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銀河と星形成
銀河のガス面密度と星形成率の間には、大雑把な相関関係が

成り立っている(KS則)。しかし、L120 DADDI ET AL. Vol. 714

Figure 2. SFR density as a function of the gas (atomic and molecular) surface
density. Red filled circles and triangles are the BzKs (D10; filled) and z ∼ 0.5
disks (F. Salmi et al. 2010, in preparation), brown crosses are z = 1–2.3 normal
galaxies (Tacconi et al. 2010). The empty squares are SMGs: Bouché et al.
(2007; blue) and Bothwell et al. (2009; light green). Crosses and filled triangles
are (U)LIRGs and spiral galaxies from the sample of K98. The shaded regions
are THINGS spirals from Bigiel et al. (2008). The lower solid line is a fit to
local spirals and z = 1.5 BzK galaxies (Equation (2), slope of 1.42), and the
upper dotted line is the same relation shifted up by 0.9 dex to fit local (U)LIRGs
and SMGs. SFRs are derived from IR luminosities for the case of a Chabrier
(2003) IMF.
(A color version of this figure is available in the online journal.)

measured at a higher signal-to-noise ratio. Again, we find that
the populations are split in this diagram and are not well fit by a
single sequence. Our fit to the local spirals and the BzK galaxies
is virtually identical to the original K98 relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.42 × log Σgas/[M⊙ pc−2] − 3.83. (2)

The slope of 1.42 is slightly larger than that of Equation (1),
with an uncertainty of 0.05. The scatter along the relation is
0.33 dex. Local (U)LIRG and SMGs/QSOs are consistent with
a relation having a similar slope and normalization higher by
0.9 dex, and a scatter of 0.39 dex.

Despite their high SFR ! 100 M⊙ yr−1 and ΣSFR ! 1 M⊙
yr−1 kpc−2, BzK galaxies are not starbursts, as their SFR can
be sustained over timescales comparable to those of local spiral
disks. On the other hand, M82 and the nucleus of NGC 253 are
prototypical starbursts, although they only reach an SFR of a
few M⊙ yr−1. Following Figures 1 and 2, and given the ∼1 dex
displacement of the disk and starburst sequences, a starburst
may be quantitatively defined as a galaxy with LIR (or ΣSFR)
exceeding the value derived from Equation (1) (or Equation (2))
by more than 0.5 dex.

The situation changes substantially when introducing the dy-
namical timescale (τdyn) into the picture (Silk 1997; Elmegreen
2002; Krumholz et al. 2009; Kennicutt 1998). In Figure 3,
we compare Σgas/τdyn to ΣSFR. Measurements for spirals and
(U)LIRGs are from K98, where τdyn is defined to be the rota-

Figure 3. Same as Figure 2, but with the gas surface densities divided by the
dynamical time. The best-fitting relation is given in Equation (3) and has a slope
of 1.14.
(A color version of this figure is available in the online journal.)

tion timescale at the galaxies’ outer radius (although Krumholz
et al. 2009 use the free-fall time). For the near-IR/optically se-
lected z = 0.5–2.3 galaxies, we evaluate similar quantities at the
half-light radius. Extrapolating the measurements to the outer
radius would not affect our results substantially. Quite strikingly,
the location of normal high-z galaxies is hardly distinguishable
from that of local (U)LIRGs and SMGs. All observations are
well described by the following relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.14 × log Σgas/τdyn/[M⊙ yr−1 kpc−2] − 0.62, (3)

with a slope error of 0.03 and a scatter of 0.44 dex. The
remarkable difference with respect to Figures 1 and 2 is due
to the fact that the normal high-z disk galaxies have much
longer dynamical timescales (given their large sizes) than local
(U)LIRGs.

We can test if this holds also for integrated quantities by
dividing the gas masses in Figure 1 by the average (outer radius)
dynamical timescale in each population. Spirals and (U)LIRGs
(whose τdyn does not depend on luminosity) have average values
of τdyn = 370 Myr and τdyn = 45 Myr, respectively (K98). This
can be compared to τdyn = 33 Myr for SMGs (Tacconi et al.
2006; Bouché et al. 2007). For the QSOs, we use the SMG value.
Assuming a flat rotation curve for BzKs, we get an average
τdyn = 330 Myr at the outer radius, about three times longer
than at the half-light radius, given that for an exponential profile
90% of the mass is enclosed within ∼3 half-light radii. A similar
value is found for our z = 0.5 disk galaxies and the z = 1–2.3
objects from Tacconi et al. (2010). Despite this simple approach,
Figure 4 shows a remarkably tight trend:

log SFR/[M⊙ yr−1] = 1.42×log(MH2/τdyn)/[M⊙ yr−1]−0.86,
(4)

with an error in slope of 0.05 and a scatter of 0.25 dex. Figure 4
suggests that roughly 10%–50% of the gas is consumed during
each outer disk rotation for local spirals, and some 30%–100%

Daddi et al. 2010

同じガス面密度に対して一桁以上の広い分散がある
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Figure 10. ΣH2 vs. ΣSFR plot (KS plot). Left: ΣH2 vs. ΣSFR at the resolution of 6′′ (∼500 pc; color) at the scale of Kennicutt (1998)’s Figure 9. Right: the same as the
left panel, but at a larger scale.

large and small dashes are the fits for H i and CO (N = 1.56 ±
0.04) and for CO-only (N = 1.37 ± 0.03), respectively. The
dotted line is from Bigiel et al. (2008) and is for N = 0.96 ±
0.07. Our result, N = 0.67, is closer to Bigiel et al. (2008),
than to Kennicutt (1998), though it is smaller than the linear
correlation N = 1.

Our data lie roughly in the range of Kennicutt (1998; gray
region), although some data points deviate from the exact range.
The deviations occur on the spiral arms, where the offsets
between the gas and star-forming regions are large (Section 4.4).
At the 500 pc resolution, the KS law is present, but suffers
slightly from the offset effect. Two types of scatter appear in
Figures 10(a) and (b). One is the scatter of NGC 4303 itself,
i.e., its deviation from the average of galaxies, and the other is
within the disk of NGC 4303. The distribution of our points is
concentrated in a small region, and the scatter within the galaxy
is smaller than that of Kennicutt (1998). Therefore, the scatter
among galaxies seems dominant. Overall, NGC 4303 fits on the
plot of Kennicutt (1998), but has slightly higher SFE than the
average.

Both ΣH2 and ΣSFR show one order of magnitude scatters
in Figure 10(b), which is consistent with the results of Bigiel
et al. (2008, their Figure 4). Therefore, an order of magnitude
scatter of star formation activity is common at a sub-kpc scale.
Leroy et al. (2008) showed that SFE varies strongly with local
conditions. Since the KS law breaks down at the scale of a
few 100 pc, we could attribute the variation of SFE to local
environments at the scale of a few 100 pc. One of the key
environmental factors might be galactic dynamics (e.g., spiral
arms).

We verify a scatter of NGC 4303 itself among nearby galaxies,
i.e., a scatter from the KS law. Rough estimation of scatter shows
that our results are a factor of ∼5 higher than that of Kennicutt
(1998). However, the KS plot has a ± 1 order of magnitude
scatter, as we discussed in Section 5.1. Even though our data
are the fit by Kennicutt (1998), they are still within the scatter
(gray region).

6. SUMMARY

We observed the barred spiral galaxy NGC 4303 in the 12CO
(J = 1 − 0) line with NRO45 and CARMA. The combination

of NRO45 and CARMA provided an unprecedented high image
fidelity as well as a high angular resolution (3.′′2 ∼ 250 pc),
which are critical for the accurate measurements of gas surface
density and mass at high resolution. We discussed SFR and SFE
quantitatively. Our results are summarized as follows.

1. CO emission is detected over the entire disk, i.e., almost ev-
erywhere including inter-arm regions and the downstream
side of the bar. There are remarkable concentrations along
the offset ridges of the bar and in the ring structure in the
nucleus (r ∼ 1.6 kpc area). The gas in the spiral arms ex-
tends from the end of the offset ridges toward the outer
region. The surface densities in the outer spiral arms and
offset ridges are similar at high resolution.

2. Spatial offsets between Hα and CO peaks exist along the
spiral arms. Hα emission is seen at the downstream side of
gas flow, while the CO emission is upstream of the gas flow.
The delay of star formation from the formation of GMC on
spiral arms would cause such offsets.

3. The azimuthal averaged SFE decreases steeply from the
circumnuclear disk to the bar and increases toward the
spiral arms. The comparison of SFE in the bar and spiral
arms shows that SFE is about twice as high in the arms as
those of in the bar.

4. Extreme ΣSFR and SFE are found in the spiral arms, but not
in the bar, indicating that the trigger of star formation is
related not only to the amount of available gas, but also to
the environment, such as galactic dynamics around spiral
arms and the bar. The presence of the active star-forming
regions along the spiral arms confirms the visual impression
that star formation is more active in spiral arms, or reduced
significantly in bar.

5. The SFE derived with a metallicity-dependent XCO does not
change the conclusion, i.e., higher SFE in the spiral arms
than in the bar, since the difference between the bar and
the spiral arms is reduced by only around 30%. However,
SFE in the circumnuclear regions is a factor of two to three
higher than the results with the SFE derived by a standard
XCO, since metallicity of the circumnuclear is significantly
high.

6. The KS law appears to break down at our highest spatial
resolution (∼250 pc); due to the spatial offsets, we find

Momose et al. 2010

異なる種類の銀河 銀河内の様々な領域

-> 銀河における星形成の環境依存性は、ガスの多寡だけで決まらない

INTRODUCTION



20kpc

galaxy =  
gas + stars + DM

星
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分子雲コア
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フィードバック

星間ガス

星形成サイクル
銀河における星形成の理解には、!
銀河のグローバルなガス運動の中での分子雲形成・進化、!
そして星形成に至る過程の研究が重要

ALMAなどの高分解能な観測装置の発展により、!
現在、銀河における分子雲形成や星形成の研究が進展する時期にある

INTRODUCTION



INTRODUCTION

棒渦巻銀河における星形成

spiralやbarなどの銀河内領域によって星形成
効率が異なることが、近傍銀河の観測研究か
ら分かっている。(Momose et al. 2010)

銀河構造が分子雲形成・進化に与える影響
を調べる必要がある

>分子雲を分解できる高解像度の棒渦巻銀河シミュレーション

棒渦巻銀河： 
領域によって環境が顕著に異なるため、 
分子雲形成・進化の環境依存性を調べやすい



15kpc

コード
•Enzo : ３次元適合格子細分化法 (AMR)

Box size : (50 kpc)3 Root grid :1283

放射冷却 : T > 300K
ガスの自己重力

（星形成とフィードバックを入れた計算は現在進行中）

(e.g. Bryan & Norman 1997)

NUMERICAL METHODS

1.5pc !!

�xn = �x0 � 2�n

refinement level : n=8

cloud 
~ 20pc

最高解像度は



初期条件とポテンシャル
ガス分布の初期条件

(Lundgren et al. 2004)

�(r, z) = �0 exp
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z
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M�/pc3

観測で得られているM83の      分布を使用H2

NFW profile   (Navarro et al. 1997)

ダークマターポテンシャル

星のポテンシャル!
(A. Hirota private communication)

•        個のstar particles!

• 非軸対称成分のstar particleのみ、 
一定のパターン速度で剛体回転させる
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Figure 1. Images of the galactic potential of stellar component,
which are made of star particles. Top panel shows the axisym-
metric part of the star particles (blue is disc and black is bulge).
Bottom panel shows the nonaxisymmetric part of the star par-
ticles (red is bar and green is spiral arm). We only rotated the
nonaxisymmetric part of the star particles at constant speed.

2.2.1 Initial gas distribution

For the radial gas distribution, we assumed that the initial
radial profile of gas mass density was exponential and the
radial scale height was 2265 pc, which was the observational
results (Lundgren et al. 2004a). For the vertical gas distri-
bution, we assumed that the initial vertical profile of the
gas was proportional to sech2(z/zh) and the vertical scale
height zh was 100 pc. For the total gas mass in this simula-
tion, we used the H2 gas mass 3.9 × 109M⊙, which was the
observational results (Lundgren et al. 2004a). The initial gas
distribution, therefore, was

ρgas(r, z) = 0.67 exp

„
− r

2265pc

«
sech2

„
z

100pc

«
M⊙/pc3.

(1)
The initial gas motion is set circular motion and the

circular velocity is calculated as Vcir(R) = (GMtot/R)1/2,
Mtot is the enclosed mass of stars, dark matter and gas in
the radius R.

2.2.2 Stellar potential

We used 105 fixed motion star particles to give the stellar
potential model in keeping with the observed global charac-
teristics of the stellar distribution in M83. This model was
from the work of Hirota (2009) who analysed the 2Mass K-
band image of M83 (Jarrett et al. 2003). The stellar density,
consisting of the disc, the bulge, the bar, and the spiral arm
was given by

ρstar(r, θ, z) = Σ(r, θ)h(z)

= {Σdisc(r) + Σbulge(r) +

Σbar(r) cos(2θ) + Σspiral(r) sin(2θ)}h(z),

(2)

where Σi(r) is the radial distribution of each component and
h(z) is the vertical distribution. They were given by

Σdisc(r) = 20 exp(−r/2231pc), (3)

(0 pc <
= r <

= 9200 pc)

Σbulge(r) =
1000

{1 + (r/138pc)2}1.5
, (4)

(0 pc <
= r <

= 9200 pc)

Σbar(r) =
3

100
(1150pc − r) + 2.7, (5)

(0 pc <
= r <

= 3220 pc)

Σspiral(r) = − 0.7
900

(r − 3450pc)2 + 0.7

− 0.6
2500

(r − 3450 pc)(r − 5750 pc). (6)

(2760 pc <
= r <

= 5750 pc)

In this model, Hirota (2009) assumed that the mass to light
ratio was constant between bulge and outer disc region.
However, M83 has a starburst at the nucleus and so the
actual total stellar mass of the nucleus has to be less than
that of their model. Owing to this, we decreased the influ-
ence of the bulge potential by 35%.

We assumed the vertical stellar distribution h(z) was

h(z) =
1

892
sech2

„
z

446pc

«
(−4600 pc ! z ! 4600 pc)

=
1

892

ȷ
2

exp(z/446pc) + exp(−z/446pc)

ff2

. (7)

Figure 1 shows the distribution of the star particles.
Top panel shows the axisymmetric part of the star particles
(blue is disc and black is bulge) and bottom panel shows the
nonaxisymmetric part of the star particles (red is bar and
green is spiral arm). We only rotated the nonaxisymmetric
part of the star particles at a constant speed given by the
estimated pattern speed for M83. This pattern speed was 54
km/s/kpc (Hirota 2009). We set the star particle mass 5.0×

c⃝ 2013 RAS, MNRAS 000, 1–17

bar & spiral

disc & bulge

NUMERICAL METHODS



cloud : 閾値以上の密度を!
持つ複数のセル

1kpc

� � 100cm�3

分子雲の定義と追跡NUMERICAL METHODS

cloud

すべてのcloudにタグを
付け、動きを追跡。!
cloudの寿命や衝突頻度
を求める。



RESULTS

ガス円盤全体の構造と進化GMC Formation and Evolution in a Barred Galaxy 5

Figure 2. Evolution of the galactic disc. Images are 15kpc across and show the disc gas mass surface density (M⊙/pc2) at t = 200, 240,
and 280 Myr (from left to right).
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Figure 3. Galactic disc azimuthally averaged (333pc wide annuli) radial gas profiles and their evolutions; left: gas mass surface density,

Σgas =
R +1kpc
−1kpc ρ(z)dz, middle: gas circular velocity (mass-weighted average over -1kpc < z < 1kpc), right: one-dimensional gas velocity

dispersion (mass-weighted average over -1kpc < z < 1kpc).

in a quasi-equilibrium. In these figures, we show the az-
imuthally averaged gas properties as a function of the galac-
tic radius. The left panel is the radial profile of the gas
mass surface density summed up over a disc height of
−1kpc < z < 1kpc. There is no remarkable changes with
time. Because of the concentration of the gas to the galaxy
centre by the gas motion induced by the bar gravity, the
surface density in the galaxy centre after 200 Myr is much
higher than the initial condition. M83 has a starburst re-
gion in the central region of the radius r < 300pc (Harris
et al. 2001). The stellar feedback is not implemented in our
simulation and the strong feedback from the starburst re-
gion at the centre would suppress the concentration of the
gas. We ignored the galaxy centre region (r < 600pc) in
our analysis of the cloud properties. The middle panel is the
radial profile of the mean circular velocity of the gas. We
use a mass-weighted average over −1kpc < z < 1kpc. As
well as the surface density profile, there is no remarkable
changes with time. Outside 3 kpc, the circular velocity is
approximately 200 km/s after 200 Myr, and this mean ve-
locity agrees with the rotation curve of M83 reasonably well
(Lundgren et al. 2004b). Inside the bar-end radius (r = 2.3

kpc), the gas flows along elliptical orbits because of the bar
potential. The circular velocity after 200 Myr is a little lower
than the initial condition in which circular motion of the gas
are assumed. Outside the 3.5 kpc, the gas motion is affected
by the spiral potential which rotates at the constant pattern
speed. The circular velocity after 200 Myr is slightly higher
than the initial circular velocity. The right panel is the radial
profile of the one-dimensional velocity dispersion defined asp

(v⃗ − v⃗cir)2/3, where v⃗ is the velocity of the gas and v⃗cir

is the circular velocity of the gas. This is a mass-weighted
average over −1kpc < z < 1kpc. After 200 Myr, there aren’t
significant changes. Because the initial gas motion is set as
the circular motion, the initial velocity dispersion is zero.
Once clouds are formed, they interact with each other by
mutual gravity of themselves. Additionally, the gas and the
clouds are accelerated radially and vertically by the spiral
arm well. By the bar potential, the gas and the clouds flow
along the elongate elliptical orbits. Therefore, the velocity
dispersion increases with time. Especially, inside 2 kpc, the
velocity dispersion is quite large due to the strong elliptical
motion indued by the bar potential.

In Figure 4 , we show the strong vertical motion of

c⃝ 2013 RAS, MNRAS 000, 1–17

200 Myr 240 Myr 280 Myr

• パターンの周期は ~ 120 Myr。上図では120°ずつ回転している。

• barやspiralなどの棒渦巻銀河特有の構造を良く再現できている。

• 240Myrでのcloudの性質、200 ~ 280Myrの間のcloudの進化を解析。



Disc

Spiral

Bar

銀河の領域分け
RESULTS

✓ spiral構造とinterarm構造は区別していない。spiralの形が時間とともに徐々に変化するため、定量的に分け
るのが難しい。

‣ Bar領域：銀河中心に
形成された長方形の棒
状領域

‣ Spiral領域：spiral arm
構造を含む円環領域

‣ Disc領域：Spiral領域
の外側の円環領域



3種類のcloudRESULTS
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Figure 8. Scaling relations between Type A, Type B and Type C clouds. Top left: (a) mass vs. radius relation at t = 240Myr. Using this
relation, clouds are categorised into three types; Type A, Type B and Type C. Type A clouds have smaller radius than 30 pc and larger
surface density than 230 M⊙/pc2. Type B clouds have larger radius than 30 pc and larger surface density than 230 M⊙/pc2. Type C
clouds have smaller surface density than 230 M⊙/pc2. Top right: (b) velocity dispersion vs. radius relation at t = 240Myr. Bottom left:
(c) virial parameter vs. radius relation at t = 240Myr. Bottom right: (d) theta vs. radius relation at t = 240Myr.

tribution. The merger rate is the number of mergers with the
other smaller clouds per 1 Myr. The number of absorption by
other larger clouds is not counted. Type B clouds have high
merger rate; the distribution extends to 0.4 Myr−1. Type
C clouds have low merger rate; almost all clouds have less
than 0.03 Myr−1. Type A clouds have a moderate merger
rate between Type B and C.

These three clouds have clear differences in their proper-
ties. The properties of Type A are those of the typical GMCs
observed in the Milkey Way and nearby galaxies. Type B
clouds have quite larger mass, radius, velocity dispersion,
lifetime and merger rate than those of Type A clouds. Type
C is a transient clouds, which have quite smaller mass, ra-
dius, lifetime and merger rate and quite higher virial param-
eter than those of Type A clouds.

3.3.3 What Characterise Differences of Clouds Between
Bar, Spiral, and Disc Regions

The percentages of these three clouds are clearly different
between regions as shown in Table 1. In the bar region, the
percentages of Type B and Type C are higher than those of
the other regions: Type B is 13.0 % and Type C is 37.7 %.
The percentage of Type A is lowest in the three regions; 49.4
%. On the other hand, in the disc region, almost all clouds
are Type A: the percentage is 83.3 %. The percentages of
Type B and Type C are quite low: Type B is 5.9 % and
Type C is 10.8 %. In the spiral region, the percentages of
these three clouds are the middle between the bar and the
disc region. For example, the percentage of Type A is higher
than that of the bar region and lower than that of the disc
region.

The pictures of these three types of clouds are in Fig-

c⃝ 2013 RAS, MNRAS 000, 1–17
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Figure 8. Scaling relations between Type A, Type B and Type C clouds. Top left: (a) mass vs. radius relation at t = 240Myr. Using this
relation, clouds are categorised into three types; Type A, Type B and Type C. Type A clouds have smaller radius than 30 pc and larger
surface density than 230 M⊙/pc2. Type B clouds have larger radius than 30 pc and larger surface density than 230 M⊙/pc2. Type C
clouds have smaller surface density than 230 M⊙/pc2. Top right: (b) velocity dispersion vs. radius relation at t = 240Myr. Bottom left:
(c) virial parameter vs. radius relation at t = 240Myr. Bottom right: (d) theta vs. radius relation at t = 240Myr.

tribution. The merger rate is the number of mergers with the
other smaller clouds per 1 Myr. The number of absorption by
other larger clouds is not counted. Type B clouds have high
merger rate; the distribution extends to 0.4 Myr−1. Type
C clouds have low merger rate; almost all clouds have less
than 0.03 Myr−1. Type A clouds have a moderate merger
rate between Type B and C.

These three clouds have clear differences in their proper-
ties. The properties of Type A are those of the typical GMCs
observed in the Milkey Way and nearby galaxies. Type B
clouds have quite larger mass, radius, velocity dispersion,
lifetime and merger rate than those of Type A clouds. Type
C is a transient clouds, which have quite smaller mass, ra-
dius, lifetime and merger rate and quite higher virial param-
eter than those of Type A clouds.

3.3.3 What Characterise Differences of Clouds Between
Bar, Spiral, and Disc Regions

The percentages of these three clouds are clearly different
between regions as shown in Table 1. In the bar region, the
percentages of Type B and Type C are higher than those of
the other regions: Type B is 13.0 % and Type C is 37.7 %.
The percentage of Type A is lowest in the three regions; 49.4
%. On the other hand, in the disc region, almost all clouds
are Type A: the percentage is 83.3 %. The percentages of
Type B and Type C are quite low: Type B is 5.9 % and
Type C is 10.8 %. In the spiral region, the percentages of
these three clouds are the middle between the bar and the
disc region. For example, the percentage of Type A is higher
than that of the bar region and lower than that of the disc
region.

The pictures of these three types of clouds are in Fig-
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❖ サイズ−質量関係を基に、cloudを3種類に分別

‣ Moster : 半径30pc以上の巨大なcloud。質量、速度分散ともに大きい。

サイズ−速度分散 サイズ−ビリアル
パラメータ
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Figure 8. Scaling relations between Type A, Type B and Type C clouds. Top left: (a) mass vs. radius relation at t = 240Myr. Using this
relation, clouds are categorised into three types; Type A, Type B and Type C. Type A clouds have smaller radius than 30 pc and larger
surface density than 230 M⊙/pc2. Type B clouds have larger radius than 30 pc and larger surface density than 230 M⊙/pc2. Type C
clouds have smaller surface density than 230 M⊙/pc2. Top right: (b) velocity dispersion vs. radius relation at t = 240Myr. Bottom left:
(c) virial parameter vs. radius relation at t = 240Myr. Bottom right: (d) theta vs. radius relation at t = 240Myr.

tribution. The merger rate is the number of mergers with the
other smaller clouds per 1 Myr. The number of absorption by
other larger clouds is not counted. Type B clouds have high
merger rate; the distribution extends to 0.4 Myr−1. Type
C clouds have low merger rate; almost all clouds have less
than 0.03 Myr−1. Type A clouds have a moderate merger
rate between Type B and C.

These three clouds have clear differences in their proper-
ties. The properties of Type A are those of the typical GMCs
observed in the Milkey Way and nearby galaxies. Type B
clouds have quite larger mass, radius, velocity dispersion,
lifetime and merger rate than those of Type A clouds. Type
C is a transient clouds, which have quite smaller mass, ra-
dius, lifetime and merger rate and quite higher virial param-
eter than those of Type A clouds.

3.3.3 What Characterise Differences of Clouds Between
Bar, Spiral, and Disc Regions

The percentages of these three clouds are clearly different
between regions as shown in Table 1. In the bar region, the
percentages of Type B and Type C are higher than those of
the other regions: Type B is 13.0 % and Type C is 37.7 %.
The percentage of Type A is lowest in the three regions; 49.4
%. On the other hand, in the disc region, almost all clouds
are Type A: the percentage is 83.3 %. The percentages of
Type B and Type C are quite low: Type B is 5.9 % and
Type C is 10.8 %. In the spiral region, the percentages of
these three clouds are the middle between the bar and the
disc region. For example, the percentage of Type A is higher
than that of the bar region and lower than that of the disc
region.

The pictures of these three types of clouds are in Fig-
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Transient

サイズ−質量

‣ Transient :密度が230               以下の低密度cloud。速度分散も非常に小さい。
ビリアルパラメータが大きく、ほとんど束縛されていない。

‣ Normal : 大多数を占める典型的なcloud。
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Figure 9. Normalised distribution of lifetime and merger rate of
clouds who exist between t = 200 Myr and 280 Myr. Top: (a)
lifetime of clouds. Note that we calculate the lifetime between
t = 200 ∼ 280 Myr even if the clouds exist before t = 200 Myr
or after 280 Myr. Bottom: (b) merger rate of clouds. The merger
rate is the number of mergers with the other smaller clouds per
1 Myr.

bar spiral disc

Type A 49.4% (38/77) 64.1% (330/515) 83.3% (85/102)

Type B 13.0% (10/77) 12.8% (66/515) 5.9% (6/102)

Type C 37.7% (29/77) 23.1% (119/515) 10.8% (11/102)

Table 1. The percentages of the three clouds in the three regions.
The numbers in the bracket is the number of clouds: the left is
the number of clouds of each type in each region and the right is
the sum of the clouds in each region.

height in Tasker & Tan (2009) is about 50 pc, which is quite
smaller than that of us.

3.3 Three Cloud Types and Galactic Structures

3.3.1 Three Cloud Types Based on Their Radius and
Surface density

To understand physical reason of difference of clouds be-
tween the regions, we classify all clouds into three types as
shown in Figure 8(a) according to the two sequences in the
mass-radius relation in Figure 7(a) and the bimodality in
the mass and radius distributions of the bar clouds in Fig-
ure 6(a)(b). ”Type A” clouds have smaller radius than 30 pc
and larger surface density than 230 M⊙/pc2. They have typ-

ical GMC mass (105 ∼ 106 M⊙) and radius (10 ∼ 20 pc).
”Type B” clouds have larger radius than 30 pc and larger
surface density than 230 M⊙/pc2. Most of them have a quite
large mass (> 5 × 106M⊙), which corresponds to the mass
of the high mass population in the mass distribution of the
bar region in Figure 6(a). ”Type C” clouds have smaller sur-
face density than 230 M⊙/pc2. They have quite small mass
(∼ 104 M⊙) although they have nearly same radius as that
of Type B clouds.

3.3.2 Properties of Type A, B, and C clouds

Although the three types of clouds are classified based on
their radius and surface density, they have clear differences
in their other properties: velocity dispersion, virial parame-
ter, lifetime and merger rate.

Figure 8(b) is the velocity dispersion versus radius re-
lation. Type A clouds have 3 ∼ 10 km/s, which is the typ-
ical velocity dispersion of GMCs in observations. Type B
clouds have larger velocity dispersion than ∼ 15 km/s. On
the other hand, the Type C clouds have lower velocity dis-
persion (2 ∼ 3 km/s) than the other clouds.

Figure 8(c) is the virial parameter αvir versus radius
relation. The Type A clouds have αvir ≈ 1, so they are on the
border line of gravitationally bound and unbound. The Type
B clouds have slightly higher αvir ≈ 2 than Type A clouds
because of their high velocity dispersion as shown in Figure
8(b). The Type C clouds have quite high αvir: the max value
is nearly 60. They are more gravitationally unbound than
others because of their quite low surface density as shown
in Figure 8(a).

Figure 8(d) is the theta versus radius relation. There is
no correlation between theta and radius. There is also no
correlation between theta and the 3 cloud types.

Figure 9(a) shows the cloud lifetime distribution. Note
that all clouds formed between t = 200 Myr and 280 Myr
are countered in this distribution, not only clouds who exist
at t = 240 Myr. Although many clouds of all three types
have shorter lifetime than 10 Myr, the range of this distri-
bution is quite different in the three cloud types. There are
Type A clouds who has 20 ∼ 30 Myr, which is the typi-
cal lifetime of GMCs estimated from observation (Blitz et
al. 2007; Kawamura et al. 2009; Miura et al. 2012), and
the maximum extend to 50 Myr. The Type B clouds have
longer lifetime than other clouds: many of them have life-
time longer than 30 Myr and the range extends to 80 Myr,
which is the maximum lifetime in our analysis. The Type
C clouds have shortest lifetime in the three type: most of
them have shorter lifetime than 10 Myr. Note that we un-
derestimate these lifetimes because we calculate the lifetime
between t = 200 ∼ 280 Myr even if the clouds exist before
t = 200 Myr or after 280 Myr. For example, the cloud who
lives from t = 180 Myr to 240 Myr have only 40 Myr lifetime
in our analysis. We don’t remove clouds who live before t =
200 Myr or after 280 Myr from our analysis because many
Type B clouds have longer lifetime than 80 Myr. If we re-
move the clouds who exist before t = 200 Myr or after 280
Myr from our analysis, only short lifetime clouds who are
minority of Type B clouds remain.

Figure 9(b) shows the merger rate distribution. Note
that all clouds formed between t = 200 Myr and 280 Myr
are countered in this distribution as same as the lifetime dis-
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Figure 9. Normalised distribution of lifetime and merger rate of
clouds who exist between t = 200 Myr and 280 Myr. Top: (a)
lifetime of clouds. Note that we calculate the lifetime between
t = 200 ∼ 280 Myr even if the clouds exist before t = 200 Myr
or after 280 Myr. Bottom: (b) merger rate of clouds. The merger
rate is the number of mergers with the other smaller clouds per
1 Myr.

bar spiral disc

Type A 49.4% (38/77) 64.1% (330/515) 83.3% (85/102)

Type B 13.0% (10/77) 12.8% (66/515) 5.9% (6/102)

Type C 37.7% (29/77) 23.1% (119/515) 10.8% (11/102)

Table 1. The percentages of the three clouds in the three regions.
The numbers in the bracket is the number of clouds: the left is
the number of clouds of each type in each region and the right is
the sum of the clouds in each region.

height in Tasker & Tan (2009) is about 50 pc, which is quite
smaller than that of us.

3.3 Three Cloud Types and Galactic Structures

3.3.1 Three Cloud Types Based on Their Radius and
Surface density

To understand physical reason of difference of clouds be-
tween the regions, we classify all clouds into three types as
shown in Figure 8(a) according to the two sequences in the
mass-radius relation in Figure 7(a) and the bimodality in
the mass and radius distributions of the bar clouds in Fig-
ure 6(a)(b). ”Type A” clouds have smaller radius than 30 pc
and larger surface density than 230 M⊙/pc2. They have typ-

ical GMC mass (105 ∼ 106 M⊙) and radius (10 ∼ 20 pc).
”Type B” clouds have larger radius than 30 pc and larger
surface density than 230 M⊙/pc2. Most of them have a quite
large mass (> 5 × 106M⊙), which corresponds to the mass
of the high mass population in the mass distribution of the
bar region in Figure 6(a). ”Type C” clouds have smaller sur-
face density than 230 M⊙/pc2. They have quite small mass
(∼ 104 M⊙) although they have nearly same radius as that
of Type B clouds.

3.3.2 Properties of Type A, B, and C clouds

Although the three types of clouds are classified based on
their radius and surface density, they have clear differences
in their other properties: velocity dispersion, virial parame-
ter, lifetime and merger rate.

Figure 8(b) is the velocity dispersion versus radius re-
lation. Type A clouds have 3 ∼ 10 km/s, which is the typ-
ical velocity dispersion of GMCs in observations. Type B
clouds have larger velocity dispersion than ∼ 15 km/s. On
the other hand, the Type C clouds have lower velocity dis-
persion (2 ∼ 3 km/s) than the other clouds.

Figure 8(c) is the virial parameter αvir versus radius
relation. The Type A clouds have αvir ≈ 1, so they are on the
border line of gravitationally bound and unbound. The Type
B clouds have slightly higher αvir ≈ 2 than Type A clouds
because of their high velocity dispersion as shown in Figure
8(b). The Type C clouds have quite high αvir: the max value
is nearly 60. They are more gravitationally unbound than
others because of their quite low surface density as shown
in Figure 8(a).

Figure 8(d) is the theta versus radius relation. There is
no correlation between theta and radius. There is also no
correlation between theta and the 3 cloud types.

Figure 9(a) shows the cloud lifetime distribution. Note
that all clouds formed between t = 200 Myr and 280 Myr
are countered in this distribution, not only clouds who exist
at t = 240 Myr. Although many clouds of all three types
have shorter lifetime than 10 Myr, the range of this distri-
bution is quite different in the three cloud types. There are
Type A clouds who has 20 ∼ 30 Myr, which is the typi-
cal lifetime of GMCs estimated from observation (Blitz et
al. 2007; Kawamura et al. 2009; Miura et al. 2012), and
the maximum extend to 50 Myr. The Type B clouds have
longer lifetime than other clouds: many of them have life-
time longer than 30 Myr and the range extends to 80 Myr,
which is the maximum lifetime in our analysis. The Type
C clouds have shortest lifetime in the three type: most of
them have shorter lifetime than 10 Myr. Note that we un-
derestimate these lifetimes because we calculate the lifetime
between t = 200 ∼ 280 Myr even if the clouds exist before
t = 200 Myr or after 280 Myr. For example, the cloud who
lives from t = 180 Myr to 240 Myr have only 40 Myr lifetime
in our analysis. We don’t remove clouds who live before t =
200 Myr or after 280 Myr from our analysis because many
Type B clouds have longer lifetime than 80 Myr. If we re-
move the clouds who exist before t = 200 Myr or after 280
Myr from our analysis, only short lifetime clouds who are
minority of Type B clouds remain.

Figure 9(b) shows the merger rate distribution. Note
that all clouds formed between t = 200 Myr and 280 Myr
are countered in this distribution as same as the lifetime dis-
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3種類のcloud

Normal!
Monster!
Transient

Normal!
Monster!
Transient

‣ Moster : 
長い寿命。20 Myr以上の寿命を持つものも存在。 
高い衝突頻度。0.1 [1/Myr]以上の高いものが存在する。タイムスケールに直すと
10Myr以下。

‣ Transient : 
短い寿命。ほとんどが10 Myr未満の短い寿命。 
低い衝突頻度。ほとんどが一度も衝突しないで生涯を終える。

‣ Normal : MonsterとTransientの中間の性質。



銀河領域ごとの3種類のcloudの存
在割合

RESULTS

• すべての領域で、Normal cloud の割合が最も高い。
• Bar領域では他領域に比べて、MonsterとTransient cloudの割合が
比較的高い。

• 一方、disc領域ではほとんどがNormal cloudである。

Bar Spiral Disc

Normal 50% 64% 83%

Monster 13% 13% 6%

Transient 38% 23% 11%
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Figure 10. 2 kpc gas surface density images of regions in the bar 1.5 kpc from the galactic centre (left) and disc, 8 kpc from the galactic centre. The position
of these two sections is shown on Fig. 5. Markers show the location of the three different cloud types. Green diamonds label type A clouds, blue circles mark
type B and red triangles are type C.

formation model is the simplest product of this assumption, with
the star formation rate depending only on the cloud mass and its
free-fall time,

SFRc = ϵ
Mc

tff,c
= ϵ

Mc!
3π

32Gρc

, (14)

where ϵ = 0.014, the SFE per free-fall time Krumholz & McKee
(2005), and ρcloud is the mean density of the cloud.

The top panel in Fig. 11 shows the Kennicutt–Schmidt relation
(equation 1) using this model. Each point on the graph marks the
value for a cylindrical region with radius 500 pc in the galactic
plane. This region size was chosen to be comparable to the observa-
tional data in nearby galaxies, which finds a near linear relationship
between the gas surface density, #gas, and the surface star formation
density, #SFR, for densities higher than 10 M⊙ pc−2 (Bigiel et al.
2008). Since multiple GMCs exist within these regions, the star
formation rate is calculated as the sum for each cloud within the
cylinder.

In agreement with observations, the gas and star formation rate
surface densities follow a nearly linear trend in all three galactic
environments. There is a small deviation towards a steeper gradient
at densities below ∼10 M⊙ pc−2 and also an increased scatter due
to the smaller number of clouds found within our measured region.
Note that this change has a different origin to the observational
results, where the break at the same threshold is due to the transition
between atomic and molecular hydrogen. In our simulations, only
atomic gas is followed, so we do not expect to observe such a split.

It is more likely that clouds in low-density regions are less centrally
concentrated, due to fewer interactions resulting in tidal stripping.

The overall star formation rate is approximately a factor of 10
higher than that observed. Such elevation in simulations is usually
put down to the absence of localized feedback, which would be
expected to dissipate the densest parts of the cloud and thereby
reducing the star formation rate regardless of whether the cloud
itself was also destroyed (Tasker 2011). In our case, we also lack an
actual star formation recipe, meaning that our densest gas is allowed
to accumulate inside the cloud without being removed to create a
star particle. This adds to the cloud mass and raises the expected
star formation rate.

While there is an overall agreement in the gradient, the difference
in the star formation rate in the bar, spiral and disc is also apparent.
The bar region contains the highest density of clouds, as well as
a larger fraction of the massive type B clouds. This produces the
upper end of the gas and star formation rate surface densities. The
sparser, smaller clouds of the disc region result in correspondingly
lower values and the spiral region sits in between.

3.4.2 GMC turbulence star formation model

We can compare the results of the straightforward free-fall collapse
with a star formation model that also considers the importance
of turbulent motions within the GMCs. Proposed by Krumholz &
McKee (2005), this power-law model assumes that the clouds are
supersonically turbulent, producing a log-normal density distribu-
tion. By demanding that gas collapses when the gravitational energy
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Transient
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• Bar領域ではMonster cloudを中心とした巨大なGMAが存在する。
MonsterやNormal cloud同士の相互作用によってフィラメント構造が
形成され、その中でTransient  cloudが作られる。

• Disc領域ではNormal cloudが数珠状になって分布している。



領域ごとの分子雲の性質
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Figure 7. Normalised distributions of cloud properties of bar region (solid red line), spiral region (dotted green line) and disc region
(dashed blue line) at 240 Myr.

The left panel of Figure 10 shows the merger rate distri-
bution. The merger rate is the number of cloud-cloud merg-
ers per Myr. The proportion of the high merger rate clouds
is the highest for the monster clouds and the lowest for the
transient clouds. The right panel of Figure 10 shows the life-
time distribution. The proportion of the long lifetime clouds
is the highest for the monster clouds and the lowest for the
transient clouds.

Figure 9 and Figure 10 indicates that the monster
clouds are heavy and large clouds due to many mergers with
other clouds during their long lifetime, and that the tran-
sient clouds are light, small, short lifetime, and gravitation-
ally unbound. In Figure 11, the monster clouds (blue marks)
form a association of the normal clouds (green marks) and
the transient clouds (red marks). Almost all transient clouds
are formed around the monster clouds, and are immediately
merged by the monster cloud or dispersed by the tidal fric-
tion with other clouds in the association. The associations
are often formed in the bar region and in the spiral region.

Some normal clouds are formed as a bead of clouds in fila-
mentary structures, which are often formed in the disc re-
gion.

Table 1 shows the proportion of the three clouds in
three regions. In the disc region, almost all clouds are nor-
mal clouds (83.3 %) and the normal clouds and the tran-
sient clouds are minorities. Therefore the mass function of
the disc clouds (Figure 7) is tight distribution because the
normal clouds are majority. In the bar region ,on the other
hand, only half is the normal clouds and the proportions of
the monster clouds and the transient clouds are higher than
those in the disc region and in the spiral region. The cause of
the bimodal distribution of the mass function and the radius
distribution in the bar region is the high proportion of the
monster clouds and the transient clouds. In the bar region,
there are many monster clouds and they form association of
the transient clouds.

c⃝ 2013 RAS, MNRAS 000, 1–14

質量分布 サイズ分布
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Figure 6. Normalised distributions of cloud properties of the bar region (solid red line), the spiral region (dotted green line) and the disc
region (dashed blue line) at 240 Myr. Top left: (a) cloud mass, Mc. Top right: (b) cloud radius, Rc =

p
(Axy + Ayz + Azx)/3π, where Axy

is the projected area of a cloud in the x-y plane, Ayz is that in the y-z plane, and Azx is that in the z-x plane. Middle left: (c) cloud surface
density, Σc = Mc/(πR2

c). Middle right: (d) one-dimensional velocity dispersion, σ1D =
p

{(vx − vcx)2 + (vy − vcy)2 + (vz − vcz)2}/3,
where (vx, vy , vz) is the velocity of the gas and (vcx, vcy , vcz) is the cloud’s centre of mass velocity. Bottom left: (e) virial parameter,
αvir = 5(σ2

1D + cs2)Rc/(GMc), where cs is a sound speed. The virial parameter is a measure of gravitational binding; a value grater than
1 indicate that the cloud is gravitationally unbound and less than 1 indicate that the cloud is bound. Bottom right: (f) angle θ between
the cloud angular momentum vector and the galactic rotation axis.

inclination of our relation is slight larger than those of ob-
servation.

Figure 6(d) shows the distributions of one-dimensional
velocity dispersion of cloud in the three regions. We define
the one-dimensional velocity dispersion of cloud as

σ1D =

r
(vx − vcx)2 + (vy − vcy)2 + (vz − vcz)2

3
, (13)

where (vx, vy, vz) is the velocity of the gas and (vcx, vcy, vcz)
is the cloud’s centre of mass velocity. This is a mass-weighted
average in the all cells of the cloud. The peaks of the dis-
tributions are almost same in the three regions; the peaks
are at σ1D ∼ 6 km/s. There are two differences between the
three regions. First, the range of σ1D of the bar clouds is

widest, and that of the disc clouds is narrowest; the range
extends to σ1D ∼ 30 km/s in the disc region, σ1D ∼ 60 km/s
in the spiral region, and σ1D ∼ 80 km/s in the bar region
respectively. Second, the distribution is bimodal in the bar
region. The distribution of the bar clouds has two peaks at
σ1D ∼ 4 km/s and at σ1D ∼ 20 km/s.

The peak one-dimensional velocity dispersion is larger
than the characteristic velocity dispersion of the observed
GMCs of M33 (∼ 4 km/s) and Milky Way (∼ 1 km/s).

Figure 7(b) shows the velocity dispersion vs. radius re-
lations of clouds in the three regions. The velocity dispersion
σc is the combined thermal and non-thermal velocity disper-
sion of cloud, defined as

σc =
p

σ1D
2 + cs

2, (14)

c⃝ 2013 RAS, MNRAS 000, 1–17

‣ Bar領域：MonsterとTransientの存在量が多いので、質量、サイ
ズともにBimodal分布になっている。広がりも大きい。

‣ Disc領域：ほとんどがNormal cloudなので、広がりが小さい。



まとめ

๏ 銀河の領域ごとで、分子雲形成・進化には特徴がある

๏ サイズ−質量関係を用いて分子雲を3種類に分類

- Normal cloudは、大多数を占める典型的な性質を持ったcloud。

- Transient cloudは密度、速度分散、ビリアルパラメータが小さい。寿命も短く、
衝突頻度は低い。Monster cloudに付随して存在する。

➡ 質量分布やサイズ分布の広がりが大きく、bimodal分布になった。
- Bar領域ではMonsterとTransientが多く存在し、Normalは５割ほど。

- Monster cloudは質量、サイズ、速度分散が大きい。寿命が長く、衝突頻度も高
い。巨大なGMAを形成し、その中心に存在する。

- Disc領域ではNormalが８割以上を占める。
➡ 質量分布やサイズ分布の広がりが小さい。

- Spiral領域はBarとDisc領域の中間の性質。



今後の課題

- 分子雲コアまで分解するような高分解能シミュレーション 
　　大質量星を形成しうる大質量分子雲コア形成の銀河環境依存性

- 星形成とフィードバックを考慮する（現在進行中） 
　　分子雲破壊や、周囲の星間ガスの圧縮

- ALMAやTMTなどによる、系外銀河の分子雲や星形成領域などの高分解能観測
との比較 :     我々のモデル銀河M83はALMAでのターゲット天体

- 様々な銀河での分子雲形成・進化の研究 
　　銀河内領域だけでなく、銀河の種類や時代によっても星形成活動が異なる。


