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[CI]とは？



炭素原子輝線：[CI]
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Too high energy
• 電子基底（最安定な3P状態）はさ
らに3準位微細構造系に分裂。 

• 3準位ゆえにモデル化が簡単 
→ LTEと背景温度を仮定すれ
ば、Texとτ(CI)が求まる。 

• 周波数的に、ALMAでhigh-z天体
を観測するのに適している。
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[CI]輝線の励起を解く under LTE
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：submm/FIRなのでRJ近似は不可• ただし、

• また、LTE条件下では励起温度Texは1-0と2-1遷移で共通。τも
互いに独立ではなく、励起温度の関数として決まる。

⌧ul =
c2�(⌫)

8⇡⌫2ul
NlAul

gu
gl

(1� exp(� h⌫ul
kT

ex

))

19
88
Ap
J.
..
33
5.
.7
74
Z

Tex [K]0 50 150 200
0τ

(2
-1
)/
τ
(1
-0
)

1

2

• 以上を使うと全部解ける。

Zmuidzinas et al. 1988, ApJ, 335, 774



分子ガス質量のトレーサーとしての[CI]

• 予想に反して[CI]は分子雲のどこからでも出ている。 

• その分布はoptically-thinな13COと（ほぼ）完璧に一致。 

• しかも、X(CI)/X(CO) abundance比も一様なようだ。 

• その原因は…？



分子ガス質量のトレーサー
• 空間分解した測定： 
 - 位置の関数として柱密度を測定し、対象領域で積分 

• 一般的な水素分子柱密度のトレーサーとしては、 
 - ダスト放射：○ 化学組成、励起に依存しない。× emissivity/
opacityがwell-determinedである必要、速度場の情報が得られない、
ダスト温度の精密測定が必要。 
 - 13CO：○ 速度場の測定も可能（複数成分への分離が容易）、ダス
トの詳細な性質が不要。× 化学組成、励起に敏感。 

• [CI]はどうなのか？ 
 - 期待すること：Classical PDR（homogeneous, steady-state 
chemistry）の観点では、分子が解離されるlow-Av領域をトレースし
ているはず。。
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観測と理論の両面から[CI]の有用性に迫るべきだが、 
いかんせん系外銀河での（高分解能）imaging例は皆無。。



系内天体観測からの示唆：空間分布(1)

• [CI]と13COは基本的に同じ分布
をしている 。 
(e.g., Ikeda et al. 1999, ApJ, 527, L59; 
Plume et al. 2000, ApJ, 539, L133; 
Ojha et al. 2001, ApJ, 548, 253) 

• しかも分子雲にubiquitous。 
(e.g., Schilke et al. 1995; Kramer et al. 
2008, A&A, 547, 555; Tatematsu et al. 
1999, ApJ, 526, 295)

L134 13CO J p 5 r 4 AND [C i] MAPPING OF ORION A Vol. 539

Fig. 1.—Observations and modeling results of the Orion A molecular cloud. Offsets are given with respect to the central position defined as ,h m sa p 5 35 14.5
(J2000). Ovals in the bottom right-hand corner of each panel indicate the beam size. A detailed description of each panel is as follows. (a) The′ ′′d p !5!2237

integrated intensity ( ) of the [C i] emission as observed by SWAS. (b) The 13CO emission as observed by FCRAO. (c) The 13CO∗ 3 3T dV P r P J p 1 r 0∫ A 1 0
emission as observed by SWAS. (d) Map of the gas kinetic temperature as determined by fitting the 13CO and observations toJ p 5 r 4 J p 1 r 0 J p 5 r 4

LVG models (see § 4.1). The five boxes indicate the regions where spectra were co-added in order to produce higher signal-to-noise ratio 13CO spectra.J p 5 r 4
(e) Map of the 13CO column density as determined from the LVG model fits.

order baselines subtracted. It is immediately apparent that, over
large scales, the [C i] emission is extended andmorphologically
similar to the low-J 13CO emission, a phenomenon that has
been noted in other giant molecular clouds with nearby UV
sources (Plume et al. 1999; Plume, Jaffe, & Keene 1994; Ikeda
et al. 1999). The [C i] and 13CO maps show theJ p 1 r 0
familiar integral-shaped filament (Bally et al. 1987), while the
13CO emission is considerably less extended thanJ p 5 r 4
the [C i] and the 13CO emission. North ofJ p 1 r 0 Dd p

, the 13CO emission morphology is similar to′!10 J p 5 r 4
that of the other two tracers. To the south, however, the 13CO

emission falls below detectable values. This sug-J p 5 r 4
gests that the excitation conditions are considerably different
in the southern part of the Orion A cloud (see § 4.1).
[C i] emission in the Orion A cloud has recently been mapped

by the Mount Fuji telescope (Ikeda et al. 1999) with similar
resolution. Comparing our [C i] and 13CO integratedJ p 1 r 0
intensities, we find a correlation that is almost identical to that
reported by Ikeda et al. (1999) and that is similar to those reported
between [C i] and 13CO (Tauber et al. 1995; PlumeJ p 2 r 1
et al. 1999). In contrast, there is only a very weak correlation
between the [C i] and 13CO integrated intensities.J p 5 r 4
In the region south of we selected five separate′Dd p !20

regions (the five boxes in Figs. 1d and 1e) that follow the 13CO
emission. To improve the signal-to-noise ratio weJ p 1 r 0

then averaged all 13CO spectra falling within eachJ p 5 r 4
of these regions. Although no individual spectrum in these

regions shows detectable 13CO emission, the co-J p 5 r 4
added spectra clearly show emission at this frequency. Fig-
ure 2 shows [C i], 13CO , and spectraJ p 1 r 0 J p 5 r 4
from three representative positions in the Orion A cloud. The
peak [C i] and 13CO antenna temperatures ( ) are∗J p 5 r 4 TA
6.5 and 15.4 K, respectively. The average line widths (FWHM)
are 2.4 and 2.7 km s!1 for [C i] and 13CO , respec-J p 5 r 4
tively. Channel maps of the [C i] line clearly show that there
is a large-scale velocity gradient in the cloud with LSR velocites
ranging from ∼7 km s!1 in the south to ∼12 km s!1 in the
north. The gradient in the [C i] line is similar to that noted
from low-J 12CO and 13CO maps of the region (Heyer et al.
1992; Bally et al. 1987; Kutner et al. 1977).

4. DISCUSSION

4.1. Large-scale Physical Conditions
To determine the physical conditions in the Orion A molec-

ular cloud we used a large velocity gradient (LVG) code to
solve the coupled equations of radiative transfer and statistical
equilibrium. We created a grid of LVG models with 20 column
densities per unit velocity interval ( 14N/DV p 5# 10 –5#

cm!2 (km s!1)!1 and 10 values of the kinetic temperature1710
( K). We selected a constant density ofT p 10–100 n pkin

cm!3 based on the large-scale observations of CS410 J p
(Tatematsu et al. 1993) and (Tatematsu et al.1 r 0 J p 2 r 1

1998). Then, for each position in Orion A for which we have

[CI](1-0) 13CO(1-0) 13CO(5-4)

Plume et al. 2000, ApJ, 539, L133

Ori-A



系内天体観測からの示唆：空間分布(2)

• IRDCからも、[CI]放射は強くでている。 
→ Classical-PDRの適用は難しそう。 

• またしても13CO（やC18O）とほぼ同様の
空間分布。

A&A 571, A53 (2014)

Fig. 2. G11.11: the color scale shows integrated intensity images of the transitions marked above each panel. Integration regimes are [27, 33] km s−1,
[27, 33] km s−1, [29, 31] km s−1, [24, 38] km s−1 and [24, 36] km s−1 for C18O(2−1), [CI], [CII], 12CO(3−2) and 13CO(2−1), respectively. Except
for [CII], the corresponding black contours start from 15% and continue in 10% steps of the peak emission in each map. The peak values are 7.8,
19.9, 37.1 and 21.2 K km s−1, respectively. The [CII] contours start at 3σ and continue in 1σ steps of 0.8 K km s−1. The white contours always
show the ATLASGAL 870 µm continuum image starting at a 3σ level of 0.15 Jy beam−1 and continue in 4σ steps. The bottom-left of each panel
shows the beam of the line data whereas the bottom-right shows the continuum beam size. The three markers in the [CII] panel show the positions
of 70 µm sources, and the top-left panel also shows a linear scale-bar.

and most obvious outcome for G11.11 is that the molecular
C18O and atomic carbon emission do trace the high-column den-
sity gas probed by the 870µm continuum emission well. While
the C18O(2–1) emission follows closely the dust continuum, the
atomic [CI] emission appears a bit more extended. In contrast
to these two tracers, the ionized carbon [CII] emission remains
a non-detection in our data. Towards the dust continuum, we do
not detect any [CII] at all, but a few very weak features are ten-
tatively identified at the cloud edges. However, none of these
integrated emission edge features are above 6σ, and analyzing
individual spectra at these position, we cannot confirm them ei-
ther. Hence, at the given sensitivity, our [CII] observations to-
ward G11.11 are a non-detection, even after averaging all spectra
over the entire region.

Figure 2 also shows the 12CO(3–2) emission from APEX
and the 13CO(2–1) emission from the IRAM30 m telescope.
However, both trace the dense gas emission outlined by the dust
continuum worse than the C18O(2–1). This is mainly due to the
larger optical depth of these isotopologues. For the remainder of
the analysis, we therefore focus on the C18O(2–1) data because
of its low optical depth.

Figure 3 presents the averaged spectra over the entire region
of emission in Fig. 2 for C18O(2–1), 13CO(2–1) and [CI]. While
the line shape does vary significantly between the different
species, the line width measured as full width half maximum is
similar for [CI] and 13CO(2–1) (∆v = 4.0 and 3.8 km s−1, respec-
tively), whereas it is narrower for C18O(2–1) (∆v = 2.4 km s−1).
Since 13CO and [CI] trace larger volumes than C18O, this

A53, page 4 of 15

Beuther et al. 2014, A&A, 571, 53

IRDC: G11.11

H. Beuther et al.: Different phases of carbon in IRDCs

Fig. 7. G48.66: the color scale shows from left to right the emission from C18O(2–1), [CI] and [CII], respectively. The integration ranges for
C18O(2–1) and [CI] are [32.0; 35.0] and [32.0; 35.5] km s−1. The integration ranges for [CII] are marked in the 2 right panels. The contours always
show the ATLASGAL 870 µm emission starting at 3σ level of 150 mJy beam−1 and continuing in 3σ steps. The white markers in the 3rd panel
mark the positions of 70 µm sources.

without any clear association with the infrared dark filament.
Interestingly, two strong [CII] emission features lie southeast
and northwest of the central peak in the filament in the direction
of the two outflow lobes discussed in Fallscheer et al. (2009).
While this is not conclusive, there is the possibility that these
[CII] emission features could be partly related to the outflow
from the embedded young protostar.

4.1.4. IRDC 18454

The fourth region in our sample, IRDC 18454, is in the direct
vicinity of the Galactic mini-starburst W43. Figure 14 presents
the 70µm emission of the region, and while W43 at the western
edge is very bright in the far-infrared, our regions of interest are
either faint at 70 µm or they even show dark absorption patches.

Another intriguing aspect of this region at the interface of the
Galactic bar with the inner spiral arm, is the velocity structure.
Toward this region, all observed spectral lines exhibit 2 spec-
tral components, one centered at approximately 100 km s−1 and
the second at ∼50 km s−1 (Fig. 16). This is not just observed in
the carbon tracers shown here, but also in dense gas tracers like
N2H+ or NH3 (e.g., Nguyen Luong et al. 2011; Beuther et al.
2012). Also Galactic surveys of radio recombination lines show
a large fraction of multiple components in this part of the Galaxy
(Anderson et al. 2011). These different components could be
caused by two independent clouds in different spiral arms (e.g.,
Nguyen Luong et al. 2011), via colliding gas flows (e.g., Carlhoff
et al. 2013), or by potential cloud-cloud interaction in the inter-
face between the Galactic bar and the inner Scutum spiral arm
(e.g., Beuther et al. 2012). For a detailed discussion about this
IRDC, the influence of the neighboring W43 mini-starburst and
the multiple velocity components see Beuther et al. (2012).

Independent of the interpretation of the different velocity
components, the velocity spread of each individual component
is very broad, for the high-velocity component it ranges from
approximately 65 to 140 km s−1, and these velocities are all spa-
tially connected (Nguyen Luong et al. 2011). Because of the
complex structure of the spectra, we do not report FWHM val-
ues for this region. Figure 15 presents emission of the two com-
ponents integrated over a broad part of their spectra. In Beuther
et al. (2012), it is argued that the two velocity components appear

spatially interacting. In the new carbon data, this is best visible in
the atomic phase where the 50 km s−1 occupies the eastern part
and the 100 km s−1 mainly the western part of the observed re-
gion. In the ionized carbon [CII], the 50 km s−1 emission is com-
parably very strong, however, the spatial separation of both com-
ponents is less obvious. In contrast to that, the C18O(2–1) emis-
sion shows in general a similar structure as the atomic carbon
[CI] with the main difference that the 50 km s−1 appears less ex-
tended in the molecular gas. This is consistent with the observa-
tions of the other sources where we also saw a general tendency
that the molecular C18O(2–1) emission is the most compact.

4.2. Carbon phases versus hydrogen distributions

In order to quantitatively compare the distribution of the differ-
ent carbon phases with the molecular gas of these regions, we
constructed dust temperature and column density maps using the
Herschel data obtained for the Earliest Phases of Star Formation
key program (Ragan et al. 2012). We used PACS data at 100 and
160µm and SPIRE data at 250, 350 and 500µm. First all maps
were convolved to the SPIRE 500µm resolution then mapped to
identical grids. The spectral energy distribution (SED) at each
pixel was fit employing the hierarchical Bayesian-fitting algo-
rithm described in Kelly et al. (2012), which makes the assump-
tion that the SED is well-fit by a modified Planck function as
follows:

S ν = ΩN κ0
( ν
ν0

)β
Bν(Td) (1)

where Ω is the solid angle of the observation, N is the column
density, Bν(T ) is the Planck function, which is evaluated at the
dust temperature, Td, and κ0(ν/ν0)β is the dust opacity. We as-
sumed a κ0 of 0.006 cm2 g−1 at 1.3 mm wavelengths (Ossenkopf
& Henning 1994), which includes an assumed dust-to-gas ratio
of 150 (Draine 2011). The algorithm fits for N, Td and β. For
the plots, we also show the equivalent AV computed from the
relation NH2 = 0.95 × 1021 cm−2 (AV / mag).

For the comparison, we used the integrated intensity maps
of C18O(2–1), [CI] and [CII] for the four regions with the ve-
locity regimes presented in Figs. 2, 7, 11 and 15. These images

A53, page 7 of 15
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系内天体観測からの示唆：空間分布(3)

• [CI](1-0)/12CO(3-2)比は場
所ごとに違う（Ori-Aの場合
は南北のgradient） 
→ Ori-Aに付随するTkinの南
北gradientを反映して、τ(CI)
が変化していることを反映？

No. 1, 1999 IKEDA ET AL. L61

Fig. 2.—(a) Ratio of to . The contourT (C i)dv T [CO (J = 3–2)] dv∫ ∫MB MB
levels range from 0.1 to 0.9 with intervals of 0.2. (b) Ratio of toT (C i)dv∫ MB

. The contour levels range from 0.3 to 0.9 with in-13T [ CO (J = 1–0)] dv∫ MB
tervals of 0.2. The 13CO ( ) data was obtained from Bally et al. (1987).J = 1–0
The velocity range integrated was from 3 to 13 km s!1 for all lines.

Fig. 3.—Intensities of C i integrated over 1 km s!1 bins running from 3 to
13 km s!1 are plotted against those of 13CO ( ). The 13CO ( )J = 1–0 J = 1–0
data is obtained from Bally et al. (1987). The dashed lines show 3 j levels.
The thick solid lines denote linear fits to the data. The data correspond to
(a) the whole region of the Orion A cloud and (b) the L1641S region (below
declination !7!.4).

TABLE 1
Typical Line Parameters of C i and CO (J = 3–2) and Column Densities of C i

Position

TMB
(K)

Dv
(km s!1)

T dv∫ MB
(K km s!1) Texb N(C i) N(CO)c

Source (Da, Dd)a C i CO C i CO C i CO (K) t(C i) (#1017 cm!2) (#1017 cm!2) N(C i)/N(CO)

Orion-KL . . . . . . (0, 0) 9.1 67.8 4.4 5.8 46 475 65.0 0.2 6.2 123 0.05
L1641-N . . . . . . . (15!, !60!) 7.2 15.0 3.3 5.0 25 85 21.6 0.9 3.2 31 0.10
L1641-C . . . . . . . (51!, !102!) 5.4 6.0 2.2 3.7 14.1 25 15.9 1.5 2.1 9.8 0.21
L1641-S4 . . . . . . (90!, !165!) 3.6 3.8 3.2 2.8 13.8 11.4 16.0 0.7 2.0 14.4 0.14

a Offsets are relative to the central position (a, d)1950 = (05h32m46s.5, !05!24!28").
b Taken from Nagahama et al. (1998): Tex for Orion-KL is taken from their Fig. 5 and for other positions from their Table 2.
c The column density of CO is calculated from the 13CO ( ) data (Bally et al. 1987) assuming that CO/13CO is 60 (Langer & Penzias 1993).J = 1–0

served gradient suggests that t(C i) increases from the northern
to the southern parts. The C i optical depth depends on the
excitation temperature and on the column density N(C i). The
gas kinetic temperature is known to have a spatial gradient,
from 60 K at Orion-KL to ∼15 K at the southern end of L1641
(Tatematsu & Wilson 1998). If we assume the LTE condition,
the C i optical depth increases by a factor of 6 from north to
south with a fixed column density. Thus, the optical depth
gradient is likely to reflect the temperature gradient, although
a gradient in the C i /CO abundance ratio cannot be ruled out
completely.

5. CORRELATION BETWEEN C i AND 13CO ( )J = 1–0

Figure 2b shows a map of the integrated intensity ratio of
C i/13CO ( ), where the 13CO ( ) data were takenJ = 1–0 J = 1–0
from Bally et al. (1987). No systematic gradient is seen in this
map. If we assume that the 13CO ( ) line is opticallyJ = 1–0
thin for the entire cloud, the C i/13CO ( ) integratedJ = 1–0
intensity ratio approximately expresses the optical depth ratio
t(C i)/t(13CO). Since the column density ratio N(C i)/N(CO)
is proportional to the optical depth ratio at a given temperature,
our result may suggest an almost uniform N(C i)/N(CO) ratio
from north to south along the cloud regardless of the strength
of the UV field. In order to confirm this, we derived the column
densities of C i and CO under the LTE condition toward several
representative positions as shown in Table 1 and find that the
N(C i)/N(CO) ratio remains almost constant. However, the ratio
along the ridge of the filament tends to be slightly lower than
toward the edges. This trend is particularly clear in the -shaped∫

filament and similar to that reported by Plume et al. (1999) for
much smaller regions toward W3, NGC 2024, S140, and Ce-
pheus A.
Figure 2b also suggests that the integrated intensity of C i

correlates well with that of 13CO ( ). A correlation be-J = 1–0
tween C i and 13CO ( ) intensity has previously beenJ = 2–1
suggested by Tauber et al. (1995) and Tatematsu et al. (1999)
toward small portions of the Orion A cloud. Our results show
that this correlation holds over an almost entire region of the
Orion A cloud. In order to investigate this in detail, we prepared
a correlation diagram by integrating the intensities over the
1 km s!1 velocity width for the whole Orion A cloud (Fig. 3a)
and the southern region of the cloud (Fig. 3b). The 13CO
( ) data were smoothed to a 3! grid for comparison withJ = 1–0
our C i data. The C i intensity has an offset at zero intensity
from 13CO ( ) and increases almost linearly as the 13COJ = 1–0
( ) intensity increases. We least-square fitted the follow-J = 1–0
ing equations: ,T (C i)dv = A T [CO(J = 1–0)] dv " B∫ ∫MB MB

Ikeda et al. 1999, ApJ, 527, L59

[CI](1-0)/12CO(3-2) [CI](1-0)/13CO(1-0)
Tkin

τ(CI)?

• [CI](1-0)/13CO(1-0)比はほぼ一様！ 
→ [CI]と13COは同程度のopacity、かつabundance比がほぼ一様であ 
ることを示唆。

• C+/C/COとlayerに分かれるclassical-PDRの描像とは矛盾？



High-z天体の観測例：[CI]のabundance
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Figure 7. Left: C i(2–1) spectrum of APM 08279+5255; the line is not detected.

S234 GHz = 2.0 ± 0.22 mJy (Figure 6, right), in good agreement
with the extrapolation from the SCUBA measurement (and con-
sistent with the estimate of Tacconi et al. 2006, of S233 GHz =
1.5 ± 0.5 mJy, their Table 1).

3.2. 30 m Observations

We have observed both the C i(1–0) and C i(2–1) emission in
six additional sources, four quasars and two SMGs. All fitted
parameters and line fluxes are summarized in Table 3. In the
following we briefly discuss the individual sources.

3.2.1. APM 08279+5255

This source is one of the (apparently) brightest sources known
to date, with a submillimeter flux of S850 µm = 75 ± 4 mJy
(Lewis et al. 1998). The first CO detections by Downes et al.
(1999, J = 4, J = 9) already indicated the extreme excitation
conditions of the molecular gas (studied in detail in Weiß et
al. 2007a). One of the explanations for its apparent brightness
and extreme excitation is that the lensing geometry is such that
the central 100 pc of this source is magnified by a large factor
(µ = 60–100; Weiß et al. 2007, see also Egami et al. 2000).9
The C i(1–0) line has been detected by Wagg et al. (2006). The
source is not detected in C i(2–1) emission with an upper limit
of 1 Jy km s−1 (Figure 7, left; upper limits are given in Table 3).

9 We note that Riechers et al. (2009a) derived a magnification factor of only
∼4 for the molecular gas phase.

Figure 8. Left: C i(1–0) spectrum of RX J0911+0551. Right: C i(2–1) spectrum of RX J0911+0551. See Table 3 for respective fluxes and noise.

Figure 9. C i upper limits for BRI 1335–0417. Left: C i(1–0) observations. Right: C i(2–1) observations including the adjacent CO(7–6) line. The arrows in both panels
indicate the expected central position of the C i lines.
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High-z天体の観測例：[CI]のabundance
• 励起温度は Tex ~ 30K：近傍銀河と同程度 

• Fractional abundanceは X(CI)/X(H2) ~ 8×10-5 程度でほぼ一定 

• See also, Weis et al. 2005, A&A, 429, L25; Alaghband-Zadeh et al. 2013, 
MNRAS, 435, 1493

Walter et al. 2011, ApJ, 730, 18

The Astrophysical Journal, 730:18 (14pp), 2011 March 20 Walter et al.

Figure 14. Left: L′
C i(1−0)/L

′
CO(3−2) ratio as a function of the cooling contribution of C i (LC i/LFIR). Right: same L′

C i(1−0)/L
′
CO(3−2) ratio, this time plotted as a

function of LC i/L850 µm to take out the FIR luminosity dependence on the assumed dust temperatures. SMGs are plotted as circles, QSOs as stars in both panels.

Table 6
Derived Physical Properties

Source Tex
a MC i MH2 X[C i]/X[H2] LC i(1−0)/LFIR L′

C i(1−0)/L′
CO(3−2) L′

C i(2−1)/L′
C i(1−0)

(K) (107 M⊙) (1010 M⊙) 10−5 10−6

SMMJ02399-0136 21.6 ± 6.3 2.0 ± 0.2 4.0 ± 0.5 8.1 ± 1.4 10 ± 4 0.30 ± 0.05 0.35 ± 0.18
APM08279+5255 30.00 0.050 ± 0.007 0.154 ± 0.014 5.4 ± 0.9 1.3 ± 0.6 0.21 ± 0.03 <0.44
RXJ0911+0551 23.5 ± 3.0 0.26 ± 0.04 0.32 ± 0.04 14 ± 3 4.2 ± 1.8 0.52 ± 0.10 0.41 ± 0.08
F10214 42.0 ± 10.9 0.36 ± 0.06 0.95 ± 0.18 6.4 ± 1.7 1.4 ± 0.6 0.24 ± 0.06 0.8 ± 0.2
SDSSJ1148+5251 30.00 . . . 2.2 ± 0.5 . . . . . . . . . . . .

SMMJ123549+6215 30.00 1.8 ± 0.3 3.4 ± 0.4 9 ± 2 12 ± 5 0.34 ± 0.08 <0.34
GN20.2 30.00 . . . 3.0 ± 1.2 . . . . . . . . . . . .

GN20 30.00 . . . 4.7 ± 0.6 . . . . . . . . . . . .

BRI1335-0417 30.00 <11 6.8 ± 1.4 <28 <13 <1.1 <0.13
SMMJ14011+0252 32.4 ± 5.2 0.15 ± 0.03 0.31 ± 0.03 8.2 ± 1.6 14 ± 6 0.32 ± 0.06 0.64 ± 0.12
Cloverleaf 26.7 ± 3.0 0.76 ± 0.12 3.32 ± 0.05 3.8 ± 0.6 2.9 ± 1.3 0.15 ± 0.02 0.49 ± 0.08
SMMJ16359+6612 26.2 ± 4.0 0.16 ± 0.03 0.34 ± 0.02 7.8 ± 1.5 12 ± 5 0.30 ± 0.06 0.48 ± 0.11
SMMJ163650+4057 30.00 <1.4 3.9 ± 0.5 <5.8 <9 <0.22 <1.0
SMMJ163658+4105 30.00 1.8 ± 0.4 4.6 ± 0.5 6.4 ± 1.5 9 ± 4 0.25 ± 0.06 <0.82
MM18423+5938 34.1 ± 8.8 0.5 ± 0.1 0.79 ± 0.08 11 ± 3 8 ± 4 0.41 ± 0.10 0.7 ± 0.2
SMMJ213511-0102 22.4 ± 0.6 0.91 ± 0.03 0.95 ± 0.01 15.9 ± 0.5 14 ± 6 0.60 ± 0.02 0.37 ± 0.02
PSSJ2322+1944 32.8 ± 7.4 0.71 ± 0.11 2.4 ± 0.3 4.9 ± 1.0 4.1 ± 1.8 0.19 ± 0.04 0.65 ± 0.17

Notes. All masses given in this table are corrected for lensing using µ given in Table 4, Column 3.
a See Section 4.4. A temperature of 30 K has been assumed for all objects for which Tex could not be derived.

where R = L′
C i(2−1)/L

′
C i(1−0). This assumes that both carbon

lines share the same excitation temperature and are optically
thin. The latter assumption can be tested using the equations
given in Schneider et al. (2003, their Equations (A.6) and (A.7)).
Since these equations require knowledge of Tex we assume here,
as a first guess, Tex = Tdust (Section 4.2.2) and intrinsic source
sizes of r = 1 kpc. This yields optical depths for the C i(1–0)
line between 0.05 and 0.3, justifying the use of Equation (3).
Larger source sizes, as discussed by Tacconi et al. (2008), will
lead to even lower optical depths.

We summarize the derived excitation temperatures in Table 6
and find values between ∼25 and ∼45 K with an average value
of 29.1 ± 6.3 K. Note that if we use these derived Tex, the C i lines
are still optically thin. In the local universe, the carbon excitation
temperature could only be derived for a few objects to date (using
the same method as employed here): M 82: ∼55 K (using the
values given in Stutzki et al. 1997), NGC 253: ∼20 K (Bayet
et al. 2004), Milky Way: 17.5 K (Fixsen et al. 1999). Herschel
SPIRE FTS observations will soon provide measurements of

both C i lines in a sample of nearby ULIRGS (Van der Werf et
al. 2010).

4.5. Atomic Carbon Masses

We now derive the atomic carbon masses of our targets. As
derived in Weiß et al. (2003, 2005a), the carbon mass can be
calculated from the C i(1–0) line luminosity via

MC i = 5.706 × 10−4 Q(Tex)
1
3

e23.6/Tex L′
C i(1−0)[M⊙] (4)

where Q(Tex) = 1 + 3e−T1/Tex + 5e−T2/Tex is the C i partition
function. T1 = 23.6 K and T2 = 62.5 K are the energies above
the ground state.12 The above equation assumes optically thin
C i emission and that both carbon lines are in LTE.

Where available we use the excitation temperature derived in
Section 4.4 above. For those sources where only one carbon line

12 In the case of J 1148+5251, for which only the C i(2–1) line was observed,
we use the corresponding equation given in Weiß et al. (2005a).
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[CI]に関する問題
• 13COと一致する、ほぼ分子雲の”どこにでもある”ことの原因は？ 

• ほぼ一定のfractional abundanceの原因は？ 

• これらが解明されると、気持ちに余裕をもってmassの推定に使える。。

CircinusではCOのLVG解析からもとめたガス質量と、[CI]の
LTE解析から求めたガス質量はほぼ一致。

A&A 568, A122 (2014)

are tabulated in Table 6. We convolve the 13CO J = 3 → 2
emission to a resolution of 45′′, assuming that the distribution of
13CO J = 3→ 2 is the same as that of 12CO J = 3→ 2.

We tried to fit CO ladders in the central 45′′ with a single
LVG component first, however, it does not produce a good fit.
This is not surprising since the modeling results in previous stud-
ies (e.g., Kamenetzky et al. 2012; Hailey-Dunsheath et al. 2012;
Rigopoulou et al. 2013) have shown that the coexistence of mul-
tiple excitation gas components in nearby galaxies (also see Lu
et al. 2014). Therefore, we use two LVG components to model
the gas excitation in the central 45′′ region.

In the two-component LVG modeling, we assume that both
components have the same chemical abundance: xCO = 8 ×
10−5, and R1213 = 40. Each component has its own nH2 , Tkin,
d!/dr, and a relative contribution to the measured line intensities.
We list the priors in the two-component models in Table 8.

We analyze with the same grids as in the single-component
fitting (see Sect. 4.2) and model the line intensities for both com-
ponents simultaneously. We assume that the two-components
have independent excitation conditions. The sum of the two-
components should match the observed SLED. To construct
the contributions of the two-components, we assume that the
LE and the higher-excitation (HE) components are diluted by
the filling factors of φLE and φHE, respectively. The observed
main beam temperature can be modeled with: Tobs = TLE ×
φLE + THE × φHE = C × [(1 − R) × TLE + R × THE], where
C (=φLE + φHE) is a constant number for each model, and
TLE and THE are the modeled line intensities for the low- and
high-excitation components, respectively. The relative ratio R
(= φHE
φHE+φLE

, and 0 < R < 1) reflects the contribution relative to
the total line intensity, and R is calculated from 5% to 95% with
a step size of 5%. The relative mass contributions of these phases
can be expressed by: MH2(LE)/MH2(HE) = φLE/φHE × (TLE/TTE)×
[XCO(LE)/XCO(HE)], where XCO(LE,HE) are the XCO factors for those
phases (Papadopoulos et al. 2012a):

XCO =
3.25√
α

n(H2)
Tb(J = 1→ 0)

K−1
vir

(
M⊙

K km s−1 pc2

)
,

where α = 0.55−2.4, depending on the assumed cloud density
profile, Tb(J = 1→ 0) is the brightness temperature of 12CO J =
1→ 0.

With nine measurements and seven fitting parameters, we
discuss the general properties of the set of solutions satisfying
likelihood L ≥ 0.7. In Fig. 8 we plot the line flux ranges of all the
accepted solutions. For all good solutions, the 12CO J = 1 → 0
and 2→ 1 intensities of the LE component are much higher than
those of the HE component. The 12CO J = 3 → 2 and 4 → 3
intensities profit by similar contributions from both components.
The 12CO J = 6 → 5 and 7 → 6 emission are dominated by the
HE component.

We find that in the solutions with the lowest χ2, the rela-
tive contribution ratio is R ∼ 0.15. Setting this ratio as the basis
for the two-components, we probe the ranges of physical pa-
rameters in the following analysis. The best-fit model shows a
HE component of Tkin ∼ 60 K, nH2 ∼ 104.2 cm−3, and d!/dr ∼
50 km s−1 pc−1, and a LE component of Tkin ∼ 30 K, nH2 ∼ 103.0

and d!/dr ∼ 6 km s−1 pc−1(for details, see Appendix C). The
best fit shows an equivalent emission radius of ∼20 pc for the
HE component, which is larger than the effective emission ra-
dius of 10–15 pc found in the previous single-component fitting.

The best solutions show that the HE component model has
a velocity gradient about 10 times higher than the LE compo-
nent. This indicates that more violent kinematics are associated
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Fig. 8. Integrated flux densities of 12CO and 13CO in the central 45′′ re-
gion of the Circinus galaxy. The shadowed regions are the ranges of
the best fitting results derived from the two-component LVG model-
ing. The high- and low-excitation components and the total integrated
12CO flux densities are plotted in red, blue, and green. The total inte-
grated 13CO flux densities are plotted in gray.

Table 8. Parameter restrictions for the two-component LVG modeling.

1) Tkin = 10–1000 K
2) n(H2) = 102–107 cm−3

3) 1 ≤ d!/dr ≤ 360 km s−1 pc−1a, xCO = 8 × 10−5

4) Kvir > 1
5) MH2 < Mdyn = 3.6 × 109 M⊙b

6) φA < 1c

Notes. (a) d!/dr limit from Sect. 3.2.2. (b) Mdyn is the dynamical mass,
Mdyn = 3.6× 109 M⊙ for a beam size of 45′′ (see Sect. 3.2.2). (c) φA are
area filling factors for both components derived by LVG modeling.

with the HE component, and that the molecular gas in the inner
18′′ region (Sect. 4.2.2) is in a state of high excitation because
a high d!/dr is expected in the center (e.g., Tan et al. 2011). We
summarize the results of the two-component fittings in Table 9.
Although we obtain a lower temperature, the best density solu-
tion of the LE component is also similar to the fitting results
of the low-J transitions of CO in Curran et al. (2001), where
they find Tkin = 50−80 K, nH2 = 2 × 103 cm−2 , and d!/dr =
10 km s−1 pc−1.

4.4. Does the HE component arise from the 18′′ region?

Single LVG component fitting of the inner 18′′ region leads to
an order of magnitude lower density and four times lower tem-
perature than the corresponding parameters derived from the
HE component in the 45′′ region. If the inner 18′′ dominates the
HE component, why are there such large discrepancies? Does
the HE component mainly arise from the 18′′ region? First, the
HE component in the 45′′ region cannot entirely arise from the
18′′ nuclear region because the ring contributes about 35% and
45% fluxes of 12CO J = 6 → 5 and 7 → 6, respectively (see
Sect. 4.5). Second, the single LVG component modeling only
reflects the average physical conditions in this region, where the
gas may not be dominated by the HE component. In the 18′′ re-
gion the mid-J transitions (especially 12CO J = 3 → 2 and
4→ 3) are also likely contaminated by the lower excitation com-
ponent, which may provide a large amount of diffuse cold gas
along the line of sight. Third, the degeneracies between temper-
ature, density, and velocity gradient are responsible for the dif-
ference. A component with lower density and higher temperature
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Table 3. CO line intensities.

Transitions Beam = 18′′ Beam = 45′′

W line
a Fline L′line/L′CO3−2 W line Fline L′line/L′CO3−2

K km s−1 Jy km s−1 – K km s−1 Jy km s−1 –
12CO J = 1→ 0 – – – 180 ± 35b 3.51 × 103 1
12CO J = 2→ 1 – – – 144 ± 25b 1.42 × 104 0.83 ± 0.20
12CO J = 3→ 2 310 ± 20 0.97 × 104 1 140 ± 20 2.49 × 104 0.79 ± 0.16
12CO J = 4→ 3 240 ± 20 1.17 × 104 0.77 ± 0.2 80 ± 15 2.51 × 104 0.44 ± 0.09
12CO J = 6→ 5 140 ± 15 1.44 × 104 0.45 ± 0.08 35 ± 5 2.48 × 104 0.19 ± 0.03
12CO J = 7→ 6 55 ± 7 0.97 × 104 0.18 ± 0.03 19 ± 5 1.73 × 104 0.11 ± 0.03
13CO J = 1→ 0 – – – 13 ± 2.5 230 0.07 ± 0.02
13CO J = 2→ 1 – – – 12.5 ± 2.5 1300 0.07 ± 0.02
13CO J = 3→ 2 24 ± 5 740 0.07 ± 0.02 9.5 ± 3.0c 1850 0.05 ± 0.02

C I 1→ 0 100 ± 25 5 × 103 45 ± 10 1.4 × 104

Notes. (a) The integrated line intensities are calculated from Wline =
∫

Tmbd! in the velocity range from 200 km s−1 to 700 km s−1. (b) We take
aperture efficiencies of ηmb = 0.7 and 0.6 for 12CO J = 1 → 0 and 12CO J = 2 → 1 for SEST. (c) We convolve the 13CO J = 3 → 2 emission to a
resolution of 45′′ , assuming that the distribution of 13CO J = 3→ 2 is the same as that of 12CO J = 3→ 2.

Fig. 3. Moment-zero images of multiple-J CO transitions. Big crosses
mark the central position of Circinus; small crosses in the upper panels
denote the sampled positions. Upper left: 12CO J = 3→ 2; upper right:
12CO J = 4 → 3; lower left: 12CO J = 6 → 5; lower right: 12CO J =
7 → 6. Circles in the lower left of each panel show the beam. The
12CO J = 7 → 6 map was convolved to an angular resolution of 18′′ .
Contour levels are 20, 60, . . . , 180 K km s−1in steps of 40 K km s−1 for
12CO J = 3 → 2, J = 4 → 3, and J = 6 → 5, and 10, 20, 30 K km s−1

for 12CO J = 7 → 6 (1σ = 1.9, 3, 10, and 3 K km s−1 for 12CO J =
3 → 2, J = 4 → 3, J = 6 → 5, and J = 7 → 6). Red (thick dotted)
contours present the half maximum level of all images. The thin dotted
lines in the lower two panels denote the regions that have been scanned
with higher S/N than other regions farther away from the centers (see
Sects. 2 and 3.1.3). The outer dotted lines in the 12CO J = 7 → 6 map
are related to masking.

is 65.5◦, which is much larger than those determined from the
CO images. This is most likely a consequence of the small size
of our C I map. Because C I emission follows CO in all stud-
ied cases (e.g., Ikeda et al. 2002; Zhang et al. 2007), a different
distribution is highly unlikely.

In Fig. 4, we present the integrated intensity image of
C I 492 GHz emission. In spite of a smaller mapping area com-
pared to CO, the thick dotted (red) line denoting the half maxi-
mum level of the emission peak is still mostly within the confines

Fig. 4. The 492 GHz C I 1→ 0 integrated intensity image of the central
part of the Circinus galaxy. Plotted contour levels are: 20 (6σ), 30, 40,
50, and 60 mK km s−1. The red contour presents the half maximum level
of the C I emission. The beam size (FWHM) is 13.5′′.

of the map. The detected structure covers an angular distance of
∼20′′ from northeast to southwest, corresponding to 400 pc on
the linear scale. Both the nuclear region and the S-F ring seen in
the 12CO J = 1 → 0 and 2 → 1 images (Curran et al. 1998) are
covered by the C I 1→ 0 map.

3.2. Gas kinematics

3.2.1. CO channel maps

In Fig. 5, we plot the channel maps of 12CO J = 3 → 2, 4 → 3,
and 6 → 5. The northeastern side of Circinus is approaching
and the southwestern side is receding. 12CO J = 6→ 5 is highly
concentrated near the peaks of the 12CO J = 3 → 2 and 4 → 3,
i.e., near the central position of Circinus. The systematic ve-
locity variations of different CO transitions are apparent. The
emission of all three lines is particularly strong at the velocity
bins of 300−400 km s−1 and 450−550 km s−1, and the brightness

A122, page 5 of 16
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Possible interpretations (1): Clumpy-PDR

• Classicalに想定されていた、 
”homogeneous medium”を変
える (e.g., Oka et al. 2004, ApJ, 
602, 803)。 

• Turbulence etc.で密度構造にム
ラを作れば、想像以上に分子雲
内部にUV光が浸透し、[CI]が増
えるだろう。

at the center of the envelope (Fig. 10c). The C0 peak behind
the CO cores disappears after 107 yr, forming a larger C0 hole
as chemical equilibrium approaches.

The time-dependent model can reproduce the observed
phase configuration without the supposition of unresolved
density structure within the cloud. The results in Figures 10c
and 10g seem to be consistent with the observed configura-
tion, suggesting that the NGC 1333 cloud has a chemical
age of 2! 106 yr. This age is compatible with the ages of

young stellar clusters embedded in the NGC 1333 cloud,
" ð1 2Þ ! 106 yr (Lada et al. 1996), which set a lower limit
to the age of the NGC 1333 cloud.
Another age estimate of the cloud comes from large-scale H i

survey data. The Perseus OB2 molecular cloud complex is on
the edge of a huge H i shell expanding with a velocity of 5 km
s%1 (Sancisi 1974; Sancisi et al. 1974). This H i shell may be
formed by a series of supernova explosions. The kinematic
age of the H i shell is &106 yr, which is in good agreement

Fig. 8.—Column densities calculated from a steady state PDR model. (a) Total H column density. (b) Cþ column density map. (c) C0 column density map. (d) CO
column density map. The star symbol in each panel denotes the position of the UV source.

OKA ET AL.810 Vol. 602

Oka et al. 2004,  
ApJ, 602, 803



Possible interpretations (2):  
Non-equillibrium + Turbulence + CR

• 星間化学は非平衡。 

• 化学反応の（平衡状態までの）タイ
ムスケール : O(1e7 yr) > 
Dynamical time：O(1e6-7 yr) 

• 従って、steady state abundance 
ratioは実現できない。

C I lines as H2 gas mass tracers 149

Figure 1. Results from a time-dependent PDR code (see text) for an initially atomic cloud with one-sided illumination by a unidirectional FUV field and
densities shown at the top of each frame. The assumed metallicity is solar (Z = 1) and the incident radiation field is G 0 = 1/2, (corresponding to one-sided
illumination by a Habing field). The well-known [C]/[12CO] enhancement in low-density gas with respect to denser gas is clearly discernible.

& Tielens 1999). This time-scale is

tch ∼ (2⟨n⟩Rf)−1 = 107

(

T

100 K

)−1/2(
⟨n⟩

50 cm−3

)−1

yr, (1)

where ⟨ n ⟩ is the average H density and R f = 3 × 10−18(T /K)1/2

cm3 s−1 is the canonical H2 formation rate on dust grains (e.g. Jura
1975). For ⟨ n ⟩ ∼ (20–60) cm−3 and T ∼ (70–120) K (typical for the
cold neutral medium H I out of which GMCs form), it is t ch∼ (1–3)
× 107 yr. On the other hand, the dynamic evolution time-scale is

tdyn =

(

3π

16 G⟨ρ⟩

)1/2

∼ 0.9 × 107

(

⟨n⟩
50 cm−3

)−1

yr, (2)

(spherical cloud assumed). This is comparable to tch and is in ac-
cordance with the well-known fact that time-scales of ∼ (106–107)
yr characterize a wide variety of processes that fully disrupt or oth-
erwise drastically alter typical GMCs. Some of the most important
ones are star formation with the disruptive effects of O, B, star clus-
ters (Bash et al. 1977), turbulent dissipation (MacLow et al. 1998;
Stone, Ostriker & Gammie 1998), and intercloud clump–clump col-
lisions (Blitz & Shu 1980). The fact that these time-scales are shorter
or comparable to tch suggests that molecular clouds may never reach
chemical equilibrium.

Driven by the evolution of continuously forming stellar popu-
lations throughout a galaxy, the average FUV field regulating the
C II/C I/CO transition zone in stationary PDR models also varies.
Recent work by Parravano, Hollenbach & McKee (2003) has shown

tFUV = kλ−1
SFR

(

U

U0

)3/2

106yr, (3)

to be the typical time needed for a significant perturbation of the
FUV energy density to occur, where k = 1–2, U is the FUV energy
density, U 0 = 10−17 erg cm−3 Å−1, and λSFR is the star formation
rate normalized to its solar neighbourhood value. For example, for
U = 10 × U 0 it is t FUV ∼ 5 × 107 yr, comparable to tch even in
quiescent environments (λSFR = 1).

In order to track the evolution of the [C]/[12CO] ratio during the
aforementioned time-scales we present results from our homoge-
neous, time-dependent PDR models in Fig. 1. The chemistry of gas
is represented over a semi-infinite slab, taking into account all the
heating and cooling processes (see Papadopoulos, Thi & Viti 2002,
and references therein). We have also included the latest advance-
ments in collisional/reaction rates and chemical networks which
now include most charge–exchange reactions. The latter are partic-
ularly important in the proper estimate of the [C]/[12CO] values in
heavily shielded, CR-dominated environments with various metal-
licities (Sections 2.2 and 2.3).

The diagrams in Fig. 1 confirm that the [C I]/[12CO] equilibrium
time-scale and tdyn (equation 2) remain comparable throughout the
density range examined. Hence, because self-gravity is the plausi-
ble main ‘driver’ behind many processes altering the physical con-
ditions of a GMC (e.g. star formation; Elmegreen 2002), it can be
argued that [C I]/[12CO] remains significant, never settling to its
(small) equilibrium values throughout its lifetime. In more active
star-forming environments all processes that disrupt GMCs or alter
their ambient conditions operate on still shorter time-scales. The
effect of higher star formation rates is easily highlighted by equa-
tion (3) because for λSFR > 1, t FUV simply becomes proportionally
shorter.

C⃝ 2004 RAS, MNRAS 351, 147–160

Papadopoulos et al. 2004, 
MNRAS, 351, 147

1e8 yr

1e5 yr

• Turbulenceは領域ごとのabundanceの違いを均質化してしまう。  
(e.g., Papadopoulos et al. 2004, MNRAS, 351, 147; Glover et al. 2014 in press.) 

• Cosmic-Rayは、分子雲深部に浸透し、COを解離。[CI]をenhance
（c.f., M82中心部 Schilke et al. 1993, ApJ, 417, L67）。
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Figure 5. Top left: Map of the total column density of hydrogen nuclei, NH. The area shown is approximately 16 pc by 16 pc and
contains most of the mass of the cloud. Top right: Map of velocity-integrated intensity in the [C i] 1 ! 0 transition, computed using
radmc-3d with the large velocity gradient approximation. Bottom left: The same as in the top right panel, but for the [C i] 2 ! 1
transition. Bottom right: The same as in the top right panel, but for the J = 1 ! 0 transition of 12CO.

3.3 Determining the [C i] excitation temperature

As a first step towards quantifying the properties of the
[C i] emission produced by our model cloud, we investigate
in this section how accurately one can infer the excitation
temperature of the carbon atoms based on the synthetic
emission maps. For an atomic or molecular system with a
lower energy level l and an upper energy level u, we can
define an associated excitation temperature

Tex ⌘ �Eul

k


ln

✓
gl

gu

fu

fl

◆��1

, (6)

where fl and fu are the fractional level populations of the
lower and upper levels, gl and gu are the associated statisti-
cal weights of these levels, and Eul is the energy separation
between the two levels. In the case of neutral atomic car-
bon, we have three fine structure levels, with total angular
momentum J = 0, 1, 2, and hence three di↵erent excitation
temperatures, corresponding to the three di↵erent ways in

which we can pair up two out of these three levels. In local
thermodynamic equilibrium, all three excitation tempera-
tures are equal to each other and to the kinetic temperature
of the gas, TK. If the carbon is not in LTE, however, then the
excitation temperatures may di↵er from each other. Because
the critical densities of the 1 ! 0 and 2 ! 1 transitions are
quite similar, it is often assumed that the excitation tem-
peratures corresponding to these transitions are equal, but
as we will see below, this is not always a safe assumption.

One common technique for estimating Tex from maps
of [C i] emission involves the assumption that the [C i] lines
are optically thin and that the contribution of the ISRF at
the frequencies of the [C i] lines can be neglected (see e.g.
Frerking et al. 1989; Schneider et al. 2003). In this case, the
column densities of carbon atoms in the J = 1 and J = 2
states are directly proportional to the integrated intensities
of the lines:

N1 =
8⇡k⌫2
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Figure 9. Two-dimensional PDF of the integrated intensity in
the 12CO J = 1 ! 0 line, WCO, plotted as a function of the
visual extinction. The dashed line indicates a linear relationship
between WCO and AV and is there to guide the eye. The solid
line shows the geometric mean of WCO as a function of AV. The
points are colour-coded according to the fraction of the total cloud
area that they represent.

Figure 10. As Figure 9, but for the J = 1 ! 0 transition of
13CO. To compute the 13CO emission map, we have assumed a
constant ratio of 60:1 between 12CO and 13CO.

significantly better tracer of the column density than 12CO.
The relationship between W13CO and AV is extremely close
to linear for visual extinctions in the range 3 < AV < 10,
although there are hints that opacity e↵ects are beginning
to become important at AV ⇠ 10. However, as in the case
of 12CO, the relationship breaks down at low AV owing to
the photodissociation of CO.

Since neutral atomic carbon is primarily found at lower
gas densities and lower extinctions than CO, we might rea-
sonably expect [C i] emission emission to be a better tracer

Figure 11. As Figure 9, but for the [C i] 1 ! 0 line.

of AV at low extinctions than CO. To test this, we plot in
Figure 11 the 2D PDF of the integrated intensity of the
[C i] 1 ! 0 line. We see that there is good linear correla-
tion between WCI,1�0 and AV for visual extinctions in the
range 1.5 < AV < 7. At higher extinctions, the correlation
becomes sub-linear, possibly because an increasing fraction
of this high extinction gas consists of CO rather than C,
while at AV < 1.5, the correlation breaks down owing to
the photoionization of C. Comparing our results for C and
13CO, we see that neutral atomic carbon is a better tracer of
low column density material, while 13CO is to be preferred
at high column densities. We also note that although the
di↵erence between AV = 1.5 and AV = 3 may seem minor,
it actually corresponds to approximately 20% of the total
mass of the cloud, consistent with our results in Section 3.2.

In the regime where WCI,1�0 scales linearly with AV,
the relationship between the two can be described by the
following empirical fit

WCI,1�0 = 0.7AV K km s�1
. (18)

If we apply this fit to each pixel in our synthetic [C i] emis-
sion map, we can generate an estimate of AV and from that
can estimate the cloud mass. The estimate that we obtain
in this way is approximately 85% of the true mass of the
cloud; the “missing” 15% is the low AV material that is not
traced well by [C i].

Finally, we note that our finding here that [C i] emission
is a relatively good tracer of the column density over a sig-
nificant range of AV was already anticipated to some extent
observationally. For example, in their study of NGC 891,
Gerin & Phillips (2000) found a good spatial correlation be-
tween [C i] 1 ! 0 emission and 1.3 mm dust continuum
emission, which they interpreted as evidence that [C i] emis-
sion is a good tracer of the gas column density.

3.4.2 Tracing the H2 column density

In the previous section, we saw that one of the main draw-
backs with using [C i] to trace the structure of the cloud is
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• 13CO並み、low-Avに限ればそれ以上に高いlinearityを[CI]は示す。 
→ 1.5 < Av < 7で[CI]が有用である。 
→ NH2では、5e20-1e22 cm-2程度の範囲。 

• 上記の範囲で、X[CI](1-0) ~ 1×1021 cm-2 (K km/s)-1

Glover et al. in press.



[CI]に関する問題　まとめ

• これまでの研究をまとめると、おおむね[CI]を分子ガス質量のトレー
サーとすること自体は大丈夫そうだ。 

• ただし、なぜ分子ガスをトレースできるのか、観測的にはよく分かっ
ていない。 
→ Clumpy PDR, Turbulence, Non-equillibrium chemistry, 
Cosmic-Ray 

• 空間分解できる近傍銀河（Milky Wayにはないvigorousな星形成環
境がある; NGC 253, M82, etc）で、[CI](1-0), (2-1)や、CO系を定
量評価することが重要だろう。 
→ 最終的にはHigh-z天体のガス質量、fractionの評価へ。



おまけ：輝線比を用いた診断： 

（1）星形成モード
• [CI]がtotal gasを、HCNやhigh-J CO
がdense gasを見ているとする。 

• (dense gas)/(total gas)の比を、そ
れらの輝線で代替するとして調べる
と、バーストモードの星形成と
quiescentな星形成で輝線比に差が
出る。 

• [CI]で分子ガス質量を測りつつ、隣接
するCO(4-3)との輝線比をとって星
形成モードを調べる＠宇宙の古今

The Astrophysical Journal, 757:157 (7pp), 2012 October 1 Papadopoulos & Geach
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Figure 2. Comparison of the ξSF proxies rHCN/CO, rHCN/[C i], and rCO(4–3)/[C i]
compiled for galaxy disks and clouds (representing our “disk mode”) and
mergers and nuclear regions (representing our “burst mode”); data taken from
Gao & Solomon (2004), Israel et al. (1998), Israel & Baas (2001), Israel & Baas
(2003), Barvainis et al. (1997), White et al. (1994), and Petitpas & Wilson (1998).
To present the tracers on the same scale, we have normalized each proxy to the
average value, ra/b/⟨ra/b⟩, where a and b correspond to (e.g.,) HCN J(1 → 0)
and CO J(1 → 0). Although there is some overlap, due to the rCO(4–3)/[C i]
and rHCN/[C i] ratios (see discussion in Sections 2.2.2 and 2.2.4) there is a clear
distinction between the two classes of systems irrespective of the particular
indicator used, with ra/b/⟨ra/b⟩ ! 1 for quiescent disks and ra/b/⟨ra/b⟩ " 1 for
merger/nuclear systems.
(A color version of this figure is available in the online journal.)

2.2.1. HCN J(1 → 0)/ CO J(1 → 0), HCN J(2 → 1)/ CO J(2 → 1)

This is the cleanest ξSF indicator available, with local studies
showing a clear bi-modality for the ISM in merger-driven
starbursts versus isolated disks with lower SFRs in the local
universe (Gao & Solomon 2004), with HCN tracing the dense,
star-forming gas mass, and low-J CO tracking the total gas
reservoir. Arguably this line combination is the most direct
tracer of ξSF; extensive observations of local galaxies show
this line ratio to be an excellent way to discriminate between
different modes, with high values of r

(10)
HCN/CO ∼ 0.2–0.3 found

exclusively in compact, merger-driven, extreme starbursts while
r

(10)
HCN/CO ∼ 0.01–0.03 for isolated spiral disks with extended star

formation (e.g., Solomon et al. 1992; Gao & Solomon 2004).
Observing HCN J(1 → 0) (ν0 = 88.632 GHz) and CO J(1 →

0) (ν0 = 115.271 GHz) has the disadvantage that, although
this line combination will be accessible with ALMA for local
systems (important for an even more robust calibration in terms
of ξSF), by z ∼ 1 CO J(1 → 0) is redshifted out of the ALMA
bands and remains inaccessible until z ∼ 1.5 in the centimeter
bands (and accessible with other centimeter-wave facilities).
In addition, due to the broad telluric absorption feature at
ν ∼ 60 GHz, there will be a broad HCN J(1 → 0) and
CO J(1 → 0) “desert” in the z < 1 interval, limiting the use of
this tracer for intermediate redshift work.

Due to the aforementioned shortcomings, this particular
indicator will only be effective for probing very local galaxies
rather than those at cosmologically significant redshifts of
z > 2, and thus cannot satisfactorily measure ξSF over the
peak of the global SFR density in a well-sampled, tomographic

manner. However, given the small range of both CO and
HCN r21 ∼ 0.6–1, the J = 2 → 1 transition of these two
molecules can also be used to the same effect. This allows
ALMA to survey rHCN/CO up to z ! 1 as the rest frequencies
of CO J(2 → 1) and HCN J(2 → 1) are at 230.538 GHz and
177.264 GHz, respectively. HCN J(2 → 1) can be accessed
by ALMA out to z ∼ 1 and HCN J(3 → 2) out to z ∼ 2.
Given the order of magnitude differences expected for the
rHCN/CO-type of ratios between mergers and isolated disks,
it is very likely that even HCN J(3 → 2) and ratios such
as HCN J(3 → 2)/CO J(1 → 0) or HCN J(3 → 2)/
CO J(2 → 1) will remain practical proxies of ξSF out to
z ! 2 using ALMA. Moreover, given the tremendous sensitivity
boost at (sub)millimeter wavelengths that ALMA represents, the
necessary calibration of such “hybrid” HCN/CO ratios in terms
of ξSF will be trivial for large numbers of star-forming galaxies
in the local universe.

2.2.2. HCN J(1 → 0)/[C i](3P1 → 3P0),
HCN J(2 → 1)/[C i](3P1 → 3P0)

This is a potentially powerful tracer of ξSF, with—as men-
tioned above—the HCN J(1 → 0) and HCN J(2 → 1) line
luminosities proportional to the dense star-forming gas mass,
and [C i](3P1 → 3P0) scaling with total molecular gas mass,
but with many advantages over low-J CO lines (see Paper I).
The higher rest frequency of [C i](3P1 → 3P0) (ν0 = 492 GHz),
compared to HCN J(1 → 0) means that the corresponding
[C i](3P1 → 3P0) observations would be conducted with ALMA
Bands 6 and lower.

Local data support the notion of the ratio of HCN J(1 → 0)
and [C i](3P1 → 3P0) lines as a ξSF proxy, with rHCN/[C i] ∼
0.55–2.2 observed in ULIRG ([C i](3P1 → 3P0) data pre-
sented in Papadopoulos & Greve 2004; Greve et al. 2009 and
HCN J(1 → 0) data from Gao & Solomon 2004). In com-
parison, for disk-dominated quiescent galaxies, rHCN/[C i] ∼
0.06–0.10, although it can rise up to ∼0.5 for vigorously star-
forming disks like that of NGC 1068 (using HCN J(1 → 0)
data from Gao & Solomon 2004 and [C i](3P1 → 3P0) data
from Israel 2009). Further benchmarking work on this ratio as
a practical mode indicator must be done locally (now possible
from high altitude dry sites like the Chajnantor plateau) before
applying it in the distant universe. A larger body of multi-J HCN
line data along with [C i](3P1 → 3P0) measurements and mod-
els of the [C/H2] abundance4 are necessary to both benchmark
rHCN/[C i]-type ratios as ξSF indicators as well as help disentan-
gle the effects of high SFRs (and thus [C/H2]-boosting cosmic
rays) on this valuable mode indicator (see also Section 2.2.4).

2.2.3. 12CO/13CO Ratios for Jup " 2

The R12/13(1 → 0, 2 → 1) = 13CO/12CO ratios are not
proxies of ξSF but rather of the turbulent velocity fields of
GMCs in star-forming galaxies. Numerous studies have shown
that R12/13(1 → 0, 2 → 1) ∼ 5–15 in disks, with low values
found in Milky Way type systems and larger ones in vigorously
star-forming disks (e.g., Casoli et al. 1992; Aalto et al. 1995;
Papadopoulos & Seaquist 1999). Ratios R12/13(1 → 0, 2 →
1) # 20 are found exclusively in merger systems and are thought
to be the result of the highly turbulent ISM and the enhanced

4 It must be stressed that abundance uncertainties affect all H2 mass
measurements utilizing optically thin lines (e.g., 13CO). Among those atomic
carbon is the species with the simplest, mostly cosmic-ray controlled
chemistry.
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おまけ：輝線比を用いた診断： 

（2）熱源診断

• Cosmic-RayにCOが解離されたように、X線でも同様にCOは解離、[CI]
を著しくenhanceするという予測もある。 

• ただし、これはhomogeneous, steady stateなgas-phase modelで  
ある点に注意。

R. Meijerink et al.: Diagnostics of irradiated dense gas in galaxy nuclei. II. 805

Fig. 10. CI 609 µm/13CO(2–1) ratio for PDR (left) and XDR (right) models.

5.8. HCO+ rotational lines and HCN/HCO+ line intensity
ratios

In Fig. A.11, we show the HCO+(1–0) and HCO+(4–3) line in-
tensities, with critical densities ncr ∼ 2 × 105 and 4 × 106 cm−3,
respectively. These critical densities are significantly lower than
for HCN, causing a smaller spread in line intensities. Typically,
the HCO+ lines are stronger in XDRs than in PDRs by a factor
of at least three. This is a direct consequence of the higher ion-
ization degree in XDRs (Meijerink & Spaans 2005), leading to
an enhanced HCO+ formation rate.

Note in this that Lepp & Dalgarno (1996, their Fig. 2) find a
rather wide range of ionization rates for which the HCO+ abun-
dance is large. As for the HCN discussed above, this is consistent
with our results since we integrate the depth dependent HCO+
abundance profile that results from the attenuation of the im-
pinging X-ray flux. The HCO+ line-of-sight integral thus picks
up a large contribution and competes favorably with the PDR
line emissivities.

In Figs. 13 and A.12, we show the cumulative HCN(1–0)/
HCO+(1–0) and HCN(4–3)/HCO+(4–3) line intensity ratios, for

the same PDR and XDR models as in Sect. 5.5. Depending on
the incident radiation field, HCN or HCO+ is more abundant
at the PDR edge of the cloud. Around the H/H2 transition a min-
imum in the HCO+ abundance is seen in the PDR. Deeper into
the cloud, the HCO+ abundance increases again, and is then con-
stant. This is also the case for HCN, and the HCN/HCO+ abun-
dance ratio is larger than unity. Therefore, at sufficiently large
columns and densities, the HCN(1–0)/HCO+(1–0) line intensity
ratio becomes larger than one.

In the XDR models, HCO+ is chemically less abundant than
HCN for very large HX/n (Meijerink & Spaans 2005). For larger
columns HCO+ becomes more abundant, however, and eventu-
ally the cumulative column density of HCO+ becomes larger
than HCN (see specifically Fig. 10 in Paper I). This follows
directly from the fact that the HCO+ abundance is high over
a much wider range of ionization rates than HCN (Lepp &
Dalgarno 1996, their Figs. 2 and 3).

Figure 14 clearly shows that the HCN/HCO+ ratio dis-
criminates between PDRs and XDRs in the density range be-
tween n = 105 and 106.5 cm−3 (cloud type A). The HCN(1–0)/
HCO+(1–0) and HCN(4–3)/HCO+(4–3) line ratios are both

Meijerink et al. 2007, A&A, 793, 811
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Z.-Y. Zhang et al.: Physical conditions of molecular gas in the Circinus galaxy

Fig. 10. L′CI as a function of L′CO J= 3→2. The empty triangles show
observed positions in Circinus. The empty circles show the galaxies
at high redshift (Walter et al. 2011). The crosses represent results of
nearby galaxies found in literature. NGC 6946 and M 83: (Israel & Baas
2001), M 51: (Israel et al. 2006), Hennize 2−10 and NGC 253: (Bayet
et al. 2004), IC 342: (Israel & Baas 2003).

gas mass in galaxies. We can calculate the mass of C I following
Weiß et al. (2005):

M(CI) = 1.9 × 10−4Q(Tex)e23.6/Tex L′(CI 3P1 →3 P0)[M⊙],

where Q(Tex) = 1+ 3e−T1/Tex + 5e−T2/Tex is the C I partition func-
tion, and T1 = 23.6 K and T2 = 62.5 K are the energies above the
ground state. The [C I]/[H2] abundance chosen here is xCI =
5 × 10−5 (Weiß et al. 2005). We adopt an excitation temperature
of 30 K derived from the LE component in the two-component
LVG fittings (Table 9). Assuming Tex = Tkin = 30 K, we de-
rive a molecular gas mass of 8.3 × 107 M⊙. If Tex = 60 K from
the HE component is adopted, the molecular gas mass is 8.9 ×
107 M⊙. These masses are, within the errors, consistent with the
result derived from our LVG solution, 9 × 107 M⊙ (Sect. 4.7).

4.9. Luminosities of C I and 3P1 → 3 P0

In Fig. 2, we present the spectra of C I and 12CO J = 3 → 2
observed in the central region of Circinus. The line profiles of
the two species are similar. In the following, we calculate the line
luminosities (L′line) of CO and C I, and compare them with nearby
galaxies and high-z systems. We determine the line luminosity
following the definition in Solomon et al. (1992):

L′line

(K km s−1 pc2)
= 3.25 × 107S line∆!ν

−2
obsD

2
L(1 + z)−3, (3)

where L′ is the line luminosity in K km s−1 pc2, S line∆! is the
velocity integrated flux density in Jy km s−1, DL denotes the lu-
minosity distance in Mpc, and νobs represents the observing fre-
quency in GHz. The L′line ratios stand for ratios of the intrinsic
brightness temperatures.

In Fig. 10, we plot the C I line luminosity as a function of
12CO J = 3 → 2 luminosity. We combined the C I data from

the literature, including the C I detections in nearby and high-
redshift galaxies (e.g., Walter et al. 2011). The luminosities of
C I and 12CO J = 3 → 2 match each other and the scatter of
the ratios lies within an order of magnitude (the dashed diagonal
lines). The correlation derived from multiple position in Circinus
basically follows the same trend found in high-redshift galaxies.

We find that the C I to 12CO J = 3 → 2 luminosity ra-
tios RCI/CO32 in nearby galaxies (red crosses) are lower than
those found in the high-redshift galaxies and the AGN host-
ing galaxies (i.e., Circinus and M 51). An average ratio of
RCI/CO32 = 0.17 ± 0.03 is found in Circinus, and this is only
about half of the average ratio found at highredshift (Walter et al.
2011, 0.32±0.13). In the quiescent nearby galaxies, RCI/CO32 are
mostly close to 0.1. In the central positions of M 51 and Circinus,
the RCI/CO32 ratios are both ∼0.2, about two times higher than
those in quiescent galaxies. These high RCI/CO32 ratios are likely
caused by the enhanced gas excitation due to the AGN activities.

5. Summary and conclusions

We present new APEX mapping observations of 12CO J = 3 →
2, 4 → 3, 6 → 5, 7 → 6 and C I 1→ 0 in the central region of
the Circinus galaxy. These data are to date the highest transitions
published. All these lines reveal extended strong emission and
similar kinematic structures. We find strong 12CO J = 6 → 5
and 7 → 6 emission not only in the nuclear region, but in
the gas-rich, star-forming (S-F) ring region at galactocentric di-
ameter of 18′′ < D < 45′′ as well. The latter region con-
tributes about 35−45% of the measured high-J CO emission.
With the CO maps we are able to decompose the gas excitation
spatially.

By using radiation transfer analysis we find two distinct ar-
eas with different gas excitation conditions: the 18′′ nuclear re-
gion and the S-F ring within 18′′ < R < 45′′. Our main results
are as follows:

1) With a single excitation component, we use APEX 12CO and
13CO detections (J ≥ 3) to perform a LVG modeling. We de-
rive nH2 ∼ 103.2 cm−3, Tkin ∼ 200 K, d!/dr ∼ 3.0 km s−1 pc−1,
and MH2 ∼ 1.3 × 107 M⊙ in the central 18′′ region, which
accounts for ∼15% of the total molecular gas mass in the
central gas-rich 45′′ region in Circinus.

2) Combined with low-J CO data in the literature, we perform
two-component LVG modeling in the central 45′′ diameter
region, and in the S-F ring. We find two excitation compo-
nents that can fit the measurements in the whole region, one
with nH2 ∼ 103.0 cm−3, Tkin∼ 30 K, d!/dr ∼ 6 km s−1 pc−1,
and MH2 ∼ 6.6×107 M⊙, and the other with nH2 ∼ 104.2 cm−3,
Tkin∼ 60 K, d!/dr ∼ 50 km s−1 pc−1, and MH2 ∼ 2.3×107 M⊙.
In the ring region, the high density component represents a
smaller fraction (∼13%) of the total gas mass. All these gas
components are supervirialized.

3) We find the molecular gas mass of Circinus is ∼0.9×108 M⊙
in the 45′′ region. This is consistent with the gas mass de-
rived from C I (∼0.9 × 108 M⊙) and is ∼60% of the gas
mass obtained using submm continuum in a larger area
(1.6 × 108 M⊙). A gas mass of about ∼ 1.3 × 107 M⊙ is
found in the central 18′′ nuclear region, and ∼7.5 × 107 M⊙
is located in the surrounding ring. In the 45′′ region, we
thus derive a conversion factor of N(H2)/ICOJ=1→0 = 0.37 ×
1020 cm−2 (K km s−1)−1, which is about 1/5 of the Galactic
disk value.

4) We find the average luminosity ratio between C I (1→ 0) and
12CO J = 3→ 2 (RCI/CO32) in Circinus to be 0.2, about twice
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なぜかhigh-z天体で
（微妙に）比が高い。 
QSOの影響（XDR）？

NearbyでAGN近傍だけを
空間分解して観測すべし。

c.f. Takano, Izumi et al.  
ALMA Cycle 2
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