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1 INTRODUCTION

ABSTRACT

We investigate the properties of massive, dense clouds formed in a barred galaxy and their
possible relation to star formation, performing a two-dimensional hydrodynamical simulation
with the gravitational potential obtained from the 2MASS data from the barred spiral galaxy,
MS3. Since the environment for cloud formation and evolution in the bar region is expected
to be different from that in the spiral arm region, barred galaxies are a good target to study the
environmental effects on cloud formation and the subsequent star formation. Our simulation
uses for an initial 80 Myr isothermal flow of non-self gravitating gas in the barred potential,
then including radiative cooling, heating and self-gravitation of the gas for the next 40 Myr,
during which dense clumps are formed. We identify many cold, dense gas clumps for which
the mass is more than 10* M, (a value corresponding to the molecular clouds) and study the
physical properties of these clumps. The relation of the velocity dispersion of the identified
clump’s internal motion with the clump size is similar to that observed in the molecular clouds
of our Galaxy. We find that the virial parameters for clumps in the bar region are larger than
that in the spiral arm region. From our numerical results, we estimate star formation in the bar
and spiral arm regions by applying the simple model of Krumholz & McKee (2005). The mean
relation between star formation rate and gas surface density agrees well with the observed
Kennicutt—Schmidt relation. The star formation efficiency in the bar region is ~60 per cent of
the spiral arm region. This trend is consistent with observations of barred galaxies.

Key words: ISM: clouds — galaxies: ISM — galaxies: kinematics and dynamics — galaxies: star
formation — galaxies: structure.

depends on the turbulent properties of the molecular clouds and
demonstrate that the K-S relation can be explained by their model.

Star formation (SF) is one of the key processes governing the evo-
Iution of galaxies. Many observations of nearby disc galaxies in-
dicate an empirical relation between gas surface density (X gs)
and SF rate (SFR) surface density (Xspr). This relation is called
the Kennicutt—Schmidt (K-S) relation (Schmidt 1959; Kennicutt
1998). Bigiel et al. (2008) show that Xgpr is well correlated
with the hydrogen molecular surface density (Xy,) for local spiral
galaxies.

Many papers have been devoted to understanding the physical
reason behind the K-S relation (e.g. Krumholz & McKee 2005).
However, it remains poorly understood. Since massive stars are
mainly observed in the spiral arms of disc galaxies, it has been pro-
posed that SF is regulated by galactic shocks driven by spiral density
waves (e.g. Binney & Tramaine 2008) and by the increase of cloud—
cloud collisions (Tasker & Tan 2009; Tasker 2011). Krumholz &
McKee (2005) propose an SF model in which SF efficiency (SFE)
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Turbulent internal motion in clouds can be excited by cloud—cloud
collisions via the conversion of the orbital energy of the clouds
into internal motion energy (Bonnell et al. 2006, Dobbs, Bonnell &
Pringle 2006, Tasker & Tan 2009 and Tasker 2011).

Barred galaxies show different SF activity in the bar regions and
in the spiral arm regions, even when gas surface density in both
regions is comparable (e.g. Downes et al. 1996; Sheth et al. 2000;
Muraoka et al. 2007; Momose et al. 2010). Studying the physical
reason for this discrepancy is an important step to understanding
the physics for the K-S relation.

Itis well known that the SF activity is higher in spiral arm regions
than in the bar regions, even if the bar regions are gas rich (Momose
et al. 2010). We focus on the possibility that this difference is
related to a difference in cloud properties between these regions,
since the cloud environment is thought to be closely related with
SF (Krumholz & McKee 2005).

Gas flows in the bar regions are elongated with strong shears
and dark lanes that are evidence for strong shock waves (e.g. Wada
& Habe 1992). It is therefore natural to expect clouds forming in
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this environment to have different properties from elsewhere in the
disc.

In this paper, we present a numerical simulation of gas flow
at high resolution in a barred galaxy potential. We include cooling
and heating processes and study the properties of clouds in different
galactic environments within the disc and how this relates to SF. For
the purpose, we resolve gas clumps as small as molecular clouds.

As the first step in our study, we perform a two-dimensional
simulation with spacial resolution of 4 pc. The galaxy model is that
of a barred galaxy with a bar similar to M83. M83 is a nearby barred
galaxy, type SABc, and one of the best targets to study the spacial
variation of SFE in a barred galaxy, since it is nearby and has been
well observed in various wave lengths, e.g. atomic gas (Huchtmeier
& Bohnenstengel 1981), the molecular gas (Lundgren et al. 2004a;
Sakamoto et al. 2004; Muraoka et al. 2007), optical emission lines
(Dopita et al. 2010), X-ray (Soria & Wu 2003).

From the physical properties of the identified clumps, we estimate
the SFE and SFR, using the simple SF model of turbulent clouds
proposed by Krumholz & McKee (2005).

The plan of this paper is as follows: Section 2 describes our model
and numerical method. In Section 3, we show our numerical results.
In Section 4, we estimate SFR and SFE in the bar region and the
spiral arm region by using the simple model of Krumholz & McKee
(2005). In Section 5, we present our discussion and conclusion.

2 MODEL AND NUMERICAL METHOD

2.1 Model Galaxy

We use a gravitational potential for a barred galaxy similar to that
of M83. This model is from the work of Hirota (private commu-
nication) who analysed the 2MASS K-band image of M83 (Jarrett
et al. 2003), assuming a constant mass to light ratio and a distance
of 4.5 Mpc to the galaxy. The model galaxy consists of stellar bulge,
stellar bar, stellar disc and dark halo components. The stellar bar end
is near r = 2 kpc from the galactic centre and loose spiral arms are
traced from the bar end to r > 4.5 kpc. The circular rotation velocity
of the gravitational potential that is shown in Fig. 1 roughly agrees
with the observation of molecular gas in M83 by Lundgren et al.
(2004b). The observed rotation velocity of molecular gas is 150
kms~! at 2kpc from the centre and 180 kms~! at 3 kpc from the
centre (Lundgren et al. 2004b). In our simulations, we assume that
initial gas rotates in the gravitational potential with a circular veloc-
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Figure 1. The circular velocity in the model galaxy and the pattern speed
of the bar.
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Figure 2. The azimuthally averaged gas surface density at + = 120 Myr
(solid line). The dotted line is the initial gas distribution.

ity that balances the axial averaged gravity of the barred galaxy. The
pattern speed of the bar potential is €2, = 54 kms~' kpc™', in keep-
ing with the observed global characteristics of the gas distribution
in M83 (Hirota, private communication; Hirota et al. 2009).

For the initial radial distribution of gas mass surface density
in the disc, we assume the Gaussian central component and the
exponential gas disc component given by Lundgren et al. (2004a)
(Fig. 2). The total gas mass within a radius of 6.3kpc is 3.5 x
10° M.

2.2 Numerical method

We simulate two-dimensional gas flow in the model galaxy using
our M-AUSMPW™ code (Namekata & Habe 2011), which is based
on an advection upstream splitting scheme (Kim & Kim 2005b)
with the MLP5 (Kim & Kim 2005a) for calculating the higher
order numerical fluxes. The size of simulation region is 12.6 kpc x
12.6 kpc and covers the whole stellar disc of M83. The grid size
in our simulation is 31252, with a cell size of 4pc. We assume
as the outer boundary condition of our simulations that physical
quantities of hydrodynamics are continuous. We have examined this
condition by checking that artificial gas motions are not induced by
the outer boundary condition and have found that outward gaseous
disturbance in a rotating super sonic gas in the disc galaxy potential
propagate without reflection at the outer boundary.

For the first 80 Myr, we calculate gas motion assuming an isother-
mal, non self-gravitating gas with 7 = 10* K. At this stage, gas
density distribution is nearly steady. After this time, we take into
account radiative cooling, heating and self-gravity of the gas for the
next 40 Myr, which is long enough for the formation of the molec-
ular clouds. Self-gravity of the gas is calculated by FFT of which
a detailed description is given in Namekata & Habe (2011). We
do not include SF processes or any stellar feedback throughout our
simulation, as we are concentrating on the properties of the clouds
formed in the bar galaxy potential. We use a cooling function of
gas with a solar metallicity given by Spaans & Norman (1997). For
the heating processes, we assume a uniform far-ultraviolet (FUV)
radiation field and a uniform cosmic ray heating in the energy con-
servation equation in the numerical hydrodynamics for simplicity.
We use the FUV heating rate ['ryy = 1.0 x 1072*¢G (Gerritsen
& Icke 1997). We assume ¢ = 0.05 and Gy = 1.0 (Huchtmeier
& Bohnenstengel 1981). These values are obtained in the Galaxy.
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When radiative cooling is allowed, the gas is allowed to cool to
10 K. For calculation of the cooling rate, gas density is obtained by
assuming that the thickness of the gas disc is 70 pc.

2.3 Clump finding method

In order to study the properties of clumps in the bar and spiral
arm region, we identify clumps that are dense and have a low
temperature by the following method [a more detailed description
is given in Namekata & Habe (2011)]. First, cells with a surface
density higher than ¥ and temperature lower than T, are selected
as a ‘candidate’ clump member. Next, if a neighbouring cell to the
‘candidate’ is also a candidate, these cells become members of the
same group. We iterate this procedure for all candidate cells. If cell
number of a group exceeds 7y, the group is identified as a clump.

Since the mean surface gas density is less than 60 Mg pc?
except for where r < 500 pc, as shown in Fig. 2, we assume ¥ =
60M¢p pc*2 and n. = 12. These values of X and n. correspond
to the lower limit mass of clumps of m ~ 10* Mg.

3 RESULTS

3.1 Disc gas evolution

Fig. 3 shows the gas surface density distribution at the final stage of
the isothermal gas simulation at + = 80 Myr. In this figure, rotation
of the gas and the bar pattern speed are in the counter-clockwise di-
rection. The major axis of the bar is along the x-axis. Two dominant
gas spirals extend from the bar ends and dense gas distributes in the
bar region. We continue the simulation with cooling and heating
processes and self-gravity of the gas, until = 120 Myr.

Fig. 4 shows the gas surface density distribution at t = 120 Myr.
Many irregular structures of dense gas have formed in the spiral
arm and bar regions. In Fig. 4, dense gas extends in the bar region
more than in Fig. 3 and there are many dense gas clumps in the
downstream side of the gas flow in the bar region similar to those
observed in a barred galaxy. The gaseous bar extends to r = 2 kpc
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Figure 3. Gas surface density map at t = 80 Myr. Until this stage, gas is

isothermal. The colour bar on the right-hand side shows the logarithmic

scale of the surface density of gas in unit of M, pc2.
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Figure 4. Same as Fig. 3, but for gas surface density map at t = 120 Myr.
Our numerical simulation includes radiative cooling after = 80 Myr.
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Figure 5. PDF of surface gas density in unit of M, pc~2. We plot numer-
ical results at = 80, 90, 100, 110 and 120 Myr.

from the centre and the loose gaseous spiral arms begin from the
gaseous bar ends and extend to r = 4 kpc. These features roughly
agree with M83. These dense gas features have a low temperature
(T < 100 K) and are similar to the previous studies (Wada & Norman
2001; Wada & Koda 2001). From our numerical result as shown in
Fig. 4 we call a rectangular region (—2 < x < 2kpcand —1<y <
1 kpc), the bar region and a ring region between r = 2 and 4 kpc,
and the spiral arm region. There are many dense gas cells with ¥ >
60 M@ pc~? and T < 100 K. Total number of the dense gas cells is
341854 att = 120 Myr.

We show the probability distribution function (PDF) of surface
density in Fig. 5. This plot excludes the galactic central region of r <
600 pc where there is a large concentration of gas. The figure shows
that the PDF rapidly changes from 7 = 80 to 100 Myr and is almost
steady in # > 100 Myr in the range of £ > 10 M pc~2. The PDF in
the range of ¥ < 1 M pc~2 appears in # > 80 Myr and is produced
by the FUV heating. The FUV heating hardly affects dense part of
the PDF in the range of £ > 10 M pc2. The PDF in this stage is
approximated by a log-normal form (Wada & Norman 2001; Padoan
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& Nordlund 2002) in the range of £ > 100 M pc2. The following
analysis focuses on the simulation results at # = 120 Myr, since the
time between ¢ = 80 and 120 Myr is long enough to have allowed
more than one free-fall time for a typical giant molecular cloud
(GMO), e.g. tiy = +/3t/32Gp = 4.74(ny/100 cm~3)~%3 Myr, and
current estimates suggest that GMCs live between one and two free-
fall times (e.g. McKee & Ostriker 2007 and references therein).

We show the radial distribution of the azimuthally averaged gas
surface density at# = 120 Myr in Fig. 2. There are gas concentrations
in the galactic central region (r < 500 pc) and near the bar ends (r ~
3kpc). These concentrations are formed by gas dynamical effect
by the bar potential (e.g. Athanassoula 1992; Wada & Habe 1992).
These characteristic features agree with the observed radial profile
of CO (J = 1-0)and CO (J = 3—2)in M8&3 (Muraoka et al. 2007),
except for the large concentration of gas in the central 500 pc region
in our numerical result. In M83, there is a nuclear starburst region
at the galactic centre. The large concentrated gas within 500 pc in
our numerical result may be consumed by the nuclear starburst and
the discrepancy can be small by the burst SF.

3.2 Physical properties of the clumps

We select clumps from our numerical results by the method de-
scribed in Section 2.3. These clumps are in the mass range of 10* <
M < 10° M. The most massive clump is in < 100 pc from the
galactic centre. The total mass of the clumps is 2.0 x 10° Mg in the
gas disc. The mass of the clumps in the bar region is 1.3x 10° Mg,
and in the spiral arm region is 0.7 x 10° M. The total number of
clumps in the gas disc is 4122. The number of the clumps in the bar
region is 495 and in the spiral arm region is 3771.

We show a mass function of clumps in our numerical result at
t = 120 Myr in Fig. 6. In this figure, we plot the number of clumps
with an equal spacing of dlog,, M = 0.05. From Fig. 6, dN/dM
M~ in M > 10° M, since

dN 1 dN
dM = MdlnM’

This power index agrees well with the observed values ~—1.5 in
M> 10 Mg in our Galaxy (Solomon et al. 1987). We test different
thresholds of surface density for the clump finding method, and
confirm that the power index of the clump mass function is almost
independent from the choice of the threshold value.

We plot clump mass versus their size in Fig. 7. Plus symbols show
clumps in the bar region. We use the colour contour map to show

¢y

120 Myr ——

25 B

10g1o (dN / dinM)
P
T
.

0.5 4

0 L L ' L L
4 5 6 7 8 9 10
logyo M Mgyn]

Figure 6. Clump mass function at t = 120 Myr.
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Figure 7. Clump mass versus clump size for the clumps in our numerical
results at 1 = 120 Myr. Plus symbols show clumps in the bar region and the
colour contour map shows clumps in the spiral arm region. The colour bar
shows number of clumps in the cell given by dividing the plot flame into
200 x 200.
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Figure 8. Same as Fig. 7, but for the distribution of velocity dispersion of
internal motion versus clump size for the clumps in our numerical results
at t = 100 Myr. The dashed line shows the relation given by Solomon et al.
(1987).

clumps in the spiral arm region which are too numerous to represent
as points. The colour bar shows number of clumps in the cell given
by dividing the plot frame into 200 x 200. Since the clumps have
an irregular shape, in this figure, we estimate clump size / as:

S 0.5
-((2))

where S is area of the clump. From Fig. 7, we find the relation
Mq = 10"°(1/10pc)** Mg, )

that is shown by a dashed line in Fig. 7. Large size clumps of
| > 40pc are in the bar region and in the galactic central region
(r < 500 pe).

In Fig. 8, we plot the one-dimensional velocity dispersion, o,
of the internal velocity of the clumps versus their sizes. o, is given
by

1
2IVI(:I

Oy =

> dmai (i ; — B 3)
ij

from our numerical result, where m,; ; and v; ; are the gas mass and
the velocity of gas in the (i, j) cell belonging to this clump of which
mass is M., respectively. v is velocity of the centre of mass of this
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Figure 9. Same as Fig. 7, but for the distribution of velocity dispersion of
internal motion versus clump mass for the clumps in our numerical results
att = 120 Myr.

clump. Relation of the velocity dispersions and sizes of clumps is
approximated as

o, = 0.8(1/1pc)® kms™! )

in the spiral arm region, which is shown by a dashed line in Fig. 8.
This relation is similar to the results of Larson (1981) and Solomon
et al. (1987). Larson (1981) gives o, = 1.1(//1 pc)®® kms~! and
Solomon et al. (1987) gives o, = 1.0 & 0.1(//1 pc)® * %95 kms~.
Fig. 8 clearly show that there are clumps with larger velocity dis-
persions in the bar region than in the spiral arm region. The large
velocity dispersion of clumps in the bar region may be due to their
formation process; that is, clumps form from cooled gas in gas flow
with strong shear motion in the bar region and/or turbulent internal
motion in clouds is excited by cloud collisions.

We plot internal velocity dispersion versus mass of clumps in
Fig. 9. The relation between the internal velocity dispersion and the
mass of clump is approximated as

0y = 2(Ma/10° M)~  kms™". (5)

The virial parameter is a useful measure of the gravitational
stability of the clumps. Virial parameter of a spherical clump is
given by

5021
GMyc’
where Myc is its mass, o, is its one-dimensional velocity dispersion

of internal motion and [ is its size.
We modify oy, as

©)

Qyir =

10021
3GMcmc’

since our numerical calculation is two dimensional. In Fig. 10, we
plot the virial parameter «.;, versus mass of clumps.

Several clumps in the bar region have larger virial parameters than
in the spiral arm region. Number of clumps with o > 1 is 476 of
the total 495 clumps in the bar and 2855 of the total 3771 clumps in
the spiral arm region. These gravitationally unbound clumps would
be transient, since oy, > 1. Such transient clumps are found in the
numerical simulation of GMCs formation by spiral shocks (Dobbs
et al. 2006). In Dobbs et al. (2006), they show that a large part of
the formed clouds are gravitationally unbound and transient. Mass
fraction of clumps with a,;; < 1 is 4.28 per cent of the total mass
of clumps in the disc, 0.33 per cent of the total mass of clumps is
in the bar region and 3.95 per cent of the total mass of clumps is

Qyir =

Dense clouds in a barred galaxy — 2179

2 T T T T T 2000
15 L i 1800
F ' 1600
5 e N i 1400
3 ' b
5 % 1200
©
Q -
s 1000
S
S - — 800
j=2)
S
1 4 600
400
15 |- B
200
2 | | | | |
4 5 6 7 8 9 10

logyo(clump mass) [Mgq]

Figure 10. Same as Fig. 7, but for the distribution of the virial parameter
of clumps with clump mass at t = 120 Myr.
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Figure 11. Radial distribution of velocity dispersion of clumps in the galaxy
att = 120 Myr.
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Figure 12. Radial distribution of virial parameter of clumps in the galaxy
att = 120 Myr.

in the spiral arm region. Fraction of clumps with o,;; < 1 is much
smaller in the bar than that in the spiral arm region. Small fraction
of gravitationally unstable clumps in the bar region may be related
with low SFE in the bar region. We will discuss this possibility in
Section 4.

We plot galactic radial distributions of velocity dispersion of
clumps in Fig. 11 and virial parameters of clumps in Fig. 12.
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There are more clumps with large virial parameters in r < 2.5 kpc
than that in r > 2.5 kpc. There are many clumps with @ < 1 in the
spiral arm region. From these results, we expect many star-forming
clumps in the region. In Fig. 12, there are small excess of number of
clumps with ¢ < 1 in r = 1.5-2 kpc. The excess is near the bar end
where gas orbits are expected to be crowded (Wada & Habe 1992).
The orbit crowding will lead to the increase of cloud collisions near
the bar end. The increase of cloud collisions can explain the excess
of clumps with o < 1, if cloud collisions are inelastic and reduce
internal irregular motion in clumps.

4 STAR FORMATION

We estimate the SFR from our numerical results. Since the cell
size of our numerical simulation, 4 pc, is not enough to resolve the
SF process by hydrodynamical simulation, we use the SF model
proposed by Krumholz & McKee (2005) as sub-grid physics. In
their model, they assume that SF occurs in Jeans unstable parts of
the GMCs and is regulated by the turbulent motions in the GMCs. In
their model, they also assume that turbulent velocities in the GMCs
is described by a power law of the size of the turbulent motion, a
probability density function for the density is a log-normal type and
SF occurs in the Jeans unstable part of the GMC. They obtain an
SFR rate for a GMC as

M,
SFR = SFRy; — M€ (7

e
where

37t ny =172

fr =] e = 15— Myr, 8
"=\ 326Gy (1000cm—3> r ®)
and

e\ 068 [/ M\ 02
FR; = 0.014 ) i ,
SFR = 0.0 (1.3 (100) ©)

where M = o, /¢, and c; is the sound speed of clouds. We estimate
SFR in a clump as

SFRfve M )

(10)
tdyn

SFR = (

where M, is the clump mass, fyic is the fraction of molecular gas
of it and t4y, is given by

= -1
v v EC
tdynzaiizl.36( “ 71) ( ! _2> Myr.
nGXy 1kms 50M¢g pc
(11)

X, is the mean surface density of each clump. We also calculate
SFR, assuming SFR¢ = 0.014 for comparison.

4.1 Relation of star formation rate surface density
and gas surface density

We obtain an SFR from our numerical results by assuming that the
SFR for each clump is given by equation (10) with fy;c = 1, that is,
the clumps are assumed to be mainly composed of H, molecules.
We show the SFR surface density versus surface density of mass
of clumps over the average scale of 500 pc in Fig. 13 (the spiral
arm region) and in Fig. 14 (the bar region). Fig. 13(a) and Fig.
14(a) show the SFR surface density for the SF model with SFRg
of equation (9) as proposed by Krumholz & McKee (2005). These
panels show that SFR surface density is lower in the bar region than
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Figure 13. The distribution of the SFR surface density averaged in the scale
of 500 pc with the clump mass surface density averaged in the same scale at
t = 120 Myr in the spiral arm region for SFRy of equation (9) (top), and for
SFRg = 0.014 (bottom). The colour bar shows number of cells of numerical
hydrodynamic simulation. The red solid line shows the K-S relation. The
blue dotted line shows 10 times the K-S relation. The magenta dotted line
shows 1/10 the K-S relation.

in the spiral arm region for the same clump mass surface density.
This result well corresponds to the observational results by Momose
et al. (2010). For the constant SFR¢ model as shown in Fig. 13(b)
and Fig. 14(b), the SFR surface density has smaller scatter than the
result by the model of Krumholz & McKee (2005) in both regions
and difference of the SFR surface density between these regions is
small. This result means that the difference of SFR between the bar
and spiral arm regions is mainly due to difference of internal motion
of clumps, if the SF model of Krumholz & McKee (2005) can be
applied. Correlation shown in Fig. 13 and Fig. 14 are well within
the relation given by Kennicutt (1998) and Bigiel et al. (2008).

4.2 Radial distribution of star formation rate

We show the radial distribution of the mean SFR surface density
in Fig. 15. In Fig. 15, we exclude the central region of r < 500 pc,
since there is high mass concentration of clumps and the SFR is very
high in this region. The SFR between 0.5 < r < 2.5kpc is Xgpr ~
107> M@ pe~2 yr~! which is smaller than ~10~7 M pc 2 yr~! in
the region of 2.5 < r < 3.5kpc. There are small enhancements of
the SFR near » = 2 and 3 kpc. The former is near the outer edge
of the bar region, and the latter is near the inner ends of gas spirals
and corresponds to small number excess of clumps with o < 1 as
shown in Section 3. The SFR agrees with the estimation of Muraoka
et al. (2007) within their uncertainty as shown in Fig. 15.
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Figure 14. Same as in Fig. 13, but for the bar regions.

o) ‘ ‘ ‘ ‘ ‘ Murzoka et al.2007 G-
®
sl ]
6]

- 85 ; p
:ﬁ ran - @ : : +® Q 6} +++$ i
E s 4O+ 0 ¢ +
L p* PRI R s S
g S
€ st + 1

sl ]

85 + . . . . . .

0 500 1000 1500 2000 2500 3000 3500 4000

Radius [pc]

Figure 15. The radial distribution of SFR obtained by using the Kulmholts-
McKee SF model in the model galaxy. We show the SFR in r > 600 pc. We
also plot the SFR estimated by Muraoka et al. (2007).

We show the radial distribution of SFE, i.e. SFR per unit clump
mass, in Fig. 16. In this Figure, we also exclude the central region
of r < 500pc. The SFE agrees with the estimation of Muraoka
et al. (2007) within their uncertainty as shown in Fig. 16. The SFE
in the bar region is ~60 per cent of the spiral arm region. This
trend is observed in barred galaxies (Muraoka et al. 2007; Momose
et al. 2010). Our numerical results show that many more clumps in
the bar region have large virial parameters with & > 1 than in the
spiral arm region. This is the reason why the SFE is small in the
bar region. In NGC 4303, SFE is larger than our numerical results
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Figure 16. Radial distribution of SFE in r > 600 pc.

with ~10733 yr~! in the bar region and ~10%>—10"73 yr~! in the
spiral arm region. This is because SFR is slightly higher in NGC
4303 than the mean value of the K-S relation (Momose et al. 2010).

5 DISCUSSION AND CONCLUSION

Our numerical results have shown that most of massive clumps in the
bar region have large virial parameters, o, and that the mass fraction
of bound clumps in the bar region is smaller than in the spiral arm
region, although the mean surface gas density is larger in the bar
region than in the spiral arm region as shown in Section 3. Lundgren
et al. (2004b) shows that molecular gas velocity dispersion is large
in the bar region in M83. Sorai et al. (2012) shows that molecular
gas in the bar has also large velocity dispersion in a barred galaxy,
Maffei 2. Because of large shear gas flow in the bar region, most of
clumps formed from gas in the bar region may have large internal
gas motions. If cloud collisions in the bar region are more frequent
than in the spiral arm region, large internal motion in clouds is
also possible to be excited by cloud collisions. These may be the
reason why the mass fraction of bound clumps in the bar region is
smaller than in the spiral arm region. It is interesting to study these
possibility.

The SFR estimation from our numerical results agrees with the
K-S relation as shown in Section 4. In this analysis, we use the SF
model of Krumholz & McKee (2005) in which they assume that
gravitationally unstable parts of the molecular clouds with small
turbulent velocities form stars. In their model, they assume the
scaling relation between turbulent velocities and turbulent sizes as
in Larson (1981). In their model, SFR is given by the gravitationally
unstable part mass divided by its free-fall time. In our analysis,
turbulent velocities of clump sizes are assumed to be the velocity
dispersions of internal motions of clumps in our numerical results,
and equations (10) and (11) are used. We have shown that the
SFR surface density is smaller in the bar region than in the spiral
arm region for the same gas surface density using the SF model of
Krumholz & McKee (2005). We have also shown that the difference
between the bar region and the spiral region is small for the constant
SFR¢ model. From these comparison, the difference of SFR surface
density can be explained by the difference of internal motions of
clumps between these regions.

We have examined the radial distributions of SFR and SFE, since
our estimation of SFR agrees with the observed K-S relation. Both
radial distributions are within the error bars of observation of M83
(Muraoka et al. 2007) in r > 500 pc, with the SFR and SFE being
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smaller in the bar region than in the spiral arm region. The decrease
of both SFR and SFE in the bar region is similar to the recent
observations of barred galaxies (Momose et al. 2010).

Our numerical results show that the turbulent SF model can ex-
plain the property of SF in barred galaxies. It is interesting to study
observationally the difference in cloud properties in the bar and
in the spiral arm regions and the relation between cloud property
and SF activity in various environments in galaxies using radio
telescopes with high spatial resolution, e.g. Atacama Large Mil-
limeter/submillimeter Array (ALMA), that will make it possible to
resolve molecular clouds in extragalaxies.

We discuss limitations of our numerical simulation. We assume
the constant FUV background heating as described in Section 2.
Our FUV heating rate that corresponds to our Galaxy value has
small effect on cold dense gas, as shown in Section 3. The assump-
tion of the constant FUV background heating is too simple. Thilker
et al. (2005) shows the radial profile of the surface brightnesses
in the FUV and NUYV bands in M83. The FUV surface brightness
is roughly constant from r = 600 to 2kpc, has a peak near r =
2.6 kpc (~2 arcmin) and decreases with radius in » > 2.6 kpc. This
profile indicates that FUV background heating is stronger in the
bar region (r < 2.6kpc) than in the arm region. If FUV heating is
effective to destroy molecular clouds, SFR in the bar region will
be reduced. In this case, the decrease of SFR in the bar region in
MS83 can be explained even without the turbulent SF model given
by using equation (9). However, it is not obvious that the observed
FUV brightness in M83 is strong enough to suppress SFR in the
bar region. We do not consider radial-dependent FUV background
heating in this paper. This will be considered in further work. In our
simulation, we do not consider feedback from SF. Feedback by en-
ergy released from supernovae and stellar winds can destroy nearby
molecular clouds. Strong UV photons from newly formed stars will
ionize nearby clouds and the ionization will suppress SF in them.
Strong stellar winds and supernova remnants will compress molec-
ular clouds. By the compression, SF can be triggered. Feedback
process is very complicated. If the suppression of SF by feedback
is large, the difference of SF property between the bar region and
the spiral arm region can be reduced. It is very interesting to study
how feedback affects molecular cloud property and SF process. In
order to consider feedback process, three-dimensional numerical
simulations with high resolution are essential, since the destruction
process of molecular clouds and the expansion of gas by heating
of newly formed stars and supernovae are three-dimensional phe-
nomena (e.g. Tasker & Bryan 2006). We will study feedback effects
in barred galaxies by three-dimensional simulations in our forth
coming papers.
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