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Introduction



Correlation between gas and star formation

Star formation is one of the 
key processes governing 
the evolution of galaxies.

Many observations of 
nearby disc galaxies 
indicate an empirical 
relation between the gas 
surface density and the star 
formation rate surface 
density. Kennicutt 1998
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Figure 7 Correlation between disk-averaged SFR per unit area and average gas surface density,
for 36 IR-selected circumnuclear starbursts. See Figure 5 for a similar comparison for normal spiral
disks. The dashed and dotted lines show lines of constant star formation conversion efficiency, with
the same notation as in Figure 5. The error bars indicate the typical uncertainties for a given galaxy,
including systematic errors.

for spiral disks in Figure 5, except that in this case the SFRs are derived from
FIR luminosities (Equation 4), and only molecular gas densities are plotted. HI
observations show that the atomic gas fractions in these regions are on the order
of only a few percent and can be safely neglected (Sanders & Mirabel 1996).
The SFRs and densities have been averaged over the radius of the circumnu-
clear disk, as measured from high-resolution CO or IR maps, as described by
Kennicutt (1998).
Figure 7 shows that the surface densities of gas and star formation in the

nuclear starbursts are 1–4 orders ofmagnitude higher than in spiral disks overall.
Densities of this order can be found in large molecular cloud complexes within
spiral disks, of course, but the physical conditions in many of the nuclear
starbursts are extraordinary even by those standards. For example, the typical
mean densities of the largestmolecular cloud complexes inM31,M33, andM51
are in the range of 40–500 M

�
pc�2, which corresponds to the lower range of
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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
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(a) (b)

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

NGC 4303

Bar
Inter-arm

Nucleus

Spiral(Arm)

Different star formation activity 
in each region of a barred galaxy

Momose et al. 2010

Star formation rate (SFR) and efficiency are twice as high in the 
spiral arms as in the bar.



Our study

We performed 3D hydrodynamical simulations of 
the barred galaxy M83 at high resolution and 
investigated the properties of the GMCs.

What is the physical process that creates this difference?

Stars are formed in giant molecular clouds (GMCs).

Could there be a difference in the properties of the 
GMCs in each region?



Simulation



15kpc

The code

•Enzo : a 3D adaptive mesh refinement (AMR) hydrodynamics code 

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

Radiative cooling : T > 300K
Self-gravity of gas
No star formation or feedback

3pc !!

�xn = �x0 � 2�n

refinement level : n=7

GMC

CPU : 256   Time : ~ 2 weeks
We used Cray XT4 @ CfCA



The Initial Structure of the Galactic Disc
Observational gas distribution

Lundgren et al. (2004)

�(r, z) = �0 exp
�
� r

2265pc

�
sech2

�
z

100pc

�
M�/pc3

gas distribution fromH2

NFW profile

Static dark matter potential

�(r) =
�0

(r/rs)(1 + r/rs)2

Stellar potential 
(Hirata 2009 Private communication)

• disc + bar + spiral

•        fixed motion star particles
 • The pattern speed of the bar

and spiral is 54 km/s/kpc.

105

20 kpc

bar + arm star particles are shown



Results



Surface density plot

8kpc



Cloud identification

Find peaks in the gas 
density field with

1kpc

� � 100cm�3

Search peak neighbours 
for cells also with

� � 100cm�3



Surface density plot with clouds

10kpc

disc clouds

spiral clouds

bar clouds

inter-arm 
clouds

star particles



4kpc

disc clouds

spiral clouds

bar clouds

inter-arm 
clouds

star particles

Surface density plot with clouds



2kpc

disc clouds

spiral clouds

bar clouds

inter-arm 
clouds

star particles

Surface density plot with clouds



0.5kpc

disc clouds

spiral clouds

bar clouds

inter-arm 
clouds

star particles

Surface density plot with clouds



the number density of clouds
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evolution of merger rate per volume
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Cloud lifetime
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Cloud Properties - mass -

No significant 
difference between 
regions



Cloud Properties - radius -

No significant 
difference between 
regions



Cloud Properties - 1D velocity dispersion -

bar and spiral are higher 
than disc and inter-arm



Cloud Properties - virial parameter -

�vir �
5�c

2Rc

GMc

bound unbound Measure of 
gravitational binding:

bar clouds are less 
bound than others.



vertical distribution

The range in vertical position 
is larger in bar, spiral, and 
inter-arm than in disc



evolution of merger rate per volume
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evolution of merger rate per mass
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(a) (b)

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

SFE_spiral > SFE_bar

Momose et a. 2010



Conclusions

Cloud size and mass are independent of cloud environment.

Clouds in the spiral arm and bar tend to have high velocity 
dispersion and be less bound than those in disc.

The cloud number density is much higher in the bar regions.

If cloud collisions trigger massive star formation, this would 
explain the star formation activity in the barred galaxy.

The merger rate per volume is much higher in the bar regions.

The merger rate per mass is much lower in the bar regions.


