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Herschel observations of EXtra-Ordinary Sources: Analysis of the HIFI 1.2 THz Wide Spectral 
Survey Toward Orion KL II. Chemical Implications 
N.R. Crockett et al.

• ホットコアのcomplex mol.の生
成過程について調査 

• Orion KL 
• ホットコア 

• compact ridge 

• plateau (outflow) 

• Herschel/HIFI HEXOS program 
• Crockett+2014(Paper1)のラインサーベ
イ結果を使用 

• 分解能11-44” 

• complex mol.に着目した解析 

• XCLASSによるモデリング
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Fig. 1.— Pie charts that plot the fraction of total integrated intensity originating from states in Eup

ranges 0 – 200 K (dark blue), 200 – 800 K (cyan), and 800 – 3000 K (red) for molecules detected

toward the hot core. The molecule ID and Trot derived in Paper I are given above each chart. If

a chart includes emission from a vibrationally excited state, it is indicated in parentheses with the

molecule ID.

検出した輝線に対し、その輝線の全積分
強度が占める割合をEupで色分けしたもの



• Hot core 
• 5つのcomplex mol. 

• CNを含むものはhighly excited 

• シンプルなCN系分子もhighly excited 

• compact ridge 
• hot coreと似た傾向 

• N系がhighly excited 

• plateau 
• CH3CNが唯一のhighly excited spectrum 

• S+O系の分子もhottest gasのト
レーサーかも
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Fig. 2.— Same as Fig. 1 for the compact ridge.
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Fig. 3.— Same as Fig. 1 for the plateau.



• OSU gas-chemicalコードを使用し
て化学モデリング 

• 物理構造進化は追わない 

• コードの確認とN系分子の傾向と再現に着
目 

• 二つのphaseでアバンダンス進化
を計算 

• isothermal collapse 

• 10K, 1Myr 

• warm-up phase 

• 温度がtwarmで上昇し最終温度TF 

• twarmとTFを変えて計算
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Fig. 4.— Predicted gas phase abundances with respect to H2 for the eight complex organics de-

tected in the Orion KL HIFI survey plotted as a function of time for twarm = 5 × 104 years. The

abundance of each species is plotted as a different color (solid lines). Abundances for N and O-

bearing organics are plotted in the top and bottom rows, and models with TF = 200 and 300 K are

plotted in the left and right columns, both respectively. Observed abundances toward the hot core

and compact ridge are plotted as horizontal dashed and dotted lines, respectively, with the same

color scheme as the model values. The bottom x-axis is time such that zero corresponds to the

beginning of the warm-up phase and the top x-axis displays the corresponding temperature.

warm-up phaseで予想されるabundance



• N系分子は高温をトレース(Oより) 

• N系はダストから蒸発しづらい 

• N,Oの比較はTexの高分解能観測が必要 

• ガスフェーズ反応でhighly excited cyanideを作る 

• 高温でCH3CN等を生成するモデルあり 
[Rodgers&Charnley2001など] 

• S+Oも高温をトレース 

• H2S生成(ダスト上)->evaporation->ガスフェーズでSO,SO2生成 

• 化学モデル(OSU)との比較 

• 観測のTrotとモデルのTmaxを比較 [Carrod+2008] 

• 基本的にはよく合う 

• モデルから予想される年齢は>105 yrであり、これまでの予想より長い(103-4yr) 

• 物理構造にも依存するのでrobustではない
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Fig. 6.—Rotation temperatures (black dots) measured toward the hot core (left panel) and compact

ridge (right panel) plotted as a function of molecule with Tmax values from our model grid (Table 1)

overlaid. The range of Tmax predicted over all grid models for each molecule is represented by a

red bar if Tmax < TF and a red triangle at 200 K if Tmax ≈ TF indicating these molecules probe

temperatures ≥ 200 K in our model grid (see Section 3.2). The green square represents the hot,

compact component required to fit the C2H5CN emission (see Section 3.1) in the HIFI scan. The

error bars on the observed Trot values represent 1σ uncertainties.



Bipolar HII regions - Morphology and star formation in their vicinity I - G319.88+00.79 and 
G010.32-00.15 
L. Deharveng, et al.

• ISMフィラメントで見られるHII bipolar nebula(バブル構
造)の探査 

• シリーズ物の紹介論文 

• 検出された16個のうち 
二つの領域に着目 

• 使用する観測データ 

• DSS, Spitzer GLIMPSE, Herschel Hi-GAL, 2MASS, MALT90 

• シミュレーションを元に見えうる構造を予想 

• dense filament 

• HII region - filamentに垂直 

• HII regionの励起星 

• bipolar nebularによってはかれたdense material

L. Deharveng et al.: Bipolar nebulae

Fig. 1. Formation of a bipolar H ii region, according to the simulation of Bodenheimer et al. (1979; their figure 4; the thickness of the parental plane
is 1.3 pc, its density 300 H2 cm�3). The ionized material appears in red, the neutral material in blue; the density of the material is indicated by the
saturation level. Schema a shows the dense molecular plane surrounded by low density material, the initial Strömgren sphere around its central
exciting star (T⇤=4⇥104 K). In schema b, at 3⇥104 yrs, the expanding H ii region reaches the border of the parental cloud, and the low density
material is quickly ionized; a bipolar nebula forms. In schema c, at 1⇥105 yrs, the high density ionized material flows away from the central region;
high density molecular material accumulates at the waist of the bipolar nebula, forming a torus of compressed material.

Fig. 2. Star formation triggered by the expansion of an H ii region close to a filament, according to the simulation of Fukuda & Hanawa (2000;
their figure 1; model C1l’: neutral sound speed 0.3 km s�1, maximum density on the axis of the filament 2⇥106 cm�3, exciting star at 0.025 pc
of the filament’s axis). The neutral filament appears in grey, the ionized gas in pink; we show what we believe to be the extent of the ionized gas
in the plane containing the axis of the filament and the exciting star (black cross) of the H ii region. Schema a shows the expanding H ii region
(age 8.5⇥104 yr) pinching the molecular filament. In schema b, first-generation cores have formed by compression of the neutral material by the
ionized gas (age 2.1⇥105 yr). In schema c, second-generation cores have formed due to gravity (age 3.0⇥105 yr). The first- and second-generation
cores are separated by 0.1 pc.

last case. Figure 3 shows that the 8.0 µm bubbles enclose two
separate H ii regions: we clearly see two separate zones of ex-
tended 24 µm emission at the centre of each bubbles. In bipolar
H ii regions like Sh 201 (see below), the extended 24 µm emis-
sion comes from the central region, the region where the lobes
originate. Furthermore, the Herschel-SPIRE maps show no cold
filament between N10 and N11.

The H ii region Sh 201 is a textbook example of a bipolar
H ii region (Fig. 3). It has been studied using deep Herschel
observations (see Appendix C of Deharveng et al. 2012). The
complex displays a cold filament observed at SPIRE wave-
lengths, an H ii region centred on this filament, and two lobes,
well traced at 8.0 µm (Fig. 3), perpendicular to the filament.
The ionized region is bright in its central part. It shows a narrow
waist, limited on each side by two massive clumps. YSOs of
Class 0 and Class I are observed in the direction of these clumps

(Deharveng et al. 2012).

In all the figures of this paper the regions are presented in
Galactic coordinates.

4. Reduction methods

4.1. Determination of the physical parameters of the
filaments and clumps

For all estimates in this paper, we assume a gas-to-dust ratio
of 100. We assume the following values for the dust opacity
⌫, 35.2, 14.4, 7.3, and 3.6 cm2 g�1, respectively, at 160, 250,
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Fig. 3. Composite colour image of H ii regions, as seen by Spitzer. Red is the MIPSGAL image at 24 µm showing the emission of the hot dust,
green is the GLIMPSE image at 8.0 µm dominated by the PAHs emission from the PDRs, and blue is the GLIMPSE image at 4.5 µm showing
the stellar sources. Sh 201 is a textbook example of a bipolar H ii region; the red column density contours trace the parental molecular filament
(levels of 2, 5, and 15 ⇥1022 cm�2). N10 and N11 are adjacent bubbles around distinct H ii regions. This is a case of mis-identified bipolar nebula.
G308.7-00.5 is a nebula associated with an evolved star.

350, and 500 µm4,5. The opacities are uncertain, as is the
gas-to-dust ratio. The dust opacity probably di↵ers depending
on the content of the clumps, for example whether they have
internal sources (Paradis et al. 2014). This remains the main
source of uncertainty of the temperature, column density, and
mass determinations. (The column density and the mass are

4These values correspond to the formula

⌫ = 10 ⇥
✓ ⌫

1000 GHz

◆�
, (1)

which assumes a spectral index � of 2 for the dust emissivity and gives
a dust opacity at 300 µm of 10.0 cm2 g�1 (André et al. 2010). These
values have been discussed by Sadavoy et al. (2013); they show that as-
suming �=2 with the Herschel bands alone (using the 160 µm – 500 µm
range) a↵ects the measured best-fit temperature by 2 K if �= 1.5 or �
= 2.5, and that “the Herschel-only bands provide a decent first look at
the clump masses for an assumed value of � = 2”.

5The dust opacities determined by Ossenkopf & Henning (1994;
dust with thin ice mantle, density 106 cm�3) are also often used; they
correspond to a � ⇠1.8 and have values of 40, 18, 10, and 5 cm2 g�1

respectively at 160 µm, 250 µm, 350 µm, and 500 µm.

inversely proportional to ⌫.)

We have obtained dust temperature maps for all the regions,
using Herschel data between 160 µm and 500 µm. We assume
that the dust emission is optically thin at these wavelengths. We
do not use the 70 µm data; the 70 µm maps show that a fraction
of this emission comes from ionized regions, as is the case for a
larger portion of the 24 µm emission; i.e. the 24 µm and 70 µm
emissions probe a di↵erent gas/dust component than emission
observed at longer wavelengths (Sect. 3.1). Furthermore, some
of the clumps are not optically thin at 70 µm; for example, most
of the clumps in the field of G010.32�00.15 (Table 4). The tem-
peratures that we determine are those of cold dust grains in ther-
mal equilibrium, located in the PDRs of H ii regions and in the
surrounding medium. The steps in the temperature determina-
tion are: 1) the 160 µm, 250 µm, and 350 µm maps have been
smoothed to the resolution of the 500 µm map; 2) all the maps
have been regridded so they have the same pixel size of 11.500
as the 500 µm map (at the same location); 3) the SED of each
pixel has been fitted, using a modified blackbody model; thus a
first temperature map. We applied colour corrections to the tem-

5

理論計算の予想[Fukuda&Hanawa2000]

良い観測結果例



• Reduction methodの紹介 

• Tdust、柱密度および質量の導出 - Herschel 

• clumpの速度構造 - MALT90の分子輝線 

• YSO同定 - Spitzerのcolor-colorおよびα 

• G319.88-00.79の結果の紹介 

• bipolar成分がIRで見え、それに垂直にフィラ
メントが伸びる 

• 中心付近ではリング状分布 

• 手前側の減光が大きい 

• Tdustはフィラメントでcold(13.6K)、HIIバブ
ル付近で23.2K 

• N(H2)マップで3つのclump 

• YSOの同定 - #4-9は付随するYSO
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Fig. 4. Bipolar nebula G319.88+00.79, com-
posed of the S97 & S98 bubbles (Churchwell
et al. 2006; the centres of the bubbles are in-
dicated). (a) Composite colour image based on
Spitzer observations. Red, green, and blue are
for the 24 µm, 8.0 µm, and 4.5 µm emissions,
respectively. (b) Composite colour image, with
red, green, and blue for the 250 µm, 8.0 µm,
and 4.5 µm emissions, respectively (logarith-
mic units). The cold parental filament (or sheet)
appears in red, and the PDR surrounding the
ionized lobes in green

5.2. The exciting cluster - The distance of the complex

A cluster is present in the central region (Fig. 5), visible in the
near-IR on the 2MASS images and also in the Spitzer bands
at 3.6 µm and 4.5 µm. The brightest star lies at l=319.�8818,
b=+0.�7903; its 2MASS magnitudes are J = 10.476, H = 9.610,
and K = 9.100. We have seen (Sect. 5.1) that the radio flux of
the H ii region indicates an exciting star of spectral type O8.5V
or more massive if ionizing photons are absorbed by dust.
Assuming that this star is an O8.5V star, its near-IR photometry
indicates that it is a↵ected by a visual extinction of ⇠9.2 mag
and lies at a distance of 2.1 kpc (using the photometry of O
stars by Martins & Plez 2006 and the extinction law of Rieke &
Lebofsky 1985). This confirms a near distance for this region;
however, this distance is uncertain for two reasons: 1) ionizing
photons can be absorbed by dust inside the ionized region (the
24 µm emission comes from almost the same region than the
radio continuum emission); if 70% of the ionizing photons are
absorbed by dust we need an O7V exciting star. Thus a distance

of 2.45 kpc. 2) Figure 5 shows (Inset) that the exciting star
is double, composed of two stars separated by some 2.004; the
2MASS magnitudes are thus overestimated. If the two stars were
of equal intensity in K, their magnitude would be K = 9.85; this
leads to a distance of 2.85 kpc. Thus in the following we keep
the near kinematic distance of 2.6 kpc (±0.4 kpc)8.

5.3. Molecular condensations

Figure 7 (a) shows the dust temperature map of the region. The
parental filament (or sheet) is cold with a minimum tempera-
ture of 13.4 K in the direction of a region located along the fil-

8The median kinematic distance uncertainty estimated for a large
sample of H ii regions by Anderson et al. (2012) is 0.5 kpc. The distance
uncertainty we estimate for this region is slightly smaller; the adopted
distance range contains the two determinations of the photometric dis-
tance.
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Fig. 7. Temperature and column density maps of G319.88+00.79. The left side of the figure concerns the dust temperature. (a) The underlying
grey image is the temperature map; the red contours correspond to temperatures of 19, 20, 21, and 22 K; the blue ones to temperatures of 14, 15,
16, 17, and 18 K. The 3600 beam of the temperature map (also that of the 500 µm map) is at the lower left. (b) The underlying image is the column
density map in false colours, showing the cold parental filament. (c) The underlying image is the 8.0 µm emission map in false colours, showing
the bipolar lobes. The right side of the figure shows the column density. (d) The underlying grey image is the column density map; the red contours
correspond to column densities of 1, 2, 4, and 6 times 1022 cm�2. The 1800 beam of the column density map (also that of the 250 µm map) is at
the lower left. The three clumps discussed in the text are identified. (e) The underlying image is the 250 µm emission map in false colours. (f) The
underlying image is the temperature map in false colours.

following the level at the 250 µm peak’s half-intensity and
assuming the mean temperatures given in Col. 5. They di↵er by
less than 20% of the masses estimated from the column density
map. The uncertainty on the mass given in Col. 6 corresponds
to the uncertainty on the temperature given in Col. 510. The

10The uncertainty in the mass is increased by the uncertainty on the
distance. For example, a distance uncertainty of 0.4 kpc leads to a mass

equivalent beam deconvolved radius at half-intensity is given in
Col. 9. A mean density is estimated in Col. 10. (Using the mass

uncertainty of ⇠75 M�. A larger source of uncertainty in the mass
comes from the uncertain opacities. As an example, using the opaci-
ties of Ossenkopf & Henning (1994) results in an increase in the dust
temperature (24.6 K instead of 22.3 K for C1) and therefore in a large
decrease in the mass (150 M� instead of 246 M� for C1).
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Fig. 5. Centre of G319.88+00.79. (a) Colour image with – in red, green,
and blue, respectively – the 4.5 µm emission, the K 2MASS emission,
and the SuperCOSMOS H↵ emission of the ionized gas (linear units).
(b) Colour image with 5.8 µm, 3.6 µm, and K 2MASS, in red, green,
and blue, respectively (linear units). The 250 µm blue contours are pro-
jected on the colour image (levels of 1000 to 7000 MJy/sr by steps of
1000 MJy/sr). The exciting star is identified. The beam of the 250 µm
image is at the lower left. (c) the radio continuum blue contours from
the SUMSS survey at 843 MHz (emission of the ionized gas; levels
of 0.010, 0.025, 0.050, 0.100, 0.200, and 0.300 Jy/beam; the SUMSS
beam is at the lower left) are projected on the previous colour image.
Inset 2MASS J band image of the exciting cluster (logarithmic units);
the exciting star that appears elongated is probably double.

ament. The dust in the PDRs surrounding the two ionized lobes
is warmer with a maximum temperature of 23.2 K.

When looking at the Herschel SPIRE maps, we see two
bright clumps, C1 and C2. They are adjacent to the ionized re-
gion, and their temperature is characteristic of PDRs (Anderson

Fig. 6. Centre of G319.88+00.79 at 8.0 µm showing the absorption fea-
ture (the ellipse), the bright rims present at the waist of the nebula (green
arrows), and the position of the exciting star.

et al. 2011), respectively 22.3 K and 19.7 K (temperatures
obtained by fitting the SEDs of these clumps, between 160 µm
and 500 µm, with background subtraction). However, the
column density map (Fig. 7 (d)) shows the presence of another
clump, C3, whose column density is as high as that of C2.
Clump C3 is found at the coldest parts of the parental filament.
It shows the dramatic influence of the dust temperature in
the column density and mass estimates, hence the importance
of the Herschel observations. The column density reaches
values �8⇥1022 cm�2 in the direction of C2 and C3. Clump
C2, which is relatively warm (19.7 K), is clearly under the
influence of the adjacent H ii region, whereas clump C3 (mean
temperature 14.4 K) is a zone of the parental filament (or
sheet) that lies farther away from the H ii region; it has pos-
sibly not been influenced by it (as shown by its low temperature).

The parameters of the three clumps are given in Table 2.
The Galactic coordinates given in columns 2 and 3 are those
of the peaks of column density. The peak’s column densities
are given in column 4. The clumps C1, C2, and C3 are the only
structures of the field with a column density �5⇥1022 cm�2.
The dust temperatures, in Col. 5, are derived from the SEDs and
based on the integrated fluxes of the clumps at 160 µm, 250 µm,
350 µm, and 500 µm, corrected for the background emission.
The uncertainty on Tdust given in Table 2 corresponds to an
uncertainty of ⇠15% on the fluxes9. To estimate the mass given
in Col. 6 we have integrated the column density in an aperture
corresponding to half the peak’s value. (These apertures are
displayed in Fig. B.1, Appendix B.) We are thus dealing with the
central regions of the clumps. The mass given in brackets has
been estimated using the 250 µm flux integrated in an aperture

9Note that the uncertainty on Tdust is possibly slightly higher. Using
the dust opacity values of Ossenkopf & Henning (1994) leads to temper-
atures that are higher by about 10%. The temperatures obtained without
background correction are fainter by about 4%

9
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Fig. 10. Identification of the sources discussed in the text in the field
of G319.88+00.79. (a) All sources located at less than 70 of the central
exciting star (green plus). Source A is a compact 70 µm source. The
underlying grey image is the Spitzer 5.8 µm image. (b) Sources located
at the waist of the bipolar nebula and along the parental filament. The
orange contours are for the column density (contours at 1, 2, 3, 4, and 5
⇥ 1022 cm�2). The underlying grey image is the 70 µm image showing
source A.

is strongly negative (↵  �2.5), and it has no detectable 70 µm
counterpart. This evolved star is probably not associated with
the bipolar nebula.

Source #1 is located along the parental filament (on the left).
It is probably a Class II YSO, according to its spectral index
of �0.83 and colour [8]�[24]=2.36. It has no detectable 70 µm
counterpart. Source #2 is a Class I YSO with a spectral in-
dex of 1.58 and colour [8]�[24]=5.79; it is also detected and
point-like at 70 µm and at 160 µm (flux of 0.77 Jy according to
CuTEX). Source #2 is located in a direction of rather low col-
umn density, 6.7⇥1021 cm�2, thus a maximum external extinc-
tion AV ⇠7.2 mag leading to a corrected ↵ ⇠1.4. This confirms
that source #2 is a Class I YSO.) But the association of YSO #2
with the bipolar nebula is highly uncertain because it lies outside
the northern lobe.

All the other candidate Class I YSOs, sources #4 to #9, lie
along the parental filament. According to their colour [8]�[24]
YSOs #4 and #9 are Class I, YSOs #5, #7, and #8 are flat-
spectrum sources, and YSOs #6 is probably a highly reddened
Class II. None of the YSOs #6 to #9 has a detectable 70 µm
counterpart: it indicates that they are low-luminosity sources
(5 L�). YSO #4 lies near the centre of the nebula. It has a 70 µm
counterpart, but its flux is very uncertain, indicating a luminosity
⇠80 L�. YSO #5 lies in the direction of the very centre of clump
C2. Due to its position close to the PDR and close to bright rims
emitting at 70 µm, we are unable to detect any counterpart. YSOs
#6, #7, #8, and #9 lie on the border or centre of C3, in the direc-
tion of the cold parts of the parental filament. It is also in this
direction that a 24 µm and 70 µm compact source is detected
without any counterpart at shorter wavelengths: we call it A. Its
SED peaks at 70 µm and decreases at longer wavelengths. (Its
160 µm flux is very uncertain, and it is not detectable at SPIRE
wavelengths.) YSO A is probably the least evolved protostar. Its

70 µm flux ⇠3.8 Jy indicates a central object with a luminosity
⇠80 L�. For this source, log(�F�(70)/�F�(24))=1.66±0.90, so it
is possibly an extreme Class 0 YSO with a high infall rate (a
PBR according to Stutz et al. 2013, Sect. 4.3).

To conclude, except for YSO #2, which is possibly not as-
sociated with the nebula, all candidate Class 0/I/flat-spectrum
sources lie either at the waist of the nebula (YSOs #4 and #5) or
along the parental filament.

6. G010.32�00.15

G010.32�00.15 is part of the well known bright star-forming re-
gion W31, studied by Beuther et al. (2011) and presented as a su-
perluminous star-forming complex. W31 contains numerous H ii
regions. Two of them dominate the infrared and radio emission:
G010.32�00.15 and G010.16�00.35 (see, for example, Kuchar
& Clark 1997). G010.32�00.15 is clearly a bipolar H ii region.
Figure 11 (a) gives a Spitzer view of it; the 24 µm emission (red
in the colour image) shows two lobes, the upper one open, the
lower one possibly closed. The narrow waist is traced well by
the bright 8.0 µm emission. This emission forms a closed ellipse
(visible in Fig. 11 (b)), with a bright lower side and a faint up-
per one. At this point it is di�cult to know which one lies in the
foreground and which in the background.

G10.32�00.15 is a radio-continuum source. The radio map
at 21 cm obtained by Kim & Koo (2001) and displayed in
Fig. 12 (a) clearly shows the bipolar structure of the ionized
region. The radio emission resembles the 24 µm emission
(Fig. 12 (b)) which is bright in the central region (where the
24 µm emission is saturated), and which presents two di↵use
elongated lobes. As discussed in Sect. 3, a fraction of the 24 µm
emission comes from dust located inside the ionized region.
The lobes seen at 70 µm (Fig. 12 (c)) surround the ionized
lobes on the outside; this 70 µm emission is mainly due to dust
located in the PDR surrounding the ionized region. The bipolar
morphology of G010.32�00.15 has been discussed by Kim &
Koo (2001, 2002).

Molecular material is associated with this region. Kim &
Koo (2002) mapped the region in 13CO (1-0) and CS (2-1) with
a resolution of the order of 10. Their 13CO map shows that: i) the
molecular material associated with G010.32�00.15 and that as-
sociated with G010.16�00.35 share similar velocities, mainly in
the range 10 to 13 km s�1 (their figure 5); ii) “the distribution of
molecular gas is severely elongated in the direction orthogonal
to the bipolar axis of G10.3�0.1.” and their figure 9 illustrates
this last point. Beuther et al. (2011) discuss C18O and 13CO
observations obtained with an angular resolution ⇠27.500 and
cold dust emission obtained at 870 µm (ATLASGAL survey)
with a resolution ⇠1900. Their results agree with those of Kim &
Koo for the velocity field. The high resolution of their 870 µm
observations allowed them to detect four very bright cold dust
clumps in the direction of G010.32�00.15 (their figure 1). These
clumps are discussed in Sect. 6.3.

Figure 11 (b) presents a general view of the complex with
the 250 µm emission of the cold dust in red, the 8.0 µm emission
tracing the ionization front limiting the ionized material in
green, and the stellar emission at 3.6 µm in blue. It shows the
parental filament east of the nebula, and also the bright clumps
present at the waist of the nebula.
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• IRDCとの関連 

• 観測領域でIDされてるIRDCは必ずしも高密
度領域にない 

• global morphology 
• 南側の手前にcoldなガスが存在 

->リングの下側の吸収を説明 

• Herschelでは受からない希薄成分 

• triggered star formation 
• G319.88はless active SF 

• とはいえ、#4,#5はionization front(bright 

rim)に存在しており(C1,C2 clump)、
triggered star formationの可能性がある 

• G010.32のほうがactiveなtriggered star 

formation

L. Deharveng et al.: Bipolar nebulae

Fig. 27. Morphology of G319.88+00.79. The ionized material appears
in pink, the neutral one in blue. We do not know the extent of the molec-
ular material at the back of the nebula.

central region in the direction of the bottom lobe. This velocity
gradient indicates an approching bottom lobe with respect to the
central region, and a receding upper one (thus Fig. 28).

The parental filament (left of the H ii region) is seen in ab-
sorption, and in line with it, the C1 and the C4 + C5 external
clumps are also seen in absorption at Spitzer-IRAC wavelengths.
Thus these clumps are slightly in front of the H ii region. The C2
and C3 clumps are not clearly seen in absorption, but they are
bordered by bright rims (PAH emission) on their side turned to-
wards the exciting star (Fig. 16); thus they lie in front of the
ionized region and its exciting star15. This suggests that the C1
to C5 clumps form a single structure, half a torus of dense mate-
rial, encircling the waist of the bipolar H ii region and located in
front of this region.

The H ii region is not open on its back side (it is ionization-
bounded), as we see a faint Spitzer-IRAC PAHs emission closing
the clumpy torus on its back side. The parental structure is much
more dense on the front side of the H ii region than on the back
one. We suggest that the parental structure was a flat 2D cloud
presenting a strong density gradient or containing a dense pre-
existing filament.

7.3. Triggered star formation

Several processes can trigger star formation in the vicinity of
H ii regions, as illustrated by Deharveng et al. (2010; their figure
4): small-scale gravitational instabilities of the IF, large-scale
gravitational instabilities of the material accumulated in a shell
behind the IF (the so-called “collect and collapse process”), and
radiation-driven implosion (“RDI process”) of a pre-existing
dense clump compressed by the ionized gas. The process
proposed by Fukuda & Hanawa (2000; Sect. 3) is somewhat
di↵erent, involving the gravitational collapse of clumps, formed
by the compression of a pre-existing dense filament due to
an adjacent H ii region. It is often di�cult to establish which
triggering process is at work. And, as shown by the simulations
of Dale et al. (2012; 2015), it is often di�cult to deduce
which objects have been induced to form and which formed
spontaneously.

15If they were lying behind the exciting star, their whole area would
show a bright emission at 8 µm. Here we see only their top border turned
towards the exciting star.

Fig. 28. Morphology of the G010.32�00.15 complex. The plane repre-
sented here contains the parental filament, the clumps at the waist of the
nebula, and the exciting star. The line of sight makes a small angle with
this plane.

We propose the G010.32-00.15 region as an example of
massive-star formation triggered by an H ii region and involv-
ing di↵erent processes. Concerning the C1 to C5 clumps, the
signatures of triggering follow.
•An incomplete shell of dense molecular material surrounds

the ionized region at its waist. It is fragmented, and the five
fragments are massive (several hundreds of solar masses). The
shape of the PDR shows the interaction of the high-pressure ion-
ized gas with the surrounding molecular material: the ionized
gas tries to escape from the central H ii region via low density
zones present between the dense fragments (Fig. 16).
• Each of the fragments contains at least one embedded

young stellar object, most often of high mass. C1 contains a
MYSO in an early stage of evolution (probably a Class 0), C2
contains a high-luminosity YSO (probably a Class I) with a
high accretion rate, C3 contains an UC H ii region, and C4 con-
tains a YSO probably of Class 0. All these massive YSOs have
methanol maser emission at 6.7 GHz. According to Breen et al.
(2010), this maser emission indicates an age 5⇥104 yr for the
YSOs. We cannot determine the dynamical age of the bipolar
H ii region accurately because appropriate models are missing,
but we can estimate a lower limit for its age. The waist of the H ii
region has a diameter of 1.44 pc (maximum size in the parental
structure). An H ii region of radius 0.72 pc, which is excited by
an O5V – O6V star (NLyc=1049), and is evolving in a homo-
geneous medium of density 104 H2 cm�3 (a reasonable density
for the parental structure) has an age ⇠170 000 yr (according to
the evolution of an H ii region described by Dyson & Williams
1997). A bipolar H ii region should expand more slowly in the
plane of the parental structure than a spherical H ii region. A
fraction of the ionized gas flows away from the dense central
region towards the lobes, reducing the pressure of the ionized
gas in the central region. The bipolar H ii region is most proba-
bly older than 170 000 yr, hence much older than the Class 0/I
YSOs located in the clumps at its waist.
• The C1 to C5 clumps form a single structure: a dense half

shell encircling the waist of the nebula. The probability that these
clumps were pre-existing structures distributed along a ring and
simultaneously reached by the expanding IF is very low. We ar-
gue that their formation results from the interaction of the H ii
region with the dense surrounding material. Under the assump-
tion that triggering is indeed taking place, there are two alter-
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L. Deharveng et al.: Bipolar nebulae

Fig. 27. Morphology of G319.88+00.79. The ionized material appears
in pink, the neutral one in blue. We do not know the extent of the molec-
ular material at the back of the nebula.
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signatures of triggering follow.
•An incomplete shell of dense molecular material surrounds

the ionized region at its waist. It is fragmented, and the five
fragments are massive (several hundreds of solar masses). The
shape of the PDR shows the interaction of the high-pressure ion-
ized gas with the surrounding molecular material: the ionized
gas tries to escape from the central H ii region via low density
zones present between the dense fragments (Fig. 16).
• Each of the fragments contains at least one embedded
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MYSO in an early stage of evolution (probably a Class 0), C2
contains a high-luminosity YSO (probably a Class I) with a
high accretion rate, C3 contains an UC H ii region, and C4 con-
tains a YSO probably of Class 0. All these massive YSOs have
methanol maser emission at 6.7 GHz. According to Breen et al.
(2010), this maser emission indicates an age 5⇥104 yr for the
YSOs. We cannot determine the dynamical age of the bipolar
H ii region accurately because appropriate models are missing,
but we can estimate a lower limit for its age. The waist of the H ii
region has a diameter of 1.44 pc (maximum size in the parental
structure). An H ii region of radius 0.72 pc, which is excited by
an O5V – O6V star (NLyc=1049), and is evolving in a homo-
geneous medium of density 104 H2 cm�3 (a reasonable density
for the parental structure) has an age ⇠170 000 yr (according to
the evolution of an H ii region described by Dyson & Williams
1997). A bipolar H ii region should expand more slowly in the
plane of the parental structure than a spherical H ii region. A
fraction of the ionized gas flows away from the dense central
region towards the lobes, reducing the pressure of the ionized
gas in the central region. The bipolar H ii region is most proba-
bly older than 170 000 yr, hence much older than the Class 0/I
YSOs located in the clumps at its waist.
• The C1 to C5 clumps form a single structure: a dense half

shell encircling the waist of the nebula. The probability that these
clumps were pre-existing structures distributed along a ring and
simultaneously reached by the expanding IF is very low. We ar-
gue that their formation results from the interaction of the H ii
region with the dense surrounding material. Under the assump-
tion that triggering is indeed taking place, there are two alter-
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Volatile depletion in the TW Hydrae disk atmosphere 
Fujun Du et al.

• TWHya円盤のガス質量の差異 

• ~0.005M⦿ (CO等) 

• >0.05M⦿ (HD [Bergin+2013]) 

• 円盤表層からCOやH2Oが減少したと
考えて解釈する 

• C/Oの主な担い手 

• 円盤構造を与えてシミュレーション 

• thermo-chemical + radiative transfer code 
[Du&Bergin+2014] 

• 温度構造を計算し静水圧平衡を仮定 

• C/Oのabundanceを変化させる
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Fig. 1.— Distribution of disk physical parameters
used in the models. (a): gas density distribution
in the two models. (b): gas temperature distri-
bution in the model in which the oxygen and car-
bon abundances are changed; for the model with
full oxygen and carbon abundances, the gas tem-
perature distribution is slightly di↵erent due to
changes in the heating and cooling rates of oxygen-
and carbon- bearing species. (c) and (d): distribu-
tion of oxygen and carbon abundances relative to
hydrogen nuclei in the model in which their abun-
dances are changed.

out elemental depletion consistently over-predicts
the line intensities of CO, water, and a few other
species for TW Hya, while the model with depleted
oxygen and carbon abundances matches the ob-
servational data. There are a few lines that most
clearly require oxygen and carbon to be depleted
in the atmosphere of the outer disk, including the
O i 63 µm, the CO and C18O low-J lines, and all
the water ground state lines.

Fig. 3.— Fitting to the Spitzer/IRS H2O and
OH lines. The Spitzer spectrum (in gray) is from
Zhang et al. (2013).

In both models, the water 110 � 101, 111 � 000,
and 212 � 101 lines originate from &20 AU, well
beyond the water snow line. Gas phase wa-
ter molecules in this region are mainly produced
through photodesorption of water ice (Bergin et al.
2010; Hogerheijde et al. 2011; Kamp et al. 2013),
with their rates established by experiment (Öberg
et al. 2009). A normal oxygen abundance in the
outer disk over-predicts their intensities by more
than one order of magnitude. The situation is
similar for the CO and C18O low-J lines (see
also Favre et al. 2013). The O i and C ii lines
mainly originate from near the water snow line
at r . 4 AU in the model with reduced oxygen
and carbon abundances, coincident with where the
water infrared lines originate (Zhang et al. 2013).
With normal oxygen and carbon abundances, ad-
ditional contribution to the emission arises in gas
out to 10 – 20 AU, which make them too strong,
by a factor of 5 in the case of O i. We note that
a deficit of elemental carbon in the disk atmo-
sphere has been suggested for the Herbig Be star
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• high-J/回転振動COを説明する
為、snowlineに向けて
abundanceを徐々に増やす 

• J-10-9,23-22のCOの説明に
は、10AUより内側でISMx10の
abundanceが必要

Fig. 2.— Ratios between the modeled and observed intensities for a selection of lines. Red dot: with full
oxygen and carbon abundances; blue rectangle: with depleted oxygen and carbon abundances. The arrows
mean that the observed values are upper limits. The relative measurement error of the observational data
is usually much less than 50%. For the detected lines, a perfect fit would land on the dashed line.

4

=>full modelよりも観測を良く再現

• 表層でのC/O depletionの要因 =>ダストへの吸着と沈殿 
• 成長/沈殿によりUV desorption/dissociationを逃れる 

• TWHyaはturbulenceが弱くmixing起きにくい 

• ダストはmigrationによって内側へ 
• 内側でのabundance上昇 

• C/O richな微惑星



Star formation scales and efficiency in Galactic spiral arms 
D.J. Eden et al.
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2Astrophysics Research Institute, Liverpool John Moores University, IC2, Liverpool Science Park, 146 Brownlow Hill, Liverpool L3 5RF
3Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, 53121 Bonn, Germany
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ABSTRACT

We positionally match a sample of infrared-selected young stellar objects (YSOs), iden-
tified by combining the Spitzer GLIMPSE, WISE and Herschel Space Observatory Hi-GAL
surveys, to the dense clumps identified in the millimetre continuum by the Bolocam Galactic
Plane Survey in two Galactic lines of sight centred towards l = 30◦ and l = 40◦. We calcu-
late the ratio of infrared luminosity, LIR, to the mass of the clump, Mclump, in a variety of
Galactic environments and find it to be somewhat enhanced in spiral arms compared to the
interarm regions when averaged over kiloparsec scales. We find no compelling evidence that
these changes are due to the mechanical influence of the spiral arm on the star-formation
efficiency rather than, e.g., different gradients in the star-formation rate due to patchy or in-
termittent star formation, or local variations that are not averaged out due to small source
samples. The largest variation in LIR/Mclump is found in individual clump values, which fol-
low a log-normal distribution and have a range of over three orders of magnitude. This spread
is intrinsic as no dependence of LIR/Mclump with Mclump was found. No difference was
found in the luminosity distribution of sources in the arm and interarm samples and a strong
linear correlation was found between LIR and Mclump.

Key words:
stars: formation – Galaxy: structure – infrared: ISM – radio continuum: ISM

1 INTRODUCTION

It is clear from many images of “grand design” spiral galax-
ies that star formation and spiral arm topology are closely inter-
linked. However, the precise relationship between the physics of
the spiral arms and the nature of their ensuing star formation is
not yet clear. The influence on the spiral arms could either be
that they are triggering one, or more, of the main evolutionary
stages of star formation (Roberts 1969), or are organising fea-
tures for the star-forming material (Elmegreen & Elmegreen 1986;
Vogel, Kulkarni, & Scoville 1988). The main stages of star forma-
tion are represented by: the conversion of atomic gas to molecu-
lar clouds, molecular clouds with internal dense clumps and the
clumps forming cores from which the single stars form.

The evidence of the first of these potential influences
is ambiguous. Increases in the efficiency of cloud formation
from the neutral interstellar medium have been both observed

⋆ E-mail: david.eden@astro.unistra.fr

(Heyer & Terebey 1998) and predicted (Dobbs, Bonnell, & Pringle
2006) but the results of Foyle et al. (2010) contradict this. They
find no increase in that efficiency, or the star-formation efficiency
(SFE) in or out of the spiral arms of two spiral galaxies, NGC
628 and NGC 5194. There is also no observed difference in the
fraction of the total molecular gas mass in the form of dense, star-
forming clumps within clouds located in and out of spiral arms in
the Milky Way, when averaged over kiloparsec scales (Eden et al.
2012, 2013). There are, however, large cloud-to-cloud variations
in the dense-clump fraction. There are large increases in the star-
formation-rate density (ΣSFR in units of M⊙ yr−1 kpc−2) by fac-
tors of between ∼ 3 and ∼ 30 associated with spiral arms in the
Galaxy. However, no more than 30 per cent of this results from in-
creases in the integrated luminosity of the YSOs per unit molecular
gas mass, while the rest is due to source crowding. Further, much
of the residual increase in L/M can be ascribed to the inclusion
of extreme star-forming complexes such as W49 and W51 in the
samples (Moore et al. 2012).

This source crowding suggests that the dominant effect

c⃝ 2015 RAS



The distribution of deuterated formaldehyde within Orion-KL 
C. Favre et al.
• Orion KLのD化物の調査 

• hot coreの初期低温状態の情報 

• 分子毎にD/H比が異なる 

• Herschel HEXOS key programの発展でSMA
の観測を行う 

• H2CO,HDCOに着目 

• grain surface reaction:メタノール生成仮定の中間 

• warm (50K) gas-phase reaction: CH2D+から生成される 

• SMA観測 

• 空間分解能~3”、速度分解能~1.2km/s 

• HDCOの2輝線、paraH213COの2輝線を観測

Fig. 1.— Continuum emission maps obtained at 213 GHz (grey scale, USB band) and at 198 GHz (black,
LSB band) toward Orion–KL as measured with the SMA. The first contour and the level step are at 3σ
(where 1σ=0.132 Jy beam−1). The synthesized beams are 3.2′′× 2.8′′(P.A. = 26.7◦) and 3.5′′× 3.01′′(P.A.
= 32.7◦) at 207 GHz and 198 GHz, respectively. Blue crosses mark the positions of the four main continuum
sources derived from Gaussian fits in the (u, v) plane (198 GHz dataset, LSB band). These sources are the
Hot core (αJ2000 = 05h35m14.s537, δJ2000 = -05◦22′31.′′600), the Compact Ridge (αJ2000 = 05h35m14.s132,
δJ2000 = -05◦22′36.′′462), the North Compact Ridge (αJ2000 = 05h35m14.s144, δJ2000 = -05◦22′29.′′295) and
the South Compact Ridge (αJ2000 = 05h35m14.s019, δJ2000 = -05◦22′44.′′212).
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• 4つのHDCOピークを検出 

• dF4以外はH213COも付随 

• D化メタノールと分布の違
いがある

Fig. 2.— Formaldehyde integrated emission maps from vLSR=6.5 km s−1 to vLSR=10.0 km s−1. Red crosses
indicate the position of the regions dF1 to dF4. Black crosses indicate the positions of the radio source I
(αJ2000 = 05h35m14.s5141, δJ2000 = -05◦22′30.′′575) and the IR source n (αJ2000 = 05h35m14.s3571, δJ2000 =
-05◦22′32.′′719) (Goddi et al. 2011b). Top: HDCO emission at 193391.6 MHz (left panel) and 193907.5 MHz
(right panel). Bottom left: H13

2 CO emission at 212811.2 MHz. The first contour is at 5σ and the level step
at 1σ (where σ=0.27 and 0.44 Jy beam−1 km s−1 for HDCO and H13

2 CO, respectively). Bottom right: same
as the top left panel, expect for deuterated methanol emission peaks (in yellow) identified by Peng et al.
(2012) are indicated.
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• optically thin, LTEを仮定して、Texと柱 

密度およびD/Hを導出 

• Texはhot coreで大きい 

• D/Hは南側のridgeで大きい 

• D/H比はメタノールより一桁大きい 

• ホルムアルデヒド放射の起源と生成 

• OrionBarとH2CO/CH3OHを比較  
->数桁小さく光解離によるH2CO形成はメインではない 

• ホルムアルデヒド-メタノールでのD/H比の違い 

• ダスト表面反応であれば同程度になるはずだが観測結果は違う 

• hot gas-phase deuterium chemistry in colder gas 

• 70-100K程度でCH3
++HD <-> CH2D+H2+ΔEがactiveに 

• coldなガス内でホルムアルデヒドが生成される (D化物の増加)

Fig. 5.— Top: H13
2 CO excitation temperature map toward Orion-KL. Bottom: D/H ratio for formaldehyde

within Orion–KL.
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