (Wolfire et al. 2010; Glover & Mac Low 2011). We return
to these features in detail below.

4 D ISCUSSION

Our average ICO−AV relationship (Fig. 3) and those for individual
clouds (see Appendix) highlight that ICO for a given AV is similar
across our sample (see also Table 2). If we compare our results with
previous measurements, we find that the Perseus results of Pineda
et al. (2008) form an upper envelope for our data, while our average
ICO−AV relation tracks the Lombardi et al. (2006) result for the
Pipe Nebula below AV ∼ 5 mag. Our results also echo the findings
of some of the earliest CO studies, which compared dust extinction
to CO emission in nearby molecular clouds (e.g. Dickman 1978;
Liszt 1982; Young & Scoville 1982). For instance, Young & Scoville
(1982) find similar CO intensity for a fixed AV in infrared dark
clouds and giant molecular clouds in the Galaxy, ICO/AV ≈ 2.35 K
km s−1 mag−1 (see Table 6 in the appendix of their paper), using
dust extinction and cloud virial mass estimates to compare with
CO intensities. Qualitatively, the good match between dust and CO
emission reinforces the idea that shielding by dust plays the primary
role in defining the location of bright CO emission within molecular
clouds (Wolfire et al. 2010; Glover & Mac Low 2011).

In detail, a number of questions remain: is the normalization of
our measurement consistent with expectations? How should we un-
derstand the weakness or absence of the expected threshold and
saturation features? Are our results consistent with numerical sim-
ulations and observations of other galaxies? And if our measured
pc-scale relation is universal, what are the implications for the metal-
licity dependence of the CO-to-H2 conversion factor? In this section,
we address each of these topics.

4.1 Recasting the ICO−AV relation in terms of the CO-to-H2

conversion factor

Dust and gas are often well mixed in the ISM, so that an approach
similar to what we present here has been used to study the CO-
to-H2 conversion factor directly by comparing the column density
of gas implied by dust to the integrated CO intensity. Though we
are primarily interested in the actual relationship between ICO and
AV, recasting our results in terms of the implied XCO factor offers a
useful check on the normalization of our results. We do so following
the equation below:

XCO = N (H2)
ICO

=
NH
AV

(AV − 2AHI
V )

2ICO
. (1)

Here NH refers to the total column density of hydrogen atoms in
either the atomic or molecular phase. AH I

V is the visual extinction
into a cloud where the dominant gas phase transitions from H I to H2

(see Sternberg et al. 2014). The factor of 2 in front of AH I
V accounts

for the fact that our AV from dust emission probes the entire line
of sight, and so includes the H I shielding layer on both the front
and back sides of the cloud. The ratio of total hydrogen column
density to visual extinction, NH/AV, is observed to be 1.87 × 1021

cm−2 mag−1 in diffuse Milky Way lines of sight (Bohlin, Savage &
Drake 1978).

Following equation (1), if AH I
V = 0 then a constant XCO factor

would appear as a straight line in the ICO−AV space. With a finite
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観測 
Arizona Radio Observatory (ARO) 10 m Heinrich-Hertz　
Sub-millimeter Telescope (SMT), とハーシェル  
PACS 160 μm and SPIRE 250, 350, and 500 μm をつ
かったが、分解能は500µm似合わせて36秒角。 

H2の出し方 
modified BB でフィット。τ850を出して、それを適当に
A_Kになおして(Lombardi 2009)、それをN[H2]/Av の値を
古典的なものを仮定して(Bohlin 1978, Rachford 2002)出
した。最終マップは38’’分解能、0.08pcに対応（天体までの
距離は450pc） 
結果、ハーシェルから導出した質量は5.52×10^4 M⊙ で、
クラウド全体の20%くらい。 

CO観測について 
The average RMS noise per 0.3 km/s channel we 
achieve is 0.11 K for C18O, 0.13 K for 13CO, and 0.11 
K for 12CO.  
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Figure 2. Average 12CO,13CO, and C18O spectra for each region of the California molecular cloud for pixels with SNR>3 for 12CO and 13CO,
and SNR>5 for C18O.

dows for every spatial location - that is for every spectrum -
in our map. Windows are created by locating the channels
which contain emission in a smoothed version of the data
cube. The window width and position in velocity are cho-
sen based on the line width and line central velocity and is
optimized to capture all the line emission. This method is a
large improvement over using a single velocity window per
isotopologue per region in the cloud. Data outside the veloc-
ity windows are masked, and moments are calculated on the
masked data cube.

Moments calculated using these customized narrow win-
dows return line parameters that are consistent with the val-
ues returned from a gaussian fit. As a test, we fit single
gaussians to a set of 13CO lines that were characterized by
a single velocity component. We found the average differ-
ence between the velocity dispersion derived from the mo-
ment analysis and the one derived from gaussian fitting was
(
p

M2 -�gauss) ⇠ -0.03± 0.07. Similar levels of agreement
are seen for 12CO and C18O. In general, our lines are not sim-
ple gaussians, especially for 12CO emission, so gaussian fit-
ting is not an appropriate method for deriving line parameters
over the whole cloud. The results in this paper rely primar-
ily on the 0th-moment or integrated intensity so, in any event,
our findings are quite insensitive to the details of setting the
integration window. For our results, we only use pixel where
the signal-to-noise is >3 for 12CO and 13CO and >5 for C18O.

Maps of the integrated intensity for all three lines are
shown in Appendix A for L1482, L1478, and CMC-West,
the portions of the CMC that were surveyed.

3.2. Column Density

We derived column densities following the method used in
K15, which we describe in Appendix B. We differ from their
calculation by calculating the partition function numerically
to the J=100 term rather than using an approximate form. The
noise in our data limits the minimum column density we can
detect to & 1014 cm-2 for both isotopologues.

4. RESULTS AND DISCUSSION

4.1. The WCO– AV relation and XCO

Figure 3. Binned 2D histogram for W[12CO (2 - 1)] vs AV for the
entire California cloud where W[12CO] is detected at greater than
3� (& 1K). The gray dashed line is the standard relation for the
adopted MW X-factor (2 ⇥ 1020cm-2 (K km/s)-1) which is 3.29
K km/s mag-1. The blue histogram shows the number of pixels in a
binned pixel of the plot on a log scale. The black dashed box shows
the region containing the bulk of data range covered by previous
studies (e.g., Pineda et al. 2008; Ripple et al. 2013).

On a plot of WCO vs AV, a single valued X-factor is repre-
sented by a straight line through the origin. The 2-D distribu-
tion of W[12CO (2 - 1)] vs AV for the entire CMC is shown in
Fig. 3. We cover a large range in extinction (AV = 1.8 - 62.4
mag) and 12CO integrated intensity (WCO =.7 - 132 K km/s).
The black box shows the region of parameter space contain-
ing the bulk of the data range covered by previous studies
of this relation (e.g., Pineda et al. 2008; Ripple et al. 2013).
The relation corresponding to the canonical Milky Way X-
factor X[12CO (2 - 1)],MW = 2.9⇥ 1020 cm-2 (K km/s)-1 is
plotted for comparison. We converted the nominal J = 1 - 0
CO X-factor to an X-factor for the J = 2 - 1 transition by us-
ing W[12CO(2 - 1)]/W[12CO(1 - 0)] = 0.7 (Sakamoto et al.
1995; Yoda et al. 2010). The larger dynamic range enabled
by use of the Herschel-derived extinction measurements and
the increased area of the CMC included in the present sur-
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Figure 4. W[12CO(2 - 1)] vs AV for the entire California cloud
where W[12CO] is detected at greater than 3� (& 1K). The points
are colored by their Herschel-derived dust temperature (Tdust). The
points are plotted so that hotter points are plotted over cooler points.

vey bring the overall behavior of the W[CO]-AV relation into
sharper focus.

Confirming the earlier results of K15, it is clear from Fig.
3 that the CMC data are not well described by a single X-
factor, i.e. there is no single, clear linear relationship present
between 12CO and AV. Typically, if there is a constant CO
abundance in a molecular cloud, a linear rise of W[12CO]
with AV is expected at low extinctions with a break at around
AV ⇡ 4-5 magnitudes transitioning to a flat relation at high
(i.e., AV > 10 mag) extinction where the 12CO emission
is expected to be saturated due to high line opacity and no
longer sensitive to increasing dust/hydrogen column density.
(e.g.; Lada et al. 1994; Lombardi et al. 2006; Pineda et al.
2008; Ripple et al. 2013; Lee et al. 2018; Glover & Clark
2016). In the CMC the relation is considerably more com-
plex. The plot is characterized by three branches. One branch
is at low extinction and appears nearly vertical, possibly in-
dicative of a quasi-linear relation between WCO and AV in
that part of the diagram. At high extinctions the relation is
flat and nearly horizontal, as might be expected if CO emis-
sion is saturated. However, it is separated into (at least) two
distinct branches that correspond to two different levels of
constant W[12CO], one at 10 K km/s and another at 35 K
km/s.

Important clues concerning the nature of the WCO-AV rela-
tion in the CMC are provided by Fig. 4. Here we plot the
W[12CO ]–AV relation with the individual data points col-
ored by Herschel Tdust, ranging from 11.8 K - 74.4 K, plotted
so cooler points are beneath hotter ones. In these plots, blue
corresponds to cold dust (Tdust <18 K) and red to hotter dust
(Tdust >18 K). The branches are clearly temperature depen-

dent, with the 10 K km/s branch associated with the coldest
dust, the 35 K km/s branch associated with slightly warmer
dust, and the vertical branch with dust over ⇠ 25 K. The cold
branches extend to low extinctions beneath the points cor-
responding to the hot dust in red; however 98% of the cold
pixels are below 40 K km/s.

Further inspection of the data shows that these branches
actually correspond to different regions of the cloud. The
nearly vertical branch corresponds to CO associated with hot
(Tdust > 25 K) dust located in the vicinity of, and coincident
with, the H II region in L1482. This is the region studied by
K15 who found similar behavior in the W[CO]-Av relations
with CO excitation temperature, in particular, K15 showed
that the CO emission in the vicinity of the H II region is also
characterized by high gas excitation temperatures. The upper
horizontal branch in the figure originates in the cooler, more
extended star forming regions in L1482 and from within the
Cal-X region in CMC-West. The lowest (⇠10 K km/s) hor-
izontal branch in the Fig. 4 consists of the coldest (Tdust
< 14K) material which we find to mostly originate in the
L1478 and CMC-West regions of the CMC.

This complex structure is quite different from what is of-
ten seen in other clouds, where the CO emission at low ex-
tinctions (i.e., 1  AV  3-4 magnitudes) more or less lin-
early increases with AV , and then appears to flatten at higher
(AV > 4 magnitudes) extinctions, though previous studies
rarely extend much into the high extinctions (Frerking et al.
1982; Lada et al. 1994; Lombardi et al. 2006; Ripple et al.
2013; Kong et al. 2015; Lee et al. 2018). Indeed, none of
the previous studies come close to achieving the dynamic
range in cloud depth (i.e., 3  AV  60 magnitudes) pro-
vided by the Herschel observations in our study of the CMC.
These extremely deep observations, obtained on sub parsec
spatial scales and across a range in cloud environments, in-
dicate that expectations of a simple relationship between CO
emission and hydrogen column density and, consequently the
existence of single empirical X-factor describing all material
across the cloud, may be unrealistic.

4.2. The X-factor for CO J=2 ! 1

As outlined above, a single X-factor does not charac-
terize all the gas in the cloud. We can measure the X-
factor for every pixel by taking the ratio of the H2 col-
umn density maps and the J=2-1 CO integrated intensity
maps. In the CMC, we find that X[12CO (2 - 1)] ranges from
0.5 - 52 ⇥ 1020 cm-2 (K km/s)-1. However, as previously
stated, the region of the CMC that contains hot dust shows
a fairly tight linear relationship between WCO and AV, in-
dicative of a well-defined X-factor for at least that region.
Here we measure the CO X-factor for the J = 2 - 1 transi-
tion, XCO = N[H2]/W[CO 2 - 1], using three methods, where
hXi = 1

N
PN

i=1 Xi:

ハーシェルの温度で色分けしてみると、温かいところ
は線形な関係がありそう。 
25K以上のところはH II region in L1482 と一致。 
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Table 1. Global 12CO X-factor

Method X[12CO (2 - 1)] K15.

hN[H2]/W[12CO]i 5.05 ± 1.80 4.4
hN[H2]i/hW[12CO]i 4.18 ± 1.83 3.6
Linear fit through origin 2.98 ± 1.74
Average 4.1±0.8

NOTE—Measurements of the global 12CO (2-
1) X-factor for the whole cloud in units of
1020 cm-2 (K km/s)-1. The measurement methods
are discussed in §4.2. The K15 are scaled by 1.4
to convert them from the original XCO (1-0) to XCO

(2-1).

1. hXCOi = hN[H2]/W[12CO]i, the average of the CO X-
factor measured in each pixel, the "per-pixel" X-factor.

2. hXCOiW = hN[H2]i
hW[12CO]i , which is the average column density

divided by the average CO integrated intensity. It is equiv-
alent to the WCO-weighted average of the per-pixel CO X-
factor, hXCOiW =

P
XCOWCOP

WCO
.

3. dXCO is the solution to a least-squares linear fit through
the origin to N[H2] = dXCO WCO. This is equivalent to the
(WCO)2-weighted average of the per-pixel CO X-factor,
dXCO =

P
XCOW 2

COP
W 2

CO

If a single X-factor existed that described the whole cloud,
each method would return the same value. To estimate our
uncertainty in these values we use the standard deviation for
(1) and the WCO and (WCO)2 weighted standard deviation for
(2) and (3) respectively. The data noise contributes negligi-
bly being more than an order of magnitude smaller than the
(weighted) standard deviation. We use the average the three
methods as our accepted value and use the square-root of the
average variance to derive the uncertainty. This uncertainty is
a factor of

p
3 larger than the error derived using error prop-

agation and better represents the variation of the X-factor in
our data.

4.2.1. 12CO J=2-1 X-factor

While the large scatter in the WCO–AV relation shows that
there is no single-valued X-factor that will work for all
individual positions across the cloud, a globally averaged
X-factor can still be computed from the data and is use-
ful for comparison with other clouds that are either unre-
solved or partially resolved. Using the three methods out-
lined above we found results consistent with those seen in
K15. The three measurements are presented in Table 1 and
give an average "global X-factor" value of (4.1 ± 0.8) ⇥
1020 cm-2 (K km/s)-1, which is twice the Milky Way value.

Figure 5. W[12CO(2 - 1)] plotted against AV for the CMC for points
with Tdust > 25 K and where W[12CO] is detected at greater than
3�W,12. The black dotted line is the standard adopted MW X-factor
(2⇥1020cm-2 (K km/s)-1). The black solid line is the best fit solu-
tion for the data.

Table 2. J=2-1 X-factor for CO Isotopologues

Method X[12CO] X[13CO] X[C18O] K15 12CO

hXi 1.36 (0.40) 8.99 (6.61) 59.7 (26.2) 1.8
hXiW 1.27 (0.36) 4.67 (3.22) 45.1 (20.8)
X̂ 1.22 (0.33) 3.55 (1.20) 36.1 (13.0) 2.1
Average 1.28±0.36 5.74±4.30 46.96±20.55

NOTE—CO X-factor (in units of 1020cm-2 (K km/s)-1) derived from
pixels containing hot dust (Tdust > 25 K) for the 2-1 transition of 12CO,
13CO, and C18O in units of 1020 cm-2 (K km/s)-1 derived using the
3 methods we describe in §4.2. The 1� error is in parenthesis. We
adopt the average value for each isotopologue as the accepted values
of the X-factor. The error is calculated as the square-root of the av-
erage variance (the variance is the square of the 1� error). We con-
verted converted the Kong et al. values to 12CO (2-1) by scaling with
W2-1/W1-0 = 0.7.

References—K15

We next focus on the ability to measure the existence of a
linear relation and measure the J=2-1 X-factor for all three
isotopologues in the warm gas where all share the same Tdust-
dependent, nearly linear, branched structure.

We measure the 12CO J=2-1 X-factor in the region of hot
(Tdust >25 K) dust where W[12CO] and AV are correlated
(Pearson r = 0.88) using the 3 methods described above.
Those data are shown in Fig. 5 with the data binned along
the WCO axis shown in purple. The results are given in Table
2. The X-factors derived are all consistent with each other
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Figure 1. CO survey outlines over Herschel +Planck dust maps. The CO survey boundary is outlined in black and red, with the black outlined
covering L1482, the southeastern extent of the cloud, being initially presented in K15 and the red outlines indicating the new data presented in
this paper (L1478, and CMC-West). 12CO and 13CO were observed in all 3 regions, while C18O was not observed in CMC-West. The jagged
black boarder marks the extent of the Herschel dust data (Lada et al. 2017), with Planck data used to fill in outside that. The Herschel data
continues further west about 1deg. than shown on the map. The CO survey boarder was chosen to cover the majority of the AV >3 mag dust.
Two subregions of interest are shown. The dashed white circle shows the extent of the H II region (NGC 1579) associated with the star (shown
in blue) LkH↵ 101. In CMC-West we show the Cal-X feature described in Imara et al. (2017).

the Heinrich Hertz Submillimeter Telescope (SMT) using a
prototype ALMA band 6 dual-polarization sideband separat-
ing receiver in combination with the 0.25 MHz – 256 chan-
nel filterbank as the backend (0.25 MHz ⇠ 0.32 km/s at 230
GHz). We used two observing setups - (1) with 12CO in the
upper-sideband and 13CO in the lower-sideband and (2) an-
other with 12CO in the upper-sideband and C18O in the lower-
sideband. This improves the signal-to-noise of the 12CO data.
CMC was observed over multiple days during the November
2012 - April 2013 observing season. Those segments are
shown as outlines overlayed on Planck+Herschel dust map
in Fig. 1. CMC West was not observed in C18O. The survey
boundaries were designed to cover regions with AV & 3 mag
in the Lada et al. (2009) extinction maps.

We observed in ’on-the-fly’ (OTF) mode (Mangum et al.
2007) - raster scanning 100 ⇥ 100 tiles at a rate of 1000 s-1,
sampling spectra every 0.1 s. The raw OTF data were put
onto a 1000grid using custom data reduction scripts in the
GILDAS CLASS software package (Pety 2018) and then had
a linear baseline subtracted. Those reduced data were then
exported as tiles into MIRIAD, where adjacent tiles were
combined into a single map, with overlapping regions being
combined using the rms weighted average. The final three
contiguous regions are shown outlined in Fig. 1. From east-
to-west they are L1482, L1478, and the West cloud.

We calibrated the intensity using periodic observations of
the CO bright source W3(OH) (more details on the calibra-
tion method can be found in Bieging et al. (2010)). Since the
beam and velocity resolution for each CO isotopologue are
all slightly different, the maps were convolved to the resolu-
tion of the 12CO map (3800) and regridded in velocity to 0.3
km/s channels to facilitate comparison. The average RMS
noise per 0.3 km/s channel we achieve is 0.11 K for C18O,
0.13 K for 13CO, and 0.11 K for 12CO. The average spectra
for each region are shown in Fig. 2. The reduced maps are
publicly available on the Harvard Dataverse (Lewis 2020)1.

3. DATA ANALYSIS

3.1. CO Moment Maps

We derived the line parameters (integrated intensity, cen-
tral velocity, and velocity dispersion) using moment analy-
sis: M0 =

P
Tmb �v, M1 =

P
Tmb v �v

M0
, M2 =

P
Tmb (v-M1)2 �v

M0
,

where �v is the channel width. M0 is the integrated inten-
sity (WCO), M1 is the intensity weighted velocity centroid,
and

p
M2 corresponds to an intensity weighted velocity dis-

persion �v. Moments are sensitive to noise in the spectrum,
so it is important to carefully select the channels over which
the integrals are performed. We use custom velocity win-

1 https://doi.org/10.7910/DVN/FTOHSO
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Figure 6. Plot of the (Left) 13CO and (Right) C18O column density vs visual extinction colored by Tdust. The colorbar shows colder pixels
as blue, transitioning through gray, and becoming redder as the temperature increases. Data is plotted so that higher temperature points are
plotted over cooler points to to emphasize the temperature dependent structure in the plot. The inset shows WCO vs AV for the line with the same
coloring scheme.

We see in Fig. 6 that again, as with W[12CO]–AV, only
the hottest dust shows a clear linear relation. To measure the
true CO abundance, we must limit our measurements to the
part of the cloud where CO is likely entirely in the gas phase,
namely in the region containing the hot dust. We measure
the total CO abundance by measuring the average abundance,
hNCO/N[H2]i, in the hot (Tdust >25 K) dust, using pixels with
signal-to-noise >3 for 13CO and >5 for C18O and Tdust > 25
K, and find

[13CO] = (1.31± .89)⇥10-6 (8)

[C18O] = (1.27± .59)⇥10-7 (9)

These measurements are consistent within the errors with
abundances derived from standard atomic abundances ratios
assuming all the carbon is in CO2: [13CO]MW = 1.45⇥10-6,
[C18O]MW = 1.80⇥ 10-7. Looking at the hot pixels, we see
that a straight line through the data would not intersect the
origin. By performing a linear regression to the data we can
determine the linear relation between CO and H2.

N[13CO] = 3.19⇥1015(AV - 2.50) (10)

N[C18O] = 2.47⇥1014(AV - 3.55) (11)

These equations can be combined with equations (6) and
(7) to derive a linear relation for WCO–AV. The AV offset
is the extinction below which the measured 13CO or C18O
column density is zero. As mentioned previously, CO has
been detected at lower extinctions, below AV ⇠ 1 mag, in

2 We use 12C/H = 2⇥10-4, and adopt the isotopic abundances from Wilson
(1999) for the local interstellar medium 12C/13C = 69, 16O/18O = 557

both emission (e.g.; towards the Pipe (Lombardi et al. 2006)
and Cygnus (Schneider et al. 2016)) and absorption (e.g.; to-
wards O & B stars, (Burgh et al. 2007)), so this offset is not
a threshold for CO formation.

4.3.2. Abundance versus Tdust

As with WCO vs AV, NCO vs AV shows a continuous tran-
sition from the cold horizontal branches to the hot vertical
branch, indicating that the abundance may be tied to the dust
temperature. Plotting the bin-averaged abundance as a func-
tion of Tdust binned in 0.05 dex bins shows us that the abun-
dance is temperature dependent. Fig. 7 shows the average
CO abundance through the cloud binned by Tdust overlaid
with the average abundance we derived in the hot dust with
the 1� range shown in purple and the value derived assum-
ing cosmic abundances as a dashed red line. The abundance
clearly increases with temperature and flattens out beyond
& 20 K.

The 13CO abundance plateaus to the abundance we mea-
sured in the hot dust, which is coincident with its cosmic
abundance. C18O, however, plateaus just short of its cos-
mic abundance. This is in part because the high temperatures
span a large range in extinction, and at low extinction C18O is
selectively photodissociated (K15). Because so much of the
high temperature dust is at low extinction, the areas where
C18O can be destroyed could dominate the average and drive
the average abundance lower. This would not be much of a
problem at low temperatures, since these regions are charac-
terized by much higher AV where the CO is better shielded
from far-UV radiation. This effect is seen in photodissocia-
tion regions (PDRs), and observationally can be seen as an
increase in [13CO]/[C18O] or W[13CO]/W[C18O] (Shimajiri

13COとC18Oで同様の図を書いて比較。 
cold brancheでは、見積もった光学的厚さは、13CO 
が ︎ 1.5, C18O は光学的に薄い(τ18 < 0.75) 
cold branchが３つくらいに分かれているのは場所後が
い。L1482とL1478 

温かい領域 Tdust>25Kで13COと
C18Oのアバンダンスを測った結果 

 
これはそれぞれstandard atomic 
abundances ratioですべてのcarbonが
COになっていると仮定したときの値と
consistentらしい[13CO]MW = 
1.45×10^-6, [C O]MW = 1.80 × 10 
^-7 
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Figure 6. Plot of the (Left) 13CO and (Right) C18O column density vs visual extinction colored by Tdust. The colorbar shows colder pixels
as blue, transitioning through gray, and becoming redder as the temperature increases. Data is plotted so that higher temperature points are
plotted over cooler points to to emphasize the temperature dependent structure in the plot. The inset shows WCO vs AV for the line with the same
coloring scheme.

We see in Fig. 6 that again, as with W[12CO]–AV, only
the hottest dust shows a clear linear relation. To measure the
true CO abundance, we must limit our measurements to the
part of the cloud where CO is likely entirely in the gas phase,
namely in the region containing the hot dust. We measure
the total CO abundance by measuring the average abundance,
hNCO/N[H2]i, in the hot (Tdust >25 K) dust, using pixels with
signal-to-noise >3 for 13CO and >5 for C18O and Tdust > 25
K, and find

[13CO] = (1.31± .89)⇥10-6 (8)

[C18O] = (1.27± .59)⇥10-7 (9)

These measurements are consistent within the errors with
abundances derived from standard atomic abundances ratios
assuming all the carbon is in CO2: [13CO]MW = 1.45⇥10-6,
[C18O]MW = 1.80⇥ 10-7. Looking at the hot pixels, we see
that a straight line through the data would not intersect the
origin. By performing a linear regression to the data we can
determine the linear relation between CO and H2.

N[13CO] = 3.19⇥1015(AV - 2.50) (10)

N[C18O] = 2.47⇥1014(AV - 3.55) (11)

These equations can be combined with equations (6) and
(7) to derive a linear relation for WCO–AV. The AV offset
is the extinction below which the measured 13CO or C18O
column density is zero. As mentioned previously, CO has
been detected at lower extinctions, below AV ⇠ 1 mag, in

2 We use 12C/H = 2⇥10-4, and adopt the isotopic abundances from Wilson
(1999) for the local interstellar medium 12C/13C = 69, 16O/18O = 557

both emission (e.g.; towards the Pipe (Lombardi et al. 2006)
and Cygnus (Schneider et al. 2016)) and absorption (e.g.; to-
wards O & B stars, (Burgh et al. 2007)), so this offset is not
a threshold for CO formation.

4.3.2. Abundance versus Tdust

As with WCO vs AV, NCO vs AV shows a continuous tran-
sition from the cold horizontal branches to the hot vertical
branch, indicating that the abundance may be tied to the dust
temperature. Plotting the bin-averaged abundance as a func-
tion of Tdust binned in 0.05 dex bins shows us that the abun-
dance is temperature dependent. Fig. 7 shows the average
CO abundance through the cloud binned by Tdust overlaid
with the average abundance we derived in the hot dust with
the 1� range shown in purple and the value derived assum-
ing cosmic abundances as a dashed red line. The abundance
clearly increases with temperature and flattens out beyond
& 20 K.

The 13CO abundance plateaus to the abundance we mea-
sured in the hot dust, which is coincident with its cosmic
abundance. C18O, however, plateaus just short of its cos-
mic abundance. This is in part because the high temperatures
span a large range in extinction, and at low extinction C18O is
selectively photodissociated (K15). Because so much of the
high temperature dust is at low extinction, the areas where
C18O can be destroyed could dominate the average and drive
the average abundance lower. This would not be much of a
problem at low temperatures, since these regions are charac-
terized by much higher AV where the CO is better shielded
from far-UV radiation. This effect is seen in photodissocia-
tion regions (PDRs), and observationally can be seen as an
increase in [13CO]/[C18O] or W[13CO]/W[C18O] (Shimajiri
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Figure 7. Binned log10 median abundance for (Top) 13CO and (Bot-

tom) C18O versus dust temperature. The abundance is binned by
Tdust in logarithmic bins from 10 K - 63 K in 0.05 dex steps. The
error-bar is the median absolute deviation scaled to the standard de-
viation. The purple line with the purple shaded region marks the
abundance measured in the hot dust and the corresponding 1� error.
The red dashed line is the cosmic abundance

et al. 2014) and was observed in the CMC by K15. Alterna-
tively, the difference between our measured and the cosmic
C18O abundance could be caused by a variation in the 18O
abundance. It is observed to have a large range of values,
ranging from 300-600 away from the galactic center (Pole-
hampton et al. 2005; Nittler & Gaidos 2012), which would
be enough to explain the difference we see.

The rise of abundance with Tdust is suggestive of CO des-
orbing from the dust grains in the warm and hot dust, with
the inverse relationship being CO depletion onto grains. In
Fig. 7 the transition from a positive slope to a flat one oc-
curs around 16-20 K. This is consistent with the temperature
at which CO is expected to sublimate off dust grains (Bergin
et al. 1995; Bisschop et al. 2006). Bergin et al. shows that
the time scale for all of the CO to desorb into the gas phase
at Tdust ⇠ 20 K is of order 100 yrs. The reverse process,
freeze-out or depletion, occurs at similar temperatures with
timescale of ⇠ 106yrs.

Figure 8. Schematic drawing showing how the depletion factor is
an average of the depletions along the line-of-sight and necessarily
underestimates the depletion in the center regions.

In their study of the L1482, K15 suggested desorp-
tion/depletion as the cause of abundance trends with Tex.
However, depletion depends on the dust temperature which
they were unable to make direct comparisons too at the time.
The temperatures we measure in the cold dust are signifi-
cantly lower than the sublimation/depletion temperature and
CO should freeze out onto grains in the cold, dense central
regions of the cloud. Similar variations in the nature of the
N[13CO]–AV relation were found in Orion by Ripple et al.
(2013) who came to the conclusion that depletion was re-
sponsible for the flattening of the relationship beyond AV
⇠ 10 mag.

Our observations of the relationship between CO (WCO,
NCO) and the dust point to it being shaped by desorp-
tion/depletion processes and are consistent with previous ob-
servations of depletion (e.g.; in Orion). We conclude that the
spatial variation in CO abundance in the CMC is due in large
part to changes in desorption and depletion caused by the
dust temperature changing with distance from star forming
regions in the cloud.

5. DEPLETION

In this section we measure the level of depletion across the
CMC and create the first maps of depletion on giant molecu-
lar cloud scales.

5.1. Measuring Depletion

The depletion factor, ⌘CO, is the gas phase abundance at
some point in the cloud relative to the true abundance. We
measure depletion independent of any outside data. We are
using abundances relative to H2. The most similar previous
study was completed by Pineda et al. (2010) in Taurus who
relied on relationships between the CO and CO2 ice abun-
dance and AV to derive a total (gas + ice) CO column density
which was used to derive a depletion factor - a method we
examine later. We bypass needing to estimate the total CO
column entrapped in ice by having a direct measurement of
the true abundance in the hot dust (§4.3.1). We define the
depletion factor the same way Kramer et al. (1999) do, as a
ratio of abundances,

⌘CO =
AISM

Agas
=
hN[CO]/N[H2]iISM�

N[CO]/N[H2]
�

gas

, (12)
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Figure 10. Plot of the total (gas + ice) C18O column density plot-
ted against (AV - 3.55) mag. The points are colored by Tdust- note
that the scale is different than in Figs. 4 and 6. The red line shows
the N[C18O] predicted using the abundance, [C18O] = 1.27⇥ 10-7

ignoring the material below the 3.55 mag threshold, N[C18O] /
[C18O](AV - 3.55). The gray shaded region shows the 1� uncer-
tainty in the C18O abundance. The total column derived from adding
in the contribution from ice is consistent with the total column den-
sity derived from the abundance measured in the hot dust.

plot in red the line that corresponds to the abundance we mea-
sured in the hot dust. The gray shaded region shows the error
in the abundance. For this hot material we assume that all
the CO is fully evaporated from the grains and thus that this
measured abundance represents the true CO abundance in the
CMC.

For AV > 35 magnitudes the relation consists of two
branches distinguished by differing dust temperatures. These
branches are composed of the same pixels as those that are
seen in the CO column density vs extinction plots in Fig. 6.
The cold lower branch belongs to L1478 and falls along the
red line consistent with the predictions derived from the Tau-
rus ice observations. The warmer upper branch comes en-
tirely from the extended regions around L1482. As discussed
previously, L1482 has more star formation activity than the
area associated with L1478. The warmer dust may indicate
that there is likely less CO locked in ice in these regions than
in the cold material of L1478 which is apparently well repre-
sented by the Taurus-derived relations used to predict the ice
abundances. Thus application of these relations to the warm
dust likely over predicts N[C18O]total in the warmer regions.
However, we note that both branches fall entirely within the
shaded region of our uncertainty in the derived abundances.

5.3. Large Scale Depletion Maps

We present the first wide-field, high resolution maps of CO
depletion across a significant portion of a single GMC. In fig-

ures 11,12, & 13, we show our cloud scale maps of the 13CO
and C18O depletion factors, ⌘13 and ⌘18, respectively. The
figures show depletion as the colormap with the AV = 5 mag
contour overlaid. The purple regions blank out places where
column densities were unable to be derived due to the fact
that the 13CO peak intensities are larger than those of 12CO
(see Appendix B). The C18O depletion factor maps have been
spatially smoothed (for clarity). We measure depletion fac-
tors ranging from 0.5 - 25 over the extent of the cloud. Deple-
tion factors with values less than one arise entirely within the
area coincident with the LkH↵ 101 cluster and H II region.

The maps show a great deal of spatial variation in the de-
pletion factor. In regions where both C18O and 13CO were
observed, the extent of ⌘13 is greater than that of ⌘18 due to
stronger 13CO lines on average. ⌘13 also tends to be larger
than ⌘18 (note the difference in the scale of the colorbar).
Both molecules reveal clear peaks in the distribution of de-
pletion factors across the regions. There seems to be a good
general, but not perfect, correspondence between the peaks
seen in the 13CO and C18O depletion factors.

5.4. Depletion cores

We perform a search for cores in the depletion map using
a dendrogram analysis. A good introduction to the method
and its usefulness can be found in Rosolowsky et al. (2008).
In short, dendrograms search for structure from the high-
est values down, breaking the image in to leaves (indepen-
dent peaks/structures) and branches (collections of leaves
and other branches) forming a tree-like representation of the
structures in the data. The leaves form the list of peaks from
which we select the cores. We use astrodendro (Ro-
bitaille et al. 2019) for our analysis. We identify cores only
in the 13CO depletion map because it has better coverage and
sensitivity than the C18O depletion map. Regions with no
data, or no column density measurement (i.e.; the pink re-
gions in figures 11-13) were excluded. The input parameters
for astrodendro are: min_npix=25 (2⇥ beam area),
min_delta=0.5, min_value=1, and h⌘13i > 2. This gave
an initial list of 398 depletion peaks.

For a depletion peak to be to be identified as a core it
can’t be on the map edge, at least 70% of its pixels must
have AV � 0.5mag, it must have peak ⌘13,peak > 3, and
⌘13,peak -h⌘13i> 1. That final criteria removes sources which
don’t have a significant local peak. After this filtering 82
sources remained in our list. After examining this list we
further manually removed 7 false detections. Our method is
tuned to select objects we can confidently call cores and this
exercise comes at the expense of a more complete sample.
We identify 75 cores - 28 in the Southeast cloud which is
associated with L1482, 20 in L1478, and 27 in West. Our
depletion core catalog is presented in Table 3.

冷たい領域については、CO氷とCO2氷の量を見積もっ
てたしてやれば、全COの量をだいたいリカバーでき
る。ここで、COとCO2iceの見積もりはAvから経験的
に見積もられている先行研究を使っている。 



18. Star Formation Efficiency and Dispersal of Giant Molecular Clouds with UV 
Radiation Feedback: Dependence on Gravitational Boundedness and Magnetic 
Fields, Jeong-Gyu Kim, Eve C. Ostriker,1 and Nina Filippova

Molecular clouds are supported by turbulence and magnetic fields, but 
quantifying their influence on cloud lifecycle and star formation efficiency 
(SFE) remains an open question. We perform radiation magnetohydrodynamic 
simulations of star-forming giant molecular clouds (GMCs) with UV radiation 
feedback, in which the propagation of UV radiation via ray-tracing is coupled to 
hydrogen photo- chemistry. We consider 10 GMC models that vary in either 
initial virial parameter (1 ≤ αvir,0 ≤ 5) or dimensionless mass-to-magnetic flux 
ratio (0.5 ≤ μΦ,0 ≤ 8 and ∞); the initial mass 105M⊙ and radius 20pc are fixed. 
Each model is run with five different initial turbulence realizations. In most 
models, the duration of star formation and the timescale for molecular gas 
removal (primarily by pho- toevaporation) are 4-8Myr. Both the final SFE (ε∗) 
and time-averaged SFE per freefall time (εff) are reduced by strong turbulence 
and magnetic fields. The median ε∗ ranges between 2.1% and 9.5%. The median 
εff ranges between 1.0% and 8.0% and anticorrelates with αvir,0, in qualitative 
agreement with previous analytic theory and simulations. However, the time-
dependent αvir(t) and εff,obs(t) based on instantaneous gas properties and 
cluster luminosity are positively correlated due to rapid evolution, making 
observational validation of star formation theory difficult. Our median εff,obs(t) 
≈ 2% is simi- lar to observed values. We show that the traditional virial 
parameter estimates the true gravitational boundedness within a factor of 2 on 
average, but neglect of magnetic support and velocity anisotropy can sometimes 
produce large departures. Magnetically subcritical clouds are unlikely to 
represent sites of massive star formation given their unrealistic columnar 
outflows, prolonged lifetime, and low escape fraction of radiation. 

輻射磁気流体シミュレーションをや
った。 
UVはHydrogen photochemistryと
カップルして解いた。 
10 GMCモデル。ビリアル比を
1-5、mass-to-flux ratioを0.5-8, 無
限大、でふった。 
初期質量は10^5太陽質量、半径
20pcは固定した 
どれもだいたい4-8Myrで星形成が終
わってガスが飛んでった。 

median (時間平均した自由落下時間
で割った星形成率) ε_ffは、ビリア
ル比と反相関。 

subcriticalクラウドは大質量星形成
のサイトとしては不適切そう。 



計算セットアップのパラメータのフリ方 
- 輻射磁気流体シミュレーションをやった。乱流・磁
場ありGMC、star clusterからのUV feedbackあり 
初期：M0 = 10^5Msun, radius R0 = 20pc, and 
freefall time tff ,0 = 4.68 Myr.  

数値計算について 
- ベースはAthenaを利用。磁気流体パートは普
通。ChemistryはH2, H0, H+を非平衡ちゃんと扱
って、C, C+, CO, Oは平衡状態を仮定 
- たぶんこの人達が頑張っているのは輻射パート

 
- 輻射を２つに分け、diffuse backgroundとstar-
light radiationを別々にちゃんと解いた。 
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The set of equations we solve are

@⇢

@t
+r · (⇢v) = 0 , (1)

@(⇢v)

@t
+r ·


⇢vv + P ⇤ � BB

4⇡

�
= �⇢r�+ frad , (2)

@E

@t
+r·


(E + P ⇤)v � B(B · v)

4⇡

�
= G�L+v·(�⇢r�+frad) ,

(3)

@ns

@t
+r · (nsv) = nHCs , (4)

@B

@t
�r⇥ (v ⇥B) = 0 , (5)

r2� = 4⇡G(⇢+ ⇢⇤) . (6)

Here, P ⇤ = P + B2/(8⇡) is the sum of gas pressure
and magnetic pressure, frad is the radiative force per
unit volume, � is the total gravitational potential due
to gas and stars, E = P/(� � 1) + ⇢v2/2 + B2/(8⇡) is
the total energy density with the ratio of specific heats
� = 5/3, G and L are the volumetric heating and cooling
rates. The number density of hydrogen is denoted as
nH ⌘ ⇢/(µHmH), where µHmH = 2.37 ⇥ 10�24 g is the
mean mass of all gas per hydrogen nucleus.
The quantity ns = xsnH represents the number den-

sity of species “s,” where xs is the fractional abun-
dance relative to the hydrogen nucleus. Each species
we follow is passively advected with the velocity field,
with the right-hand side of Equation (4) representing
the net creation rate Cs due to various collisional reac-
tions, cosmic ray ionization, and photodestruction pro-
cesses. We explicitly follow the non-equilibrium abun-
dances of hydrogen in molecular (H2), atomic neutral
(H0), and ionized (H+) phases but assume equilibrium
abundances for carbon- and oxygen-bearing species (C0,
C+, CO, O0) (see Section 2.3). Adopting the ideal gas
law, assuming xHe = 0.1, and ignoring the abundance
of trace species, the gas temperature can be written as
T = P/[(1.1 + xe � xH2

) kBnH].
In addition to Equations (1)–(6), we solve radiative

transfer equations in the form

n̂ ·rI = �I (7)

where I is the intensity,  is crossection per unit volume
in a given radiation component, and n̂ is the direction of
ray propagation. The scattering and emission by dust
grains are ignored. The radiation field is decomposed
into di↵use background and starlight: I = Ibg + I⇤.
We use the six-ray approximation to solve for the dif-
fuse background, meaning that only n̂ aligned with the

cardinal axes of the grid are considered. For the radia-
tion produced by star particles formed in the simulation,
we use the adaptive ray-tracing technique. We include
three di↵erent frequency components for the radiation
field.

2.2. Star Formation and Radiation Feedback

Star formation is modeled via the sink particle method
of Gong & Ostriker (2013) (slightly updated as described
in Kim et al. 2020). A sink particle is created if a gas cell
(1) exceeds the Larson-Penston density criterion for self-
gravitating collapse (⇢crit = 8.86c2s/(⇡G�x2) for the lo-
cal sound speed cs =

p
�P/⇢ and the grid spacing �x),

(2) is located at a local minimum of the gravitational po-
tential, and (3) has the velocity field converging along
the three Cartesian axes. For actively accreting sink par-
ticles, we reset the density, momentum, and energy of 33

cells surrounding each sink particle (control volume) by
extrapolating from surrounding non-control volume cells
after the MHD update. The accretion rates of mass and
momentum onto sink particles are determined based on
the flux across the surface of the control volume, sub-
tracting out the di↵erence between the total mass and
momentum on the grid inside the control volume at the
beginning and end of the step.
Once sink particles are formed, they are considered as

discrete, point sources of UV radiation. Since individual
stars are not resolved in our simulations (with typical
mass of individual sink particles being a few hundred
solar masses), we assume that each sink particle repre-
sents a coeval stellar population following the Kroupa
initial mass function (IMF) with mass-weighted mean
age tage (e.g., Kim & Ostriker 2017). Using the stel-
lar population synthesis model STARBURST99 (Lei-
therer et al. 2014), the time-dependent radiative output
per unit mass  is calculated in three frequency bins:
(1) Photoelectric (PE; 110.8 nm < � < 206.6 nm); (2)
Lyman-Werner (LW; 91.2 nm < � < 110.8 nm); (3) Ly-
man Continuum (LyC; � < 91.2 nm). The PE and LW
constitute FUV (or non-ionizing) radiation and are ab-
sorbed mainly by dust. Absorption of the FUV photons
by small grains ejects electrons, which are important for
heating neutral gas. The LW photons include photodis-
sociation bands of H2 and CO molecules and also ion-
ize C0. The LyC (or ionizing) photons are responsible
for ionizing H0 (h⌫ > 13.6 eV) and H2 (h⌫ > 15.2 eV).
We assume that the mean energy of ionizing photons
is h⌫LyC = 18 eV. In Appendix A, we show  (tage) in
di↵erent frequency bins.
We calculate the cross sections for dust absorption

and photoionization averaged over the cluster’s UV spec-
trum and find that the dependence on tage is weak.
We thus take constant cross sections PE = nH�d,PE

and LW = nH�d,LW, where �d,PE = 10�21 cm2 H�1

and �d,LW = 1.5 ⇥ 10�21 cm2 H�1. These values
are appropriate for Weingartner & Draine (2001a)’s
grain model with RV = 3.1. For LyC radiation, we
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Table 1. Model parameters

Model ↵vir,0 µ�,0 �1d,0 Bz,0 M0 MA,0

[km s�1] [µG]

(1) (2) (3) (4) (5) (6) (7)

↵-series

A1B2 1.0 2.0 2.1 13.5 13.6 1.3

A2B2 2.0 2.0 2.9 13.5 19.2 1.9

A3B2 3.0 2.0 3.6 13.5 23.5 2.3

A4B2 4.0 2.0 4.1 13.5 27.2 2.7

A5B2 5.0 2.0 4.6 13.5 30.4 3.0

�-series

A2B05 2.0 0.5 2.9 54.0 19.2 0.5

A2B1 2.0 1.0 2.9 27.0 19.2 0.9

A2B2 2.0 2.0 2.9 13.5 19.2 1.9

A2B4 2.0 4.0 2.9 6.7 19.2 3.8

A2B8 2.0 8.0 2.9 3.4 19.2 7.6

A2Binf 2.0 1 2.9 0.0 19.2 1

Note—Each model is run with 5 di↵erent random seeds

for turbulence. All models have the same initial mass

M0 = 105 M� and radius R0 = 20pc. Columns are as

follows: (1) model name indicating the initial virial pa-

rameter (A) and magnetic flux-to-mass ratio (B). (2) ini-

tial virial parameter ↵vir,0 = 5�2

1d,0R0/(GM0). (4) ini-

tial magnetic mass-to-flux ratio µ�,0 = 2⇡
p
G⌃0/|Bz,0|.

(3) initial velocity dispersion. (5) initial magnetic field

strength. (6) 3D sonic Mach number of initial turbu-

lence. (7) 3D Alfvén Mach number of initial turbulence.

2.5. Model Initialization and Parameters

We initialize the simulation by placing a uniform den-
sity cloud with mass M0 = 105 M� and radius R0 =
20pc at the center of the computational domain, which
has a side length Lbox = 4R0 = 80pc. The number of
grid cells is set to 2563 corresponding to the uniform
grid spacing of �x = 0.31 pc. The cloud has the initial
gas surface density ⌃0 ⌘ M0/(⇡R2

0) = 79.6M� pc�2,
hydrogen number density nH,0 = 3M0/(4⇡R3

0µHmH) =
86.2 cm�3, and freefall time

t↵,0 =

✓
3⇡

32G⇢0

◆1/2

= 4.68Myr . (12)

The gas temperature is set to 24K and the H2 abun-
dance to the equilibrium value xH2

= 0.43, appropri-
ate for UV-shielded gas with ⇠cr = 2.0 ⇥ 10�16 s�1 (see
Equations (15)–(18) in Gong et al. 2018). The ambient
medium is a warm neutral medium with nH = 10�2nH,0

and T = 8200K and has a total mass of 0.16M0. We

Figure 1. Parameters of simulated clouds in ↵- and �-

series models (see also Table 1). All clouds have the same

mass M0 = 105 M� and radius R0 = 20pc. The bottom x-

axis is the mass-to-magnetic flux ratio µ�,0 = 2⇡
p
G⌃0/Bz,0

and the left y-axis is the kinetic virial parameter ↵vir,0 =

5R0�
2

1d,0/(GM0). The top x-axis and right y-axis show

the corresponding magnetic field strength Bz,0 and one-

dimensional turbulent velocity dispersion �1d,0, respectively.

For each pair of (↵vir,0, µ�,0), we run five simulations with

di↵erent random seeds for initial turbulent velocity field.

note that we have tested the e↵ects of the initial tem-
perature choice, and found that they are unimportant as
thermal and ionization equilibrium are rapidly achieved.
We assign the gas that is initially molecular a passive

scalar field value scl = 1 and the ambient atomic gas
with scl = 0. We use scl to di↵erentiate the “cloud
material” from the ambient medium, but it should be
noted that the use of a passive scalar cannot serve as a
perfect surrogate for the Lagrangian tracer particle due
to numerical di↵usion. For analysis, we select gas that is
neutral and initially molecular by using a filter function

⇥ =

(
1, if xH+ < 0.5 and scl > 10�2

0, otherwise.
(13)

We initiate all clouds (except the non-magnetized
model) with a uniform magnetic field aligned along the
z-axis. We note that a uniform magnetic field exerts no
Lorentz force and does not play a role in supporting the
cloud at t = 0, but the nonuniform magnetic fields cre-
ated by the turbulence provide support against gravity
from the early stages of evolution. The initial magnetic
field strength is measured by the dimensionless mass-to-
magnetic flux ratio

µ�,0 =
2⇡

p
G⌃0

Bz,0
(14)

which is defined such that global gravitational collapse
is suppressed in subcritical clouds with µ�,0 . 1, i.e.,

運動エネルギー高い

磁場強い

- 簡単な結果 
- すべてのモデルにおいて、UVfeedbackは良く効い
て、SFEを下げた。磁場や乱流が強いと更に下がる。
SFE = 2.1-9.5% (α), 2.4-8.4% (β) 

-
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Table 1. Model parameters

Model ↵vir,0 µ�,0 �1d,0 Bz,0 M0 MA,0

[km s�1] [µG]

(1) (2) (3) (4) (5) (6) (7)

↵-series

A1B2 1.0 2.0 2.1 13.5 13.6 1.3

A2B2 2.0 2.0 2.9 13.5 19.2 1.9

A3B2 3.0 2.0 3.6 13.5 23.5 2.3

A4B2 4.0 2.0 4.1 13.5 27.2 2.7

A5B2 5.0 2.0 4.6 13.5 30.4 3.0

�-series

A2B05 2.0 0.5 2.9 54.0 19.2 0.5

A2B1 2.0 1.0 2.9 27.0 19.2 0.9

A2B2 2.0 2.0 2.9 13.5 19.2 1.9

A2B4 2.0 4.0 2.9 6.7 19.2 3.8

A2B8 2.0 8.0 2.9 3.4 19.2 7.6

A2Binf 2.0 1 2.9 0.0 19.2 1

Note—Each model is run with 5 di↵erent random seeds

for turbulence. All models have the same initial mass

M0 = 105 M� and radius R0 = 20pc. Columns are as

follows: (1) model name indicating the initial virial pa-

rameter (A) and magnetic flux-to-mass ratio (B). (2) ini-

tial virial parameter ↵vir,0 = 5�2

1d,0R0/(GM0). (4) ini-

tial magnetic mass-to-flux ratio µ�,0 = 2⇡
p
G⌃0/|Bz,0|.

(3) initial velocity dispersion. (5) initial magnetic field

strength. (6) 3D sonic Mach number of initial turbu-

lence. (7) 3D Alfvén Mach number of initial turbulence.

2.5. Model Initialization and Parameters

We initialize the simulation by placing a uniform den-
sity cloud with mass M0 = 105 M� and radius R0 =
20pc at the center of the computational domain, which
has a side length Lbox = 4R0 = 80pc. The number of
grid cells is set to 2563 corresponding to the uniform
grid spacing of �x = 0.31 pc. The cloud has the initial
gas surface density ⌃0 ⌘ M0/(⇡R2

0) = 79.6M� pc�2,
hydrogen number density nH,0 = 3M0/(4⇡R3

0µHmH) =
86.2 cm�3, and freefall time

t↵,0 =

✓
3⇡

32G⇢0

◆1/2

= 4.68Myr . (12)

The gas temperature is set to 24K and the H2 abun-
dance to the equilibrium value xH2

= 0.43, appropri-
ate for UV-shielded gas with ⇠cr = 2.0 ⇥ 10�16 s�1 (see
Equations (15)–(18) in Gong et al. 2018). The ambient
medium is a warm neutral medium with nH = 10�2nH,0

and T = 8200K and has a total mass of 0.16M0. We
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axis is the mass-to-magnetic flux ratio µ�,0 = 2⇡
p
G⌃0/Bz,0

and the left y-axis is the kinetic virial parameter ↵vir,0 =

5R0�
2

1d,0/(GM0). The top x-axis and right y-axis show

the corresponding magnetic field strength Bz,0 and one-

dimensional turbulent velocity dispersion �1d,0, respectively.

For each pair of (↵vir,0, µ�,0), we run five simulations with

di↵erent random seeds for initial turbulent velocity field.

note that we have tested the e↵ects of the initial tem-
perature choice, and found that they are unimportant as
thermal and ionization equilibrium are rapidly achieved.
We assign the gas that is initially molecular a passive

scalar field value scl = 1 and the ambient atomic gas
with scl = 0. We use scl to di↵erentiate the “cloud
material” from the ambient medium, but it should be
noted that the use of a passive scalar cannot serve as a
perfect surrogate for the Lagrangian tracer particle due
to numerical di↵usion. For analysis, we select gas that is
neutral and initially molecular by using a filter function

⇥ =

(
1, if xH+ < 0.5 and scl > 10�2

0, otherwise.
(13)

We initiate all clouds (except the non-magnetized
model) with a uniform magnetic field aligned along the
z-axis. We note that a uniform magnetic field exerts no
Lorentz force and does not play a role in supporting the
cloud at t = 0, but the nonuniform magnetic fields cre-
ated by the turbulence provide support against gravity
from the early stages of evolution. The initial magnetic
field strength is measured by the dimensionless mass-to-
magnetic flux ratio

µ�,0 =
2⇡

p
G⌃0

Bz,0
(14)

which is defined such that global gravitational collapse
is suppressed in subcritical clouds with µ�,0 . 1, i.e.,
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Figure 17. Snapshots of gas surface density projected along the y-axis from the ↵-series models with seed = 4 From top to

bottom, the initial virial parameter ↵vir,0 increases from 1 to 5. The projected positions of star particles are indicated by circles.

The size and color of circles indicate mass and age, respectively.

- 全体の進化について 
1. フィラメントができ
る。 2.sink particleがで
きて、フィラメント内に
HII 領域ができる。 3. 
HII領域が壊れたり合体し
たりして、光蒸発を促し
たり、冷たい中性ガスを
放出して、星形成を終わ
らせる。 

- 乱流が強いと(αvir>2)
クラウドが広がり、
OUTFLOWで中性ガス
を失う(Fig.17) 
- 強い磁場だと(μ<1)フ
ィラメントは初期磁場
の方向に垂直になる。
動きは非等方になる 
(Fig.18)
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Figure 18. Same as Figure 17 but for the �-series modes with seed = 4, which have identical initial turbulent velocity field but

varying initial magnetic field strength, decreasing from top to bottom. The corresponding initial mass-to-magnetic flux ratio

µ�,0 varies from 0.5 to 8.

- ビリアル比ふったやつ - 磁場強度ふったやつ



- ビリアル比の時間進化 
- 直接計算したビリアル比と、これまでよく使われていたビリアル比の見
積もりαvir を比較した。 
- ビリアル比は、乱流が下がるため一旦下がって、それから上がる
（feedback）。 
- 初期条件ふったが、最初の星形成の頃に0.5‒1.7に落ち着く。磁場が強
いと別。  
- 磁場があると、基本的に速度分散から計算したαvirを使うと、特に磁場
が強いときにビリアル比を過大評価してしまう。
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and increasing µ�,0. Di↵erent realizations of turbu-
lence lead to ⇠ 2–5% variation (up to a factor of ⇠ 2–
3) in the final SFE. The SFE at the nominal time of
the first supernovae ("⇤,3Myr) ranges between 0.5% and
7% and is about 50+20

�20% of the final SFE (Figure 9).

The time-averaged SFR hṀ⇤i is systematically lower at
higher ↵vir,0 and lower µ�,0 (Figure 8). The median
value of the gas depletion timescale tdep,0 = M0/hṀ⇤i
ranges between 58–255Myr in the ↵-series models and
62–464Myr in the �-series models.

3. Mass Loss E�ciency. In most of our simulated
clouds, the majority of cloud mass is lost via photoevap-
oration followed by dynamical ejection ("ion ⇠ 0.6–0.8;
Figure 10). Initially unbound clouds have a higher frac-
tion of gas ejected as neutrals due to expansion driven by
initial turbulence. In strongly magnetized clouds, most
of the gas is ejected in the atomic phase due to the low
ionizing photon rate and magnetic confinement, which
limits escape routes of the gas.

4. Evolutionary Timescales. The median value of the
time at which the first star formation occurs (t⇤,0) is
3.5–4.3Myr in the ↵-series models and 2.1–8.6Myr in
the �-series models. Except for the magnetically sub-
critical clouds (A2B05), clouds in our simulations form
stars on timescales of tSF ⇠ 5–7Myr (or 1–1.5 freefall
times) and are destroyed within tdest,H2

⇠ 6–9Myr (or
1.3–2.0 freefall times) after the onset of radiation feed-
back (Figure 11). Magnetically subcritical clouds have
longer evolutionary timescales because of the low SFR
and ine�cient mass loss processes.

5. Escape of Radiation. The cumulative median escape
fraction of LyC (FUV) radiation ranges between 21–34%
(53–69%) in the ↵-series models and between 13–33%
(57–64%) in the �-series. The escape fraction is low in
magnetically subcritical clouds because of reduced gas
compressibility, which results in less porous structure.
Di↵erent turbulent realizations yield greater variation
in fesc,Lyc than in fesc,FUV.

6. Virial Ratios. We study the evolution of the virial
ratio ↵̃vir,tot that accounts for kinetic, thermal, and
magnetic energies of the neutral cloud, and compare
it with the traditional kinetic virial parameter ↵vir =
5R�2

1d/(GMneu) based on the cloud mass, size, and ve-
locity dispersion (Figures 5 and 13). The virial ratio
decreases due to decaying turbulence at early times,
but it increases to large values (↵̃vir,tot > 10) at late
times as feedback disperses the cloud. In spite of the
widely ranging initial conditions of the models, at the
time of the first star formation ↵̃vir,tot falls in a fairly
narrow range 0.5–1.7. In strongly magnetized clouds,
the kinetic energy may be significantly underestimated
or overestimated depending on the relative orientation
between the observer’s line of sight and the direction of
magnetic field. Averaging over directions (as would be

possible with an ensemble average in observations), the
traditional virial parameter generally agrees with ↵̃vir,tot

within a factor of two. However, gravitational bounded-
ness is systematically overestimated when ↵vir is used,
due to the neglect of magnetic energy.

7. SFE per freefall time. The median value of the SFE
per freefall time based on the time-averaged SFR and
the initial cloud mass and size ("↵,0 = t↵,0hṀ⇤i/M0)
ranges between 1.8–8.0% in the ↵-series and 1.0–7.6% in
the �-series, higher at lower ↵vir,0 (weak turbulence) and
higher µ�,0 (weak mean magnetic fields) (Figure 14).
However, the dependence on "↵,0 on µ�,0 is very slight
in the magnetically supercritical regime. The functional
form "↵,0 / exp(�Ct↵,0/tdyn,0) (similar to Padoan et al.
2012, from driven-turbulence simulations) well describes
the results of ↵-series models, with the best-fit param-
eter C = 4.06. The decreasing trend of "↵,0 with

t↵,0/tdyn,0 / ↵1/2
vir,0 is also in qualitative agreement with

theoretical models for SFR based on a density threshold
(e.g. Krumholz & McKee 2005; Hennebelle & Chabrier
2011; Federrath & Klessen 2012). However, the rela-
tion between instantaneous measurements "↵,obs(t) and
↵vir(t) (as would be available in observations) shows a
quite di↵erent (almost orthogonal) trend from both nu-
merical measurements and theoretical models of "↵,0.
The increase in "↵,obs / M⇤(R/Mneu)3/2 with instanta-
neous t↵/tdyn / �1d(R/Mneu)1/2 owes to rapidly evolv-
ing cloud and cluster properties (physical expansion of
the cloud combined with conversion of neutral gas to
stars and ionized gas) which a↵ect both quantities in the
same way. This “evolutionary masking” explains why
observations of star-forming clouds fail to reproduce the
decline of "↵,0 with ↵vir,0 predicted by the theory (Fig-
ure 15).

Our conclusions regarding the rapid and e�cient dis-
persal of GMCs by ionizing and non-ionizing UV are
in agreement with our previous findings in Kim et al.
(2018). There, we focused on how evolution and fi-
nal outcomes depend on the cloud surface density (for
a range ⌃0 ⇡ 10 � 103 M� pc�2), and found that in
all cases star formation is quenched and clouds are dis-
persed within a few freefall times or several Myrs after
star formation commences. Our new simulations, with
more realistic physics (addition of realistic thermochem-
istry, magnetic fields, and time-dependent luminosity)
confirm this evolutionary scenario. The short timescales
we find are also consistent with recent empirical con-
straints on rapid cloud dispersal after the onset of star
formation (e.g., Kruijssen et al. 2019; Chevance et al.
2020b,c).
Our findings of decreasing SFR and net SFE with in-

creasing ↵vir,0 are consistent with findings from previ-
ous hydrodynamical simulations of global clouds (e.g.,
Raskutti et al. 2016; Bertram et al. 2015; Howard et al.
2016; Dale 2017; Kim et al. 2018), as well as hydrody-
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Figure 13. Comparison of the virial ratio ↵̃vir,tot = (2T + B)/|W| and the traditional kinetic virial parameter defined as

↵vir = 5�2

1dR/(5Mneu) in the ↵-series (left) and �-series (right) models. Each circle represents one snapshot and the color

indicates the time of the snapshot normalized by the time of the first star formation. The grey circles mark values at t = t⇤,0.

The size of circles increases with increasing ↵vir,0 and Bz,0 (decreasing µ�,0). Rows show the traditional ↵vir calculated with

velocity dispersion perpendicular (top) and parallel (middle) to the z-axis, and averaged along all three Cartesian axes (bottom).

we use the tilde to emphasize the distinction.
The third row in Figure 5 plots the evolution of ki-

netic, thermal, magnetic, and gravitational energies of
the cloud in models A2B2S4, A5B2S4, and A2B05S4.
In the fiducial model, the magnitude of the gravita-
tional energy remains very close to the initial value

3GM2
0 /(5R0) at early times. At late times (t & 5Myr),

it begins to decrease as gas is photoevaporated and dis-
persed. A naive estimate 3GM2

neu/(5R) for the late-
time gravitational energy using the half-mass radius
(R = 21/3R50%) is also shown using a blue dashed curve;
the true gravitational energy is larger than this. This

13

Figure 5. Time evolution of cloud size, velocity dispersion, energy, and virial ratios for three di↵erent models A2B2S4, A5B2S4,

and A2B05S4 until t⇤,90%, when 90% of the final stellar mass has been formed. The grey dashed vertical lines indicate the time of

first star formation. (Top row) The e↵ective radius of neutral cloud R = 21/3R50%, where R50% is the half-mass radius. (Second

row) Velocity dispersion measured perpendicular (�1d,?) and parallel (�1d,k) to the background magnetic field, and averaged

over all directions (�1d). (Third row) Gravitational (|W|, blue), kinetic (Tkin, red), thermal (Tthm, green), and magnetic (B,
yellow) energies (see Equations (21)–(24)). A simple estimate of gravitational energy is also shown (blue dashed). (Fourth row)

The kinetic virial parameter ↵vir = 5�2

1dR/(GMneu) for di↵erent viewing angles (gray lines) and various energy ratios.

the density-dependent optical depth is

⌧FUV,e↵ = 1.8
⇣ nH

102 cm�3

⌘0.30
. (19)

That is, the e↵ective optical depth increases sublin-
early with density, such that if we define ⌧FUV,e↵ ⌘

�dnHLshld, this corresponds to the shielding length of
Lshld ⇠ 6 pc when nH = 102 cm�3.
Based on this result, we calculate the equilibrium

chemical abundances and temperature of molecular
gas as a function of nH assuming constant ⇠cr =
2 ⇥ 10�16 s�1, and density-dependent FUV intensity
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Figure 14. Time-averaged SFE per free fall time de-

fined as h"↵i"↵,0 = t↵,0hṀ⇤i/M0 = t↵,0/tdep,0 as a func-

tion of the ratio between the initial freefall and dynamical

times in the ↵-series (red squares) and the �-series (blue di-

amonds) models. The empirical law exp(�1.6
p
3t↵,0/tdyn,0)

found by Padoan et al. (2012) is shown as a gray dashed

line. The gray solid shows the fit to the ↵-series simulations

exp(�4.06t↵,0/tdyn,0). The yellow (green) shaded region is

the prediction by the analytic model of Krumholz & McKee

(2005) (Hennebelle & Chabrier (2011)) for the Mach number

range 13.6 < M < 30.4 with b = 0.5 and � = 0.02 (see text

for more details).

t = 0 and the time-averaged SFR hṀ⇤i as

"↵,0 = t↵,0
hṀ⇤i
M0

=
t↵,0

tdep,0
. (28)

This is similar to the approach adopted by Padoan et al.
(2012); Raskutti et al. (2016). Since t↵,0 is the same for
all of the present models, tdep,0 and "↵,0 are inversely
proportional to each other.
The right y-axes in the bottom row of Figure 11 in-

dicates that "↵,0 ranges between 0.008 and 0.1 in the
↵-series and between 0.006 and 0.1 in the �-series, with
scatter of 0.3–0.5 dex for each model. Note that the ra-
tio between "⇤ and "↵,0 corresponds to the duration of
star formation in units of t↵,0 (second row in Figure 11),
which is in the range ⇠ 1–2.
Our simulations show that "↵,0 decreases when the

virial parameter increases, which is qualitatively consis-
tent with some previous work. In the rest of this sec-
tion, we study more quantitatively the relationship be-
tween the SFE per freefall time and the virial parameter
in comparison to other simulations, theoretical models,
and observations.

3.9.1. Comparison with Simulations and Theory

In Figure 14, we plot "↵,0 of all models against the ra-

tio t↵,0/tdyn,0 =
p
⇡2/40↵1/2

vir,0, where tdyn,0 ⌘ R0/�1d,0

is the dynamical time (or turbulent crossing time) at
t = 0. We perform a linear square fit of the ↵-series
models to "↵,0 = exp (�Ct↵,0/tdyn,0) and find the best-
fit value C = 4.06, which is shown as a grey solid line.
The empirical relation "↵,0 / exp(�Ct↵,0/tdyn,0) is

qualitatively consistent with the star formation law pro-
posed by Padoan et al. (2012), who carried out a set of
adaptive-mesh refinement simulations of star formation
with driven turbulence in a periodic box. For a range of
3D sonic Mach number (10 and 20), Alfvén Mach num-
ber (1.25–33), and the timescale ratio 0.23 < t↵/tdyn <
1.78 (or 0.2 < ↵vir < 13), they measured "↵ from the
slope of a linear fit between the M⇤(t)/M0 and t/t↵,0.
They found that "↵ has weak dependence on M and
MA and is well fit by a relation exp(�1.6

p
3t↵/tdyn)10,

which is shown as a gray dashed line in Figure 14. While
our best-fit value C = 4.06 is steeper than 2.77 found
by Padoan et al., a direct comparison is di�cult consid-
ering the ambiguity in defining the dynamical timescale
and/or the gravitational energy in local simulations with
periodic boundary conditions. The main point is that

a similar exponential dependence of "↵,0 on ↵1/2
vir,0 holds

true in global as well as local simulations, and for real-
istic feedback as well as driving in k-space.
To explain the low observed SFR, a class of theoret-

ical models have been proposed to describe how (mag-
netized) turbulence regulates SFR (e.g., Krumholz &
McKee 2005; Padoan & Nordlund 2011; Hennebelle &
Chabrier 2011; see also the reviews by Federrath &
Klessen 2012 and Padoan et al. 2014) In brief, these
models assume that star formation takes place in a
(magnetized) supersonically turbulent cloud where the
distribution of mass with density follows a lognormal
PDF: p(s) = (

p
2⇡�s)�1 exp

⇥
�(s� s0)2/(2�2

s
)
⇤
, where

s = ln(⇢/⇢0), s0 = �2
s
/2, ⇢0 is the mean density, and �s

increases at higher Mach number M, with some reduc-
tion for stronger magnetic fields.
The collapse is assumed to occur in regions where

the support by thermal plus turbulent pressure cannot
overcome gravity, and it is argued that this leads to a
critical density ⇢ > ⇢crit, where various di↵erent forms
have been proposed for ⇢crit as a function of ↵vir, M,
and � (see Table 1 in Federrath & Klessen 2012). The
fraction of mass undergoing collapse per free-fall time
(hence SFE per free-fall time) can then be obtained by
integrating the mass PDF above the critical density. A
“multi-freefall” factor t↵(⇢)/t↵(⇢0) is included inside the

10 The best-fit value found by Padoan et al. (2012) is 1.6. The
factor of

p
3 comes in because Padoan et al. (2012) defined the

dynamical timescale as t0
dyn

= L/(2�3D), where L is the box size;

taking L = 2R0 gives t0
dyn

= tdyn/
p
3.

- 星形成率のfreefall time依存性 
- 乱流弱いと高い、磁場弱いと高
い 

- それを観測と比較すると垂直に交
わってる。それを擬似観測で再現
できた 
- 輻射でクラウドが大きくなる・
質量を失うので、R/Mneuが増
える。速度分散も増える。  

-
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integral in some models to account for the freefall time
of gas structures at di↵erent densities.
We compare our results with the analytic models of

SFR. Of the six models presented in Table 1 of Feder-
rath & Klessen (2012), we consider the Krumholz & Mc-
Kee model without the multi-freefall factor (KM), and
the multi-freefall version of the Hennebelle & Chabrier
model (multi-↵ HC), both of which are extended to in-
clude the e↵ect of magnetic field. The yellow and green
shaded regions in Figure 14 show the predictions by
the KM and multi-↵ HC models, respectively. In both
models, we have assumed fixed values of b = 0.5 and
✏core/�t = 1, and author-favored values of fudge fac-
tors �x = 1.12 for the KM model and ycut = 0.1 for
the multi-↵ HC model, respectively (see Federrath &
Klessen 2012). We also take � = 0.02 and a range of
sonic Mach number 13.6 < M < 30.4 consistent with
the parameters of the ↵-series models.11

The qualitative prediction by these analytic models
agrees with our simulation results, although the quan-
titative results di↵er. Both models predict that ⇢crit
increases linearly with ↵vir (for fixed other dimension-
less parameters), so "↵ decreases with increasing ↵vir.
Higher overdensity is required for collapse at higher
↵vir because the relative importance of turbulent stress,
which tends to tear apart structures, versus gravity in-
creases. In the Krumholz & McKee model, the depen-
dence on Mach number is weak, because an increase
in M increases both the critical density (⇢crit / M2)
and the width of the density PDF, whose e↵ects tend
to cancel each other. In the Hennebelle & Chabrier
model, however, ⇢crit / M�2 and "↵ increases mono-
tocally (and sensitively) with increasing M.

3.9.2. Comparison with Observations

Next, we compute the time-dependent, “observed”
SFE per freefall time "↵,obs using mock observations of
simulated clouds. For this exercise, we use the instanta-
neous cloud mass (Mneu, assumed to be recoverable from
molecular lines or dust emission), size (R = 21/3R50%),
and velocity dispersion (�1d) to compute the dynam-
ical time tdyn = R/�1d and the free-fall time t↵ =p

3⇡/(32G⇢̄), where ⇢̄ = 3Mneu/(4⇡R3). The instan-
taneous ratio t↵/tdyn / �1d(R/Mneu)1/2.
Assuming that an observer is able to recover clus-

ter’s bolometric UV luminosity from massive star for-
mation tracers such as H↵ and/or infrared fluxes, the
instantaneous SFR is calculated as Ṁ⇤ =  �1LUV/tUV,
where LUV = LLyC + LFUV is the bolometric UV
luminosity. For the conversion factor between SFR
and UV luminosity, we use the IMF-averaged light-
to-mass ratio  = 103 L� M�1

� (see also Figure 16),
and we adopt an e↵ective lifetime of UV luminosity

11 We note that in the ↵-series models M0 and ↵vir,0 vary together
rather than independently of each other (see Table 1).

tUV = 6.7Myr, to be consistent with the relation
Ṁ⇤ = 1.5 ⇥ 10�4 M� Myr�1(LUV /L�) widely adopted
in observations (Kennicutt & Evans 2012; Liu et al.
2020). This assumes a more exact age for the stel-
lar system is not known, although with spectral fit-
ting cluster ages can be obtained (e.g. Adamo et al.
2017). The observed SFE per freefall time is then
"↵,obs = (t↵/tUV)LUV/( Mneu) / M⇤(R/Mneu)3/2.12

Figure 15 plots as squares (↵-series) and diamonds
(�-series) "↵,obs for all models as a function of
t↵/tdyn. The top axis also shows instantaneous ↵vir =
(40/⇡2)(t↵/tdyn)2. We consider snapshots in the time
range t⇤, < t < t⇤,90%. The color of symbols indicates
the 1D velocity dispersion. In contrast with "↵,0 in Fig-
ure 14, all of our models start from the lower left with
↵vir ⇠ 0.5–1.5 and "↵,obs ⇠ 10�3, and, as time pro-
gresses, they move upward slightly and then to the upper
right. This trajectory reflects the evolution of cloud’s
gas mass, size, and velocity dispersion, and the clus-
ter’s mass and luminosity. The stellar mass M⇤ and UV
luminosity start very small and keep increasing during
the main star formation phase (note that tSF is com-
parable or shorter than tUV, except for a small num-
ber of late snapshots in strongly magnetized clouds).
Meanwhile, radiation feedback drives mass loss and ra-
dial expansion, leading to an increase in R/Mneu, to-
gether with an increase in velocity dispersion �1d. As
a result, evolution causes "↵,obs / M⇤(R/Mneu)3/2 and
t↵/tdyn / �1d(R/Mneu)1/2 to increase in tandem. The
distribution of t↵/tdyn extends to larger values (by a fac-
tor of a few) than in Figure 14 due to cloud evolution.
Even more extreme is the stretch in the distribution of
"↵,obs by two orders of magnitude compared to "↵,0 in
Figure 14. We note, however, that in their later stages,
the simulated systems have very low gas mass (leading to
"↵,obs & 0.1 and t↵/tdyn & 1), and would not necessarily
be included in observed star-forming GMC samples.
Although there is a large variation during the evolu-

tion, we calculate the “characteristic” values of t↵/tdyn
and "↵,obs as a median for snapshots equally spaced
in time between t⇤,0 and t⇤,90%. We find 0.54 <
med(t↵/tdyn) < 1.08 and 0.8% < med("↵,obs) < 3.7% in
the ↵-series models, while 0.54 < med(t↵/tdyn) < 1.23
and 0.8% < med("↵,obs) < 3.5% in the �-series models.
The bars in Figure 15(a) indicate the ranges of the medi-
ans. These values are similar to the ranges of t↵,0/tdyn,0
and "↵,0 shown in Figure 14, as indicated by grey bars
in Figure 15(a).
The circles in each panel show estimates of the ratio

t↵/tdyn and "↵ for observed star-forming clouds, col-
ored by one-dimensional velocity dispersion. Panel (a)
shows the low-mass, nearby cloud sample taken from
Evans et al. (2014), in which the cloud mass and size

12 Strictly speaking, LUV/ can underestimate the stellar mass if
tSF & tUV, but tSF < tUV for most of our clouds.
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Figure 15. Relation between instantaneous t↵/tdyn = (⇡2/40)1/2↵1/2
vir

vs. "↵,obs in simulations (squares and diamonds; ↵- and

�-series models) and observations (circles). For simulations, we use the instantaneous mass, size, and velocity dispersion of the

gas cloud and cluster’s bolometric UV luminosity. We show snapshots in the time interval t⇤,0 < t < t⇤,90%. The circles in

di↵erent panels show data from di↵erent observational studies: (a) low-mass, nearby clouds compiled by Evans et al. (2014);

(b) molecular clouds in the Galactic Plane with massive star formation rate M⇤ > 5M� Myr�1 (Vutisalchavakul et al. 2016).

(c) GMCs with associated star-forming complexes in the Milky Way (Lee et al. 2016). (d) GMCs with associated star-forming

complexes in the Large Magellanic Cloud (Ochsendorf et al. 2017). All data points are colored by one-dimensional velocity

dispersion �1d and their sizes denote gas mass. The solid and dashed gray lines, and the yellow and green shaded areas, are

based on the same functional forms as in Figure 14, but for instantaneous measurements. In panel (a), the grey bars indicate

the ranges of "↵,0 and t↵,0/tdyn,0 plotted in Figure 14, while the black bars indicate the ranges of median values of "↵,obs and

t↵/tdyn for snapshots between t⇤,0 and t⇤,90%.

are derived from extinction maps, velocity dispersion
from molecular linewidth (mostly 13CO), and SFRs from
counting young stellar objects (YSOs). Panel (b) shows
the sample of larger molecular clouds in the Galactic
Plane with ongoing massive star formation, compiled
by Vutisalchavakul et al. (2016) (their Fig. 6). In their
study, the cloud properties are derived from 13CO obser-
vations and SFR is determined from mid-infrared (MIR)
luminosity. Following Vutisalchavakul et al. (2016), we
exclude clouds with Ṁ⇤ < 5M� yr�1 as MIR emission
may seriously underestimate the true SFR at low SFR

(even for cases shown, the MIR-based SFR may be un-
derestimated by a factor 2–3). Panel (c) shows the Milky
Way GMCs with associated star-forming complexes in
Lee et al. (2016) (their Fig. 7). Their samples are
built from the 12CO catalog of molecular clouds (Miville-
Deschênes et al. 2017), cross-correlated with WMAP
free-free sources. The panel (d) shows the star forming
complexes in the Large Magellanic Cloud (Ochsendorf
et al. 2017). The cloud properties are identified by 12CO
and SFR from H↵ + 24µm. We note that they multi-
plied the H↵-based SFR by a factor of 2 to account



21. Characterization of very wide companion candidates to young stars with planets and disks, 
F. Z. Majidi, et al.
Discovering wide companions of stellar systems allows us to constrain the dynamical 
environment and age of the latter. We studied four probable wide companions of four different 
stellar systems. The candidates were selected mainly based on their similar kine- matic 
properties to the central star using Gaia DR2. The central stars are V4046 Sgr, HIP 74865, 
HIP 65426, and HIP 73145, and their probable wide companions are 2MASS 
J18152222-3249329, 2MASS J15174874-3028484, 2MASS J13242119-5129503, and 
2MASS J14571503-3543505 respectively. V4046 Sgr is a member of β-Pictoris Moving 
Group while the rest of the stellar systems are acknowledged as members of the Scorpius-
Centaurus association. The selected stellar systems are particularly interesting because all of 
them are already known to possess a low-mass companion and/or a spatially resolved disk. 
Identifying wider companions of these stars can improve their eligibility as benchmarks for 
understanding the formation channels of various triple systems, and can help us to determine 
the orbits of their possibly undiscovered inner, wider companions in case of higher 
multiplicity. By analyzing the X-Shooter spectra of the wide companion candidates of these 
stars, we obtained their stellar parameters and determined their ages. We find that 2MASS 
J15174874-3028484 (0.11 M⊙, 7.4±0.5 Myr), an already recognized pre-main sequence 
(PMS) member of Scorpius- Centaurus association, is a highly probable wide companion of 
HIP 74865. 2MASS J13242119-5129503 (0.04 M⊙, 16±2.2 Myr) is ruled out as a plausible 
wide companion of HIP 65426, but confirmed to be a new sub-stellar member of the Scorpius-
Centaurus as- sociation. 2MASS J14571503-3543505 (0.02 M⊙, 17.75±4.15 Myr) is a 
probable sub-stellar member of the same association, but we cannot confirm whether or not it 
is gravitationally bound to HIP 73145. 2MASS J18152222-3249329 (0.3 M⊙, older than 150 
Myr) is determined to be a mildly active main sequence (MS) star, much older than members 
of β-Pictoris Moving Group, and unbound to V4046 Sgr despite their similar kinematic 
features. PMS wide companions such as 2MASS J15174874-3028484 might have formed 
through cascade fragmentation of their natal molecular core, hinting at high multiplicity in 
shorter separations which can be confirmed with future observations. 

Gaia DR2 のデータを使って、wide 
companion の候補を4つ持ってきた
(V4046 Sgr, HIP 74865, HIP 
65426, and HIP 73145,  
)。 

これらの天体はすでに伴星か円盤が
あることがわかっている。この研究
は、そのさらに外側の星を探す。 

X-Shooter を使って年齢を推定。4
つについてそれぞれ議論した。 



イントロ 
・Gaiaの感度だと、褐色矮星の伴星 <20Myr, 
<150pcくらいのものは見つけられる。 
・SPHERE-GTOターゲットの中で、Gaia DR2で伴
星っぽいものを探す→数十ターゲット。 
・分光観測して、若い天体に絞る。→表の通り 

Majidi et al.: X-Shooter characterization of four new objects

Table 1: Physical parameters of the central stars.

Name Distance a Association SpT Te↵ Av Wide companion Separation Separation
(pc) (K) (mag) (00) (au)

V4046Sgr 72.4 �-Pictoris MG K5/K7 4370/4100 0 b 2MASS J1815-3249 901 65232
HIP 74865 123.53 Sco-Cen (UCL) F3V 6720 0 2MASS J1517-3028 90 11118
HIP 65426 109.21 Sco-Cen (LCC) A2V 8840 0 2MASS J1324-5129 142 15508
HIP 73145 133.65 Sco-Cen (UCL) A2IV 8840 0 2MASS J1457-3543 280 37422
GQ Lup 151.82 Sco-Cen (Lupus I) K7V 4070 0.7 c 2MASS J1549-3539 16 2429

a Distances are calculated based on the parallaxes of the objects reported in Gaia DR2 catalog.
b (Stempels & Gahm 2004)
c (Alcalá et al. 2017)

from XMM (source 3XMM J181522.2-324932 from Rosen et
al. 2016), suggesting it is an active star. Information on the sep-
aration of the object from the central star and its magnitudes is
included in Tables 1 and 6, respectively.

2MASS J1517-3028 is a possible wide companion of HIP
74865. It is a member of the Sco-Cen association, has a brown
dwarf companion at small separation (0.1300= 16 au), and was
discovered with Sparse Aperture Masking observations (Hinkley
et al. 2015) and was recently characterized with SPHERE (Can-
talloube et al. in prep.). The expected mass of the new candidate
is about 0.17 M� if coeval to the central star.

2MASS J1324-5129 is a possible, very wide companion of
HIP 65426, and hosts a planetary-mass companion recently dis-
covered with SPHERE at about 90 au (Chauvin et al. 2017). The
system is part of the Sco-Cen association and its expected mass
is about 25 Mjup if the target is coeval to HIP 65426.

2MASS J1457-3543 is a possible comoving object to HIP
73145. HIP 73145 is an A2IV star with an age of ⇠ 15 Myr. This
star was confirmed to be a member of the Scorpius-Centaurus
association (Rizzuto et al. 2011) and a debris disk with concen-
tric rings around it was recently spatially resolved by Feldt et al.
(2017). The large projected separation (28000, 38000 au) and the
kinematic properties of the wide companion candidate compared
to those of the central star lower the chances of them being phys-
ically associated. However, the excess noise of 0.993 mas with
a significance of 3.29 reported for 2MASS J1457-3543 in Gaia

DR2 may imply some bias in the astrometric parameters. This
target is the faintest object in our sample (G=18.52, Ks=13.11)
and has very red colors.

2MASS J1549-3539 is a highly probable wide companion
of GQ Lupi, and is a very young star (age ⇠ 2 Myr) in the Lupus
cloud according to Alcalá et al. (2020). GQ Lupi hosts a brown
dwarf (BD) companion (GQ Lup B; mass about 20-40 Mjup) at
0.700and has a disk spatially resolved by ALMA (MacGregor et
al. 2017). The BD companion is a strong accretor, indicating the
presence of a disk around it (Zhou et al. 2014). The full charac-
terization of 2MASS J1549-3539 was carried out by Alcalá et al.
(2020) and their results are presented again here for comparison
with other candidates. For the sake of completeness, we report
the equivalent widths (EWs) of additional lines that are absent
from this latter paper. Lazzoni et al. (2020) spatially resolved
the disk around the star exploiting HST archive images.

3. Observations and methods

3.1. Observations

X-shooter spectra provide us with a wide range of wavelengths,
which enables us to perform spectral classification and accretion

evaluation as suitable indicators are spread in di↵erent spectral
regions. For details of the instrument description, the reader is
referred to Vernet et al. (2011). X-Shooter also enables us to de-
termine the radial velocity of objects within a precision range of
2-5 km/s (Frasca et al. 2017) and is therefore useful for confirm-
ing or ruling out the physical association of the candidates with
their parent stars. Four of our targets were observed through the
100.0, 000.9, and 000.9 slits for one or two cycles based on their G and
J band magnitudes. Among these four, for the three fainter ob-
jects we performed two cycles of ABBA nodding mode. These
three targets are 2MASS J1324-5129, 2MASS J1457-3543, and
2MASS J1549-3539 with G magnitudes 18.71, 18.52, and 18.37
respectively. As measuring line fluxes with a precision better
than 20% –at least in the visible (VIS) and near-infrared (NIR)
arms– was a necessity for achieving our aims, a total on-source
execution time of 1.2 hr was requested for the aforementioned
objects. For 2MASS J1517-3028, which is brighter than the
other three targets, one cycle of ABBA nodding mode was per-
formed with a total execution time equal to 1 hr. The correspond-
ing G magnitude for this latter candidate is 15.80. For a summary
of the color magnitudes of our targets see Table 6.

2MASS J1815-3249 is the brightest among our five targets
with a G magnitude of 13.60. We therefore decided to observe
it with the highest resolution o↵ered by X-shooter, adopting the
slits 000.5, 000.4, and 000.4, amounting to an execution time of 0.7
hr. For all five targets, short exposures (of ⇠ 10% of the time
allocated to the nodding mode) were performed before science
observations through 500.0 slits in order to obtain a more accurate
flux calibration and to compensate the slit losses; the slit-loss
correction factor (SLCF) for each arm is reported in Table 2.
These short exposures in stare mode were incorporated in the
same observation block (OB) consisting of the nodding mode in
order to minimize the overheads. For each object, telluric stan-
dards were observed exploiting the same nodding strategy as for
the targets in order to minimize noise and cosmetics, with an
airmass as close as possible to the targets’ airmass for telluric
correction purposes. The reported airmass and seeing in Table
2 are averaged over the observation periods for each arm. All
targets were observed at parallactic angle.

3.2. Data reduction

Data reduction was carried out using EsoReflex version 2.9.1
(Freudling et al. 2013) and through X-Shooter pipeline version
3.3.5 (Modigliani et al. 2011). This software has automated the
data-reduction process and produces the spectra corresponding
to each X-Shooter arm separately using the raw data files. Re-
ducing a science frame requires the following calibration frames:
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The X-ray luminosity as derived from the observed X-ray
flux (Rosen et al. 2016) coupled with our adopted stellar param-
eters yields log(LX/Lbol) = �4.14. This value is consistent with
those of Hyades stars of similar colors, and well below those of
members of younger clusters or groups such as the Pleiades and
the �-Pictoris MG (Song et al. 2008), indicating a most probable
age of several hundred million years.

The age inconsistency with the �-Pictoris MG, which is sup-
ported by the position of 2MASS J1815-3249 on the CMD, a low
level of magnetic activity, and the absence of lithium absorption,
together with the discrepant RV with respect to that of the cen-
tral star imply that this target is not a legitimate member of the
group and is significantly older than expected.

4.2. 2MASS J1517-3028

2MASS J1517-3028 has already been identified as a PMS mem-
ber of UCL (Damiani et al. 2019). The assessed age for the UCL
sub-association was reported to be 15±3 Myr by Pecaut & Ma-
majek (2016), and therefore we adopt the same value as a first
guess for our target. We also assume the same age for the cen-
tral star which is an F4V star; for a detailed study, the reader is
referred to Pecaut et al. (2012). The physical stellar parameters
and ROTFIT results derived from the X-Shooter spectrum are
in good agreement with each other, and are displayed in Tables
3 and 4, respectively. The BT-Settl synthetic template, which is
overplotted on the X-Shooter target spectrum in Fig. 2, confirms
the values of Te↵ and log g derived with ROTFIT. The fluxes de-
rived from literature photometry, which are overplotted as red
dots in Fig. 2, support the flux calibration we performed. The
EW of the lines relevant for assessing chromospheric activity are
incorporated in Table 7. The EW of H↵ and other hydrogen lines
in emission plus EWLi indicate a young and active star, meet-
ing our preliminary expectations. These values also demonstrate
that the object is not actively accreting matter from a circum-
stellar disk, as none of the measured hydrogen lines are su�-
ciently intense or wide. The central star, HIP 74865, which we
initially surmised to be physically bound with 2MASS J1517-
3028, has an RV = 2±0.3 (Chen et al. 2011) and for the com-
panion we have RV = 1.4±2.4. This confirms the two stars share
a significant similarity in kinematic properties; see Table 5 for a
summary of their kinematic properties. Based on the stellar pa-
rameters of 2MASS J1517-3028, Bara↵e et al. (2015) models
suggest an age of 7.4±0.5 Myr for this object which is younger
than the age of the UCL sub-association by a factor of two. In a
recent paper by Asensio-Torres et al. (2019), who investigated an
Upper Scorpius-Centaurus member and its companions, namely
HIP 79124ABC, the same problem is discussed. Although the
components of this stellar system are expected to be coeval, both
of the low-mass companions were estimated to have half the age
of the central star. Feiden (2016) also pointed out that cooler K
and M stars located in young stellar associations are reported to
be younger than hotter A, F, or G stars belonging to the same as-
sociation by a factor of two. This problem is probably due to ne-
glect of the magnetic fields in stellar evolution isochrones which
in turn fail to reproduce the age of low-mass PMS stars accu-
rately (Asensio-Torres et al. 2019; Feiden 2016). Therefore, by
adopting the most appropriate stellar evolution models tailored
for ages beyond 10Myr, we expect 2MASS J1517-3028 to have
an age consistent with UCL. All aspects considered, we conclude
there is a high chance that this candidate is physically associated
with HIP 74865, o↵ering evidence of a new triple system. The
projected separation of about 11100 au also supports the idea of
this configuration, indicating a physically bound system.

Fig. 2: Spectrum of 2MASS J1517-3028 (blue) together with
the available photometric data (red dots) in the literature and the
fitted BT-Settl model (black).

4.3. 2MASS J1324-5129

Fig. 3: Spectrum of 2MASS J1324-5129 (blue) with the photo-
metric data (red dots) and the BT-Settl model (black) that con-
firms the estimated Te↵ and log g.

This target is situated in the LCC sub-association of Sco-
Cen, with a projected separation of 15500 au from the central
star, and has not yet been listed as a member of Sco-Cen in the
literature. The Li i line was found to be in absorption and various
hydrogen lines are in emission, as indicated in Table 7. The H↵

line is wider than expected as it is apparently contaminated by
cosmic ray hits on the detector. The spectrum of this target shows
features of an object with SpT of M6.5±0.5 subclasses (Fig. 3).
Reylé (2018) evaluated the SpT of this object as M7 which is in
good agreement with our estimation. We placed this object along
with UMS and PMS members of LCC on a CMD (Fig. 4a) that
shows 2MASS J1324-5129 is fainter than the studied sample
by Damiani et al. (2019). As we pointed out at the beginning
of this section, most of the objects in this sample have a sig-
nificant astrometric excess noise. We therefore calculated only
the RUWE of the LCC M-type members to make a comparison
between the fainter objects of the sample and our target. As dis-
played in Fig. 4b, a few of these LCC members have a significant
RUWE, above the threshold of 1.4, implying a nonsingle object
or nonconsistent astrometric solution with the observations. The
SpT of the members is estimated based on their MG (Kiman et
al. 2019). The RUWE of our object is 1.104, which is not signif-
icantly higher than 1 and confirms the source is well-behaved.
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Table 3: Physical stellar parameters of candidates. Except for 2MASS J1815-3249, mass, age, and log g are selected from the closest
matches o↵ered by Bara↵e et al. (2015) models. The same quantities are extracted from MIST isochrones for 2MASS J1815-3249.

Name SpT Te↵ Av RV L? R? M? Age log g

(K) (mag) (km/s) (L�) (R�) (M�) (Myr)

2MASS J1815-3249 M3±0.5 3410 0 �17.7±2.4 0.03 0.5 0.3 > 150 4.95
2MASS J1517-3028 M4.5±0.5 3100 0 1.2±6.9 0.018 0.47 0.11 7.9 4.13
2MASS J1324-5129 M6.5±0.5 2710 0 15.3±5.8 0.0024 0.22 0.04 18.2 4.35
2MASS J1457-3543 M8±0.5 2500 0 4.0±8.9 0.002 0.24 0.02 14.09 4.00
2MASS J1549-3539 M4±0.5 3190 1.0±0.5 �1.3±4.0 0.07 a 0.21 0.15 2 3.78

a This object is sub-luminous. The value reported here is the object’s corrected luminosity obtained by Alcalá et al. (2020).

Table 4: ROTFIT results acquired for the targets. The estimated ages are concluded from Bara↵e et al. (2015) models.

Name Te↵ log g RV v sin i Age
(K) (km/s) (km/s) (Myr)

2MASS J1815-3249 3562±30 4.68±0.14 �20.1±2.0 < 8.0 > 150
2MASS J1517-3028 3077±22 4.49±0.21 1.4±2.4 26±6 7.4±0.5
2MASS J1324-5129 2646±50 4.0±0.1 17.9±3.0 < 8.0 16±2.2
2MASS J1457-3543 2635±80 4.30±0.17 8.0±7.8 62.0±10.0 17.75±4.15
2MASS J1549-3539 3230±101 3.74±0.23 �2.0±2.8 13.0±6.0 2.75±0.75

Table 5: Kinematic properties of our targets and their associated stellar systems. For a discussion on the adopted kinematic properties
of 2MASS J1549-3539, the reader is referred to Alcalá et al. (2020); we have adopted the parallax of the central star for 2MASS
J1549-3539 because of its highly uncertain measured kinematic features as the only accreting object among the targets.

Name parallax µ↵ µ� RV
(mas) (mas/yr) (mas/yr) (km/s)

2MASS J1815-3249 13.12±0.054 1.07±0.095 �52.74±0.078 �20.1±2.0
V4046Sgr 13.81±0.064 3.49±0.11 �52.75±0.087 �6.94±0.16
GSC 7396-00759 13.99±0.052 3.08±0.10 �52.64±0.08 �6.10±0.5

2MASS J1517-3028 8.16±0.11 �21.67±0.21 �28.31±0.18 1.4±2.4
HIP 74865 8.09±0.061 �21.07±0.11 �28.42±0.10 2.0±0.3

2MASS J1324-5129 8.01±0.35 �31.85±0.53 �17.07±0.44 15.29±5.75
HIP 65426 9.16±0.062 �34.25±0.10 �18.81±0.093 12.2±0.3

2MASS J1457-3543 9.86±0.42 �28.68±0.68 �27.3± 0.65 8.0±7.8
HIP 73145 7.48±0.20 �23.35±0.26 �24.94±0.30 3.8±1.6

2MASS J1549-3539 6.59±0.05 a �14.81±0.97 �21.95±0.65 �2.0±2.8
GQ Lup 6.59±0.05 �14.26±0.01 �23.6±0.07 �3.6±1.3
GQ Lup B 7.2±2.1 - - 2.0±0.4

a Considering that the astrometric parameters of GQ Lup C are somewhat biased by illumination e↵ects (due to the presence of a disk and likely
outflows), the parallx of GQ Lup has been adopted for this target; see Alcalá et al. (2020) for more information.

lar to the bona-fide member V4046 Sgr. The results we obtained
for the other three targets located in Sco-Cen are summarized
below. All the four wide companion candidates analyzed in this
paper are placed on a CMD together with the objects studied in
Pecaut & Mamajek (2016) (featured as blue dots in Fig. 8a). This
CMD confirms 2MASS J1324-5129 and 2MASS J1517-3028 as
PMS members of Sco-Cen sub-associations. For 2MASS J1457-
3543, considering all the aspects addressed in the previous sec-
tion, we find that the most likely scenario indicated by the target
spectrum is that of a single object and a PMS (evident from Fig.
8a) member of UCL. Following this scenario, 2MASS J1457-
3543 could also be an ultra-wide companion to HIP 73145 con-

sidering their consistent ages and RVs, although their discrepant
parallax reported by Gaia DR2 argues against this possibility.

The criteria used for distinguishing between accreting and
nonaccreting objects are those proposed by White & Basri
(2003), which are based on the EW of H↵ as a function of SpT
and the full width of the line profile at 10% of the peak. The plot
of EWH↵ against SpT (Fig. 7) for our candidates and the T Tauri
stars studied by Manara et al. (2013) suggests that the only ac-
creting object in our sample is 2MASS J1549-3539, which was
fully investigated by Alcalá et al. (2020). A checklist of the prop-
erties of our targets relevant for their wide-companion member-
ship status is presented in Table 8.
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結論 
V4046 Sgr - 候補生 2MASS J1815-3249は関係ない単
独星だった。残念。 
HIP 74865 and GQ Lupi:  
 重たい星のすぐ近くを褐色矮星が周り、遠くに遠隔伴星が
いるシステム。 
HIP 65426 - 2MASS J1324-5129 とは関係なさそう。 
HIP 73145: 2MASS J1457- 3543. とは関係なさそう

Majidi et al.: X-Shooter characterization of four new objects

Table 8: The wide-companion membership status checklist for our targets.

Name Consistent kinematic properties Age Active Contains Li i conclusion
with the stellar system

(yes/no) (MS/PMS) (yes/no) (yes/no)

2MASS J1815-3249 no MS no no field object
2MASS J1517-3028 yes PMS yes yes UCL member +

HIP 74865 probable wide companion
2MASS J1324-5129 no PMS yes yes LCC new member
2MASS J1457-3543 no PMS yes ambiguous ambiguous
2MASS J1549-3539 yes PMS yes yes Lupus I new member +

GQ Lup probable wide companion

(a)

(b)

Fig. 8: (a) CMD of the wide companion candidates in this work
(diamond) together with the objects in Pecaut & Mamajek (2013,
blue dots). (b) EWLi i of our targets (diamonds) plotted with Lu-
pus members (Biazzo et al. 2017) and 66 members of the � Pic-
toris association (Messina et al. 2016).

J1324-5129 or 2MASS J1457-3543, although these latter two
are also late-type M-dwarfs, albeit later in type in comparison
with 2MASS J1517-3028. According to Bara↵e et al. (2015)
models, the estimated ages for 2MASS J1324-5129 and 2MASS
J1457-3543 meet our expectations and are highly consistent with
the age of the stellar sub-associations they are located in. We
noticed that, based on the EW of Balmer emission lines and
infrared ca ii triplet lines, 2MASS J1517-3028 is magnetically
more active than 2MASS J1324-5129 and 2MASS J1457-3543

Fig. 9: Log–log plot of total velocity di↵erence �v (km/s) vs.
projected separation s(au) for the five plausible wide compan-
ions studied in this work. �vmax (km/s) (orange line) indicates
the maximum total velocity di↵erence that bound binaries with
a total mass equal to 10 M� in circular orbits can possess; see
Ramírez et al. (2019) for details.

. Therefore, it might be true that the acquired age for 2MASS
J1517-3028 based on Bara↵e et al. (2015) models (that neglect
the e↵ect of magnetic fields) is younger than its real value by
a factor of two. Assuming the whole stellar system as a triple
system, HIP 74865 hosts a brown dwarf companion at a small
separation with an M-dwarf star at a larger separation. As an al-
ready confirmed PMS member of UCL, our age estimation and
determined stellar parameters reconfirm the membership of this
target. According to BANYAN ⌃ (Gagné et al. 2018), with the
RV calculated for this object in the present paper, its membership
probability is higher than 98% .

2MASS J1324-5129: Despite its similar kinematic proper-
ties to HIP 65426, their corresponding total velocity di↵erence
rules out the possibility that 2MASS J1324-5129 is bound to
this stellar system. Therefore, we conclude that 2MASS J1324-
5129 is a typical young (16±2.2 Myr) and active M-dwarf and
a highly probable —approximately 94% according to BANYAN
⌃ (Gagné et al. 2018)— member of LCC (16±2 Myr) based on
its kinematic properties and estimated age.

2MASS J1457-3543: We were not able to decipher whether
the spectrum belongs to a single object or an unresolved binary,
and therefore cannot form any firm conclusions regarding the
membership and acquired physical parameters of this object.

2MASS J1549-3539: This target is a highly probable wide
companion of GQ Lupi, possibly making the stellar system a
triple system consisting of a brown dwarf at a close separa-
tion (GQ Lupi b) and an M-dwarf at a larger distance. GQ
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面白そうな天体の簡易まとめ 
HIP 74865について：F3V型, Sco-
Cen association, 16auのところに褐
色矮星がいる、SPHEREで取られてい
る、質量0.17Msun、2MASS 
J1517-3028 のseparationは11118 
au 

GQ Lupiについて：K7V型、Sco-Cen 
(Lupus I) , 若い2Myr、GQLup Bが
20-40 M jup、円盤ある、2MASS 
J1549-3539 のseparationは2429au  



A new prolonged decrease event in the brightness of the 
young stellar object V2492 Cygni 
Sunay Ibryamov, Evgeni Semkov 
Results from the BV(RI)c photometric observations of the 
young stellar object V2492 Cyg collected in the period from 
April 2018 to September 2020 are presented. These 
observations are a part of our monitoring of the star that 
began in 2010 and continuing to date. V2492 Cyg is located 
in the Pelican Nebula, and its variability was explained by 
both accretion and extinction events. The new photometric 
data show that the star continues to exhibit rapid irregular 
variability in all bands. In the period from March 2019 to 
May 2020, we registered a prolonged decrease event in the 
light curve of V2492 Cyg. 

- V2492 Cygという星の2018-2020年のモニタリン
グ報告。 
- プロジェクト自体は2010年から。 
- 継続的に変動を見せ続けている。 
- March 2019 からMay 2020にかけて、の減光イ
ベントを同定



19. The CARMA-NRO Orion Survey: Filament Formation 
via Collision-Induced Magnetic Reconnection – The Stick 
in Orion A, Shuo Kong, et al.
A unique filament is identified in the Herschel maps of the 
Orion A giant molecular cloud. The filament, which, we 
name the Stick, is ruler-straight and at an early evo- 
lutionary stage. Transverse position-velocity diagrams show 
two velocity components closing in on the Stick. The 
filament shows consecutive rings/forks in C18O(1-0) 
channel maps, which is reminiscent of structures generated 
by magnetic reconnection. We pro- pose that the Stick 
formed via collision-induced magnetic reconnection 
(CMR). We use the magnetohydrodynamics (MHD) code 
Athena++ to simulate the collision between two diffuse 
molecular clumps, each carrying an anti-parallel magnetic 
field. The clump collision produces a narrow, straight, dense 
filament with a factor of >200 increase in density. The 
production of the dense gas is seven times faster than free-
fall collapse. The dense filament shows ring/fork-like 
structures in radiative transfer maps. Cores in the filament 
are confined by surface magnetic pressure. CMR can be an 
important dense-gas-producing mechanism in the Galaxy 
and beyond. 

ハーシェルで見つかったOrionA分子
雲のフィラメントについて。Stickと
名付けた。 

PV図解析でみると、2つのコンポー
ネントがみえる。 

Stickは、衝突励起の磁気リコネクシ
ョンで形成されたと提案する 
Athna++で2つの分子クランプの衝
突を計算、200倍くらい密度の高い
フィラメントを再現。自由落下より
も7倍早くフィラメントを作れる 

ring/fork-like構造も作れる。



The Cloud Factory II: Gravoturbulent Kinematics of Resolved Molecular Clouds in a 
Galactic Potential 
Andres F. Izquierdo, Rowan J. Smith, Simon C. O. Glover, Ralf S. Klessen, Robin G. 
Tress, Mattia C. Sormani, Paul C. Clark, Ana Duarte-Cabral, Catherine Zucker 
We present a statistical analysis of the gravoturbulent velocity fluctuations in molecular 
cloud complexes extracted from our "Cloud Factory" galactic-scale ISM simulation 
suite. For this purpose, we produce non-LTE 12CO J=1-0 synthetic observations and 
apply the Principal Component Analysis (PCA) reduction technique on a representative 
sample of cloud complexes. The velocity fluctuations are self-consistently generated by 
different physical mechanisms at play in our simulations, which include galactic-scale 
forces, gas self-gravity, and supernova feedback. The statistical analysis suggests that, 
even though purely gravitational effects are necessary to reproduce standard 
observational laws, they are not sufficient in most cases. We show that the extra injection 
of energy from supernova explosions plays a key role in establishing the global turbulent 
field and the local dynamics and morphology of molecular clouds. Additionally, we 
characterise structure function scaling parameters as a result of cloud environmental 
conditions: some of the complexes are immersed in diffuse (inter-arm) or dense (spiral-
arm) environments, and others are influenced by embedded or external supernovae. In 
quiescent regions, we obtain time-evolving trajectories of scaling parameters driven by 
gravitational collapse and supersonic turbulent flows. Our findings suggests that a PCA-
based statistical study is a robust method to diagnose the physical mechanisms that drive 
the gravoturbulent properties of molecular clouds. Also, we present a new open source 
module, the PCAFACTORY, which smartly performs PCA to extract velocity structure 
functions from simulated or real data of the ISM in a user-friendly way. Software DOI: 
10.5281/zenodo.3822718 

-Cloud Factory というシミュレーシ
ョン結果の解析の一つ 
-分子雲におけるgravoturbulent 
velocity fluctuationの解析を主たる
目的とした。 
-non_LTE 12COの疑似観測をやって
PCA解析。 
-結果：乱流状態と分子雲のダイナミ
クスと形を再現するには、超新星爆
発のようなエネルギー注入が重要で
あることがわかった。



Evolution of the density PDF in star forming clouds: the role of gravity 
Etienne Jaupart, Gilles Chabrier 
We derive an analytical theory of the PDF of density fluctuations in 
supersonic turbulence in the presence of gravity in star-forming clouds. 
The theory is based on a rigorous derivation of a combination of the 
Navier- Stokes continuity equations for the fluid motions and the Poisson 
equation for the gravity. It extends upon previous approaches first by 
including gravity, second by considering the PDF as a dynamical system, 
not a stationary one. We derive the transport equations of the density PDF, 
characterize its evolution and determine the density threshold above 
which gravity strongly affects and eventually dominates the dynamics of 
turbulence. We demonstrate the occurence of two power law tails in the 
PDF, with two characteristic exponents, corresponding to two different 
stages in the balance between turbulence and gravity. Another important 
result of this study is to provide a procedure to relate the observed column 
density PDFs to the corresponding volume density PDFs. This allows to 
infer, from the observation of column-densities, various physical 
parameters characterizing molecular clouds, notably the virial parameter. 
Furthermore, the theory offers the possibility to date the clouds in units of 
tcoll, the time since a statistically significant fraction of the cloud started 
to collapse. The theoretical results and diagnostics reproduce very well 
numerical simulations and observations of star-forming clouds. The theory 
provides a sound theoretical foundation and quantitative diagnostics to 
analyze observations or numerical simulations of star-forming regions and 
to characterize the evolution of the density PDF in various regions of 
molecular clouds. 

- 分子雲における、超音速乱流下で
の密度関数を解析的に求めた。 
- ナビエ・ストークスの連続の式
と、重力についてはポアソン方程
式を使った。 
- PDF の移流方程式をだした。 
- 結果、乱流と重力の釣り合いによ
り、二個のパワーローが出てく
る。 
- 観測される面密度PDFへのから空
間密度PDFへの関係性も示した。


