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ABSTRACT

Context. In the southwest region of NGC 1313, patchy star-forming regions are found. In the neighborhood, is a giant supershell with
a diameter of 3.2 kpc. However, the direct association between star-forming regions and the giant supershell is still unclear.

Aims. We investigate the relation between the surface densities of the gas (X4) and star formation rate (Xspr) within the disk of
NGC 1313 to obtain the spatial distribution of the star formation efficiency (SFE).

Methods. NGC 1313 was observed with the Infrared Camera (IRC) and Far-Infrared Surveyor (FIS) onboard AKARI in ten bands
at 3.2, 4.1, 7, 11, 15, 24, 65, 90, 140, and 160 um. With these AKARI ten-band images, we spectrally decomposed the stellar and
polycyclic aromatic hydrocarbon (PAHs) components in addition to the cold (~20 K) and warm (~60 K) dust emission components.
The cold and warm dust components were converted into the gas mass and the SFR.

Results. The SFE shows high values in the regions around the giant supershell, with the highest SFE in the galaxy in the southern
spiral arm region. A similar trend can be seen in the spatial distribution of the PAH abundance relative to big grains. We find a power-
law dependence of the star formation rate per unit area on the column density Xgrr proportional to E]g\'as. From a region-by-region
analysis, the power-law index N for the northern spiral arm is found to be N ~ 2.0, which is observed on typical spiral arms, whereas
those for the southern spiral arm and giant supershell regions have an index of N ~ 1.6.

Conclusions. The PAH abundance and the SFE show anomalously high values in regions around the giant supershell. The enhanced
PAH abundance can be caused by shattering of big grains through slow shocks (40 km s~!). The power-law index N = 1.62 + 0.06
obtained in the giant supershell region can be accounted for by the star formation scenario with collect-and-collapse in the expanding
giant supershell. These pieces of evidence strongly indicate that the giant supershell has triggered the star formation and enhanced

the SFE.
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1. Introduction

The evolution of galaxies remains a key subject in modern astro-
physics. In particular, understanding the physical processes that
control star formation in galactic disks is vital. The relation be-
tween the star formation rate (SFR) and the gas content is one of
the most important subjects that allow insight into star formation
processes in galaxies. Recent studies of this relation clearly show
that interacting galaxies form their stars more efficiently than
normal disk galaxies do (Genzel et al. 2010; Daddi et al. 2010b).
This may arise from a different star-formation law. However, the
underlying star formation mechanism is as yet unclear.

One possible mechanism is gravitational collapse of expand-
ing neutral hydrogen shells, called supershells. Supershells are
frequently seen in nearby starburst galaxies in addition to our
Galaxy, the Magellanic Clouds, and nearby normal galaxies (e.g.
Marlowe et al. 1995; Martin 1998; Heiles 1979, 1984; Dopita
et al. 1985; Deul & den Hartog 1990). Supershells with typical
sizes of ~100 pc in diameter are usually thought to be formed
by stellar feedback from OB stars. The accumulation of neu-
tral hydrogen gas in shells is one means of generating the high
densities and column densities required for the production of
molecular gas. Thus, supershells have been suggested to be an
efficient driver of forming molecular clouds and stars in them
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(McCray & Kafatos 1987). In particular, giant supershells (a few
kpc in diameter) are considered to be caused by collisions of
high-velocity gas clouds onto a gas disk or a single gamma
ray burst (Tenorio-Tagle & Bodenheimer 1988; Efremov et al.
1998). They can trigger the burst of star formation on a galactic
scale. This galactic-scale star formation is expected to change
the basic properties such as luminosity and chemical environ-
ment. Although evidence of supershell-associated star formation
has been reported (e.g. Fukui et al. 1999), the star formation ef-
ficiency (SFE) of supershells is still observationally unclear.
Ryder et al. (1995) found a number of supershells in the
face-on barred spiral galaxy NGC 1313. In particular, at the
outer disk, there is a giant supershell of 3.2 kpc in diameter,
the largest among those in nearby galaxies. Figure 1 shows the
center position of the giant supershell. Active star-forming re-
gions in the southern spiral arm and southern satellite regions
spatially correspond to local peaks in the HI column density of
the giant supershell. The origin of the giant supershell is un-
clear. NGC 1313 is often described as a galaxy that shows in-
termediate features between Magellanic type and barred spiral
galaxies (de Vaucouleurs 1963; Walsh & Roy 1997). For ex-
ample, its radial oxygen abundance distribution appears to be
very uniform, with a mean value of 12 + log(O/H) = 8.4 + 0.1
(Walsh & Roy 1997), which is similar to what is observed in the
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Northern spiralar

Southern satellite regions

Fig. 1. Composite image of NGC 1313: AKARI 3.2 um (blue), 7 um
(green), and 24 um (red). The center position of the giant supershell is
marked as an open box (Ryder et al. 1995). Thin solid lines denoted
by F,-F, roughly trace the filament structures.

Large Magellanic Cloud (LMC). Because of the low-metallicity
environment in NGC 1313, 2CO(J = 1-0) line emission is
faint and has only been detected at the galaxy center and close
to the northern and southern spiral arms by the Swedish ESO
Submillimeter Telescope (SEST; Bajaja et al. 1995; Contursi
et al. 2002). Because the SFE is defined by the ratio of SFR
per unit total (H1+H?2) gas mass My: SFE = SFR/Mg,s, the
spatial distribution of the SFE in the disk of NGC 1313 has not
been discussed so far.

Mid- and far-infrared (IR) observations provide an alterna-
tive method to investigate the SFE for these CO-faint objects.
Spiral galaxies have warm and cold dust components in general,
as first pointed out by de Jong et al. (1984) and subsequently
confirmed by ISO observations (see the review of Sauvage et al.
(2005) and references therein). The warm and cold dust compo-
nents can be related to the SFR of massive stars and to the total
gas content, respectively (Cox & Mezger 1989). Moreover, mid-
and far-IR observations have the advantage of least attenuation
by dust extinction. Hence mid- and far-IR multi-band imaging
observations provide us with an opportunity to investigate the
SFE in individual regions of a galaxy by their dataset alone. To
investigate the relation between SFR and gas surface densities
within the disks of M81 and M 101, Suzuki et al. (2010) applied
the method on the AKARI/Far-Infrared Surveyor (FIS) datasets.

In this paper we report IR imaging observations of
NGC 1313 performed with the Infrared Camera (IRC: Onaka
et al. 2007) and the FIS (Kawada et al. 2007) onboard AKARI
(Murakami et al. 2007), and discuss star-forming activities in
the disk of NGC 1313. Our IRC data consist of six band im-
ages with central wavelengths of 3.2,4.1, 7, 11, 15, and 24 um.
Furthermore, the FIS data consist of four band images with cen-
tral wavelengths of 65, 90, 140, and 160 um. The finer allocation
of AKARI/IRC-FIS five bands (24, 65, 90, 140, and 160 um) en-
ables us to spectrally decompose the warm and cold dust com-
ponents. The spectral deconvolution analysis produces maps of
the two components with a sufficiently high signal-to-noise ratio
(S/N). Throughout this paper, we assume a distance of 4.1 Mpc
to NGC 1313 (Méndez et al. 2002).
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2. Observations and data reduction

NGC 1313 was observed as part of the AKARI mission program
“ISM in our Galaxy and Nearby Galaxies” (ISMGN; Kaneda
et al. 2009) from December 2006 to June 2007. The observa-
tion log is listed in Table 1. Details of the IRC and FIS instru-
ments and their in-orbit performance/calibration are described
in Onaka et al. (2007), Kawada et al. (2007), and Shirahata et al.
(2009).

The IRC observations were performed in the IRC02 observa-
tion mode with six bands: N3 (3.2 um: 2.7-3.8 um), N4 (4.1 um:
3.6-5.3 um), S7 (7 um: 5.9-8.4 um), S717 (11 um: 8.5-13.1 um),
L15 (15 pm: 12.6—19.4 ym), and L24 (24 pum: 20.3-26.5 um).
Each field-of-view has a size of about 10" X 10’. The mid-IR im-
ages were created by using the IRC imaging pipeline software
version 20071017. The background levels were estimated by av-
eraging the values from multiple apertures placed around the
galaxy without overlapping with extended emission, and were
subtracted from the images. The bin sizes for the maps are 1”4
for N3 and N4 bands and 2”3 for other bands. The FWHM of the
point spread function (PSF) is 4””—7"(Onaka et al. 2007).

The FIS was operated in photometry mode (FISO1) with
the four band: N60 (65 yum: 50-80 um), WIDE-S (90 ym:
60-110 um), WIDE-L (140 pum: 110-180 gm), and NI60
(160 pm: 140-180 wm). The four-band data were simulta-
neously obtained in a slow-scan observation for an area of
about 10’ x 20" around the galaxy. The FIS data were processed
with the AKARI official pipeline modules (version 20070914).
Four-band images were created with grid sizes of 12”5 for the
WIDE-L and NI160 bands, and 7’5 for the WIDE-S and N60
bands. The background levels were estimated and subtracted us-
ing nearby regions of blank sky, which were observed in the be-
ginning and at the end of the slow-scan observation. The FWHM
of the PSFs are ~45” for the WIDE-L and N160 bands and ~30”
for the WIDE-S and N60 bands (Shirahata et al. 2009).

The IR flux densities at the ten bands were obtained by in-
tegrating the surface brightness within an aperture after sub-
tracting the sky-background level. To obtain the fluxes of the
whole galaxy, the photometric aperture with radius of 6’around
the center was used, which roughly delineates the contour level
of ~0.5% of the peak intensity at the optical B band. It includes
most of the IR emission from the galaxy without degrading the
S/N. The flux density errors for the AKARI/IRC bands are dom-
inated by sky fluctuations, while those for the AKARI/FIS bands
are dominated by systematic errors associated with both the de-
tector artifacts and absolute calibration uncertainties.

3. Results
3.1. Near- to mid-IR images

The background-subtracted near- to mid-IR images of
NGC 1313 obtained with the AKARI/IRC are shown in Fig. 2.
The blank-sky level after background subtraction and its 1-sigma
background fluctuation per pixel are 0.02 = 0.01 Mly sr~!,
0.01£0.01 MJy sr™!, 0.02 £ 0.02 MJy sr™!, 0.04 £ 0.03 MJy sr!,
0.05 + 0.05 MJy sr™!, and 0.07 + 0.12 MJy sr~! for N3, N4, S7,
S11,L15,and L24.

Near-IR emission is dominated by photospheric emission
from stellar populations. Figures 2a—b clearly show the mor-
phology of a barred spiral galaxy: the central bar and the two
spiral arms. Emission from stars is the strongest at the galaxy
center and prominent along the bar. We can also see an extended
diffuse emission along the north-south direction that covers the
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Table 1. Observation log.

Instrument  RA (J2000.0)*  Dec. (J2000.0)*  Observation ID Date

IRC 03 18 16.05 —-6629 53.7 1400416-001 2006 Dec. 03
IRC 03 18 16.05 —6629 53.7 1400417-001 2006 Dec. 04
FIS 03 18 16.05 —-6629 53.7 1402527-001 2007 Jun. 03

References. ¥ Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
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Fig. 2. Background-subtracted six-band images of NGC 1313 with the AKARI/IRC in the a) N3; b) N4; ¢) S7; d) S11; e) L15; and f) L24 bands at
the central wavelengths of 3.2, 4.1, 7, 11, 15, and 24 um. The peak brightness is 2.4 MJy sr™!' (N3), 1.4 MJy sr™! (N4), 12 MJy sr™! (57), 21 MJy st

(S11), 37 My st™! (L15), and 86 MJy sr™! (L24).

whole galaxy, which is spatially coincident with optical emission
(Ryder et al. 1995). Mid-IR emission is dominated by emission
from very small grains (VSGs) and polycyclic aromatic hydro-
carbons (PAHs). The S7 and S71 bands that include PAH emis-
sion features at 6.2, 7.7, 8.6, and 11.3 um show bright emission
along the two spiral arms, but faint emission at the galaxy center
and the bar unlike the case seen in the N3 and N4 band images.
Another striking feature in the two bands is the filamentary and
patchy emission structure. As shown in Fig. 1, there are three
large patches in the southwest of the disk, which are located in
active star-forming regions called the southern satellite regions
(Marcelin & Gondoin 1983). Prominent filaments extend from
the tip of the southern spiral arm (F;—F3 in Fig. 1) and from the
connection between the end of the bar and the northern spiral
arm (F,), of which the filament F; shows an arc-like emission
structure around the giant supershell. The L15 and L24 band im-
ages mostly show emission from VSGs associated with massive

star-forming regions. Star formation is more active in the two
spiral arms and the satellite regions than in the bar.

3.2. Far-IR images

Figure 3 shows the FIS four-band images of NGC 1313 after
background subtraction. The images are smoothed with boxcar
kernels with a width of 15”for the N60 and WIDE-S bands and
25"for the WIDE-L and N160 bands for the display purpose.
The blank-sky level after background subtraction and its 1-sigma
background fluctuation per pixel are 0.01 + 0.50 MJy sr™',
0.03+0.44 MJysr~!,0.3+1.0MJysr~!, and 0.1 + 1.9 MJy sr™!
for N60, WIDE-S, WIDE-L, N160. The four-band images show
bright spots in the two spiral arms and in the southern satellite
regions. We found no local peak emission at the galaxy center
in any band. The N60 and WIDE-S band images seem to show
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Fig. 3. Background-subtracted four-band images of NGC 1313 with the AKARI/FIS in the a) N60, b) WIDE-S, ¢) WIDE-L, and d) N160 bands
at the central wavelengths of 65, 90, 140, and 160 um. The peak brightness is 62 MJy sr™! (N60), 72 My sr™! (WIDE-S), 62 Mly sr™' (WIDE-L),
and 78 MJy sr™! (N160). The contours for the N60 and WIDE-S bands are linearly spaced from 5% of the peak brightness with a step of 5%, while
those for the WIDE-L and N160 bands are linearly spaced from 10% of the peak brightness with a step of 10%. In each image, the PSF size in

FWHM is shown in the lower right-hand corner.

extended diffuse emission along the north-south direction, as
seen in the N3 and N4 band images, while the WIDE-L and N160
band images seem to present the extended diffuse emission to-
ward the east-west direction, as seen in the S7 and S// band
images.

3.3. Ha image

To investigate the relation between the warm dust and extinction-
corrected Ha line luminosities that are a combination of the ob-
served Ha and 24 um IR luminosities (Calzetti et al. 2010), we
used the continuum-subtracted Ha image taken from Hadfield
& Crowther (2007). The data analysis and calibration processes
are described in their paper. [N1I]/Ha of 0.06 was applied to
obtain pure Ha flux that was corrected for [N IT] contamination
(Hadfield & Crowther 2007).
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3.4. Ultraviolet (UV) image

To investigate the radiation field on a kiloparsec scale of
NGC 1313, we used the GALEX image of NGC 1313.
The far-UV (FUV) band image (leg = 1539 A, Al =
268 A) was taken from the GALEX GR3 archive through
the Multimission Archive at Space Telescope science institute
(MAST). We retrieved the intensity and sky-background maps
(filename: AISCHV4_393_39112). Correction for extinction to-
ward NGC 1313, which includes foreground Galactic and inter-
nal extinction, was applied using the E(B—V) values of 0.29 mag
(Hadfield & Crowther 2007) and the Cardelli et al. (1989) ex-
tinction law with Ry = 3.1. By using the same aperture as that
applied for the AKARI images, the FUV band surface bright-
ness over the whole galaxy was estimated to be (9.2 + 0.5) x
107 Jy sr™!, or, equivalently 1.2 x 107 ergs™ cm™2 A1 sr!.
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Table 2. Flux densities of NGC 1313 within an aperture radius of 6’.

Band Flux density
Uyl

N3 (3.2 um) 0.70 £ 0.06
N4 (4.1 pum) 0.45 + 0.06
S7 (7 pum) 1.0+0.2
S11 (11 ym) 1.2+03
L15 (15 um) 0.7+0.2
L24 (24 um) 41+12
N60 (65 pm) 48 £ 10
WIDE-S (90 pm) 70 + 14
WIDE-L (140 pm) 116 35
N160 (160 um) 108 +43

o

‘8 E T T T

St

Flux density [ Jy ]
10

i ~
L ; ! ~

10 100
Wavelength [ um ]

0.1

Fig.4. Spectral energy distribution of NGC 1313, together with the
best-fit two-temperature modified blackbody plus PAH and stellar com-
ponent model. The filled circles correspond to the integrated flux den-
sities in the ten AKARI bands. The thick solid line shows the best-fit
model. We indicate the warm dust (dotted line), cold dust (dash-dotted
line), PAH (dashed line), and stellar (thin solid line) components.

Considering that the FUV flux of the Habing field (Gy = 1),
which is the integral of the flux over all directions, equals 2.3 X
103 ergs™' em2 at A = 1530 A (Mathis et al. 1983), the ob-
served FUV-band flux density within the aperture corresponds to
Gy ~ 2 for the whole galaxy. On a kiloparsec scale, G is esti-
mated to range from ~1 to ~103.

3.5. Spectral energy distribution of NGC 1313

Figure 4 shows the spectral energy distribution (SED) of
NGC 1313 constructed from the flux densities in Table 2. On the
basis of the brightness profile along the scan direction, the loss
of fluxes outside the aperture was estimated to be less than 8%
(FIS bands) for the ten bands. The flux losses are negligible com-
pared to other flux uncertainties. In a similar way as described in
Suzuki et al. (2010), we fit the SED by a two-temperature modi-
fied blackbody with an emissivity power-law index of unity plus
PAH and stellar component model. The PAH parameters were
taken from Li & Draine (2001) and Draine & Li (2007) by adopt-
ing the PAH size distribution, fractional ionization, and a tem-
perature probability distribution typical of diffuse ISM with the
interstellar radiation field (ISRF) in the solar neighborhood. For
the stellar component, we used the Mathis et al. (1983) stellar
radiation field in the solar vicinity by applying a scaling factor.
The best-fit temperatures of cold and warm dust components
are Tc = 25+1 K and Tw = 65+1 K. The best-fit model provides
estimates of the cold (L¢) and warm dust (Lw) luminosities in

Table 3. Properties of IR emission in NGC 1313.

Component IR luminosity ~ Dust mass
[Lo] [(Mo]
Cold dust 9.6 x 108 1.0 x 10°
Warm dust 1.3 x10° 1.2 x 10*
PAHs 2.6 x 108 -
Stars 3.0x 108 -

the wavelength range of 3—1000 um and the PAH (Lpay) and
stellar (Lgg,r) luminosities in the wavelength range of 2—100 um.
Assuming that the far-IR emission is optically thin, the mass of
dust My is estimated from the relation

L Tq \7
My =10* (—) Mo, 1
¢ (108 Lo) 40K © 1

where L is the luminosity (Soifer et al. 1987). The dust tem-
peratures were set to be equal to those derived from the above
SED fitting. The derived luminosities and dust mass are sum-
marized in Table 3. The resulting total far-IR luminosity Lggr
(=L¢ + Lyw) and PAH luminosity are obtained as 2.3 x 10° Lo
and 2.6 x 10® Lo. Then, the ratio Lpay/Lpr Was estimated to
be about 0.1. By dividing the dust mass by the aperture area
(99 arcmin?), the dust mass surface density gives 1.0 x 10* M
arcmin (4.0 x 1073 M, pc‘z).

3.6. Spatial distributions of stellar, PAH, warm dust, and cold
dust components

To derive the distributions of the components for NGC 1313,
the spatial resolutions of the original IRC six-band, N60, and
WIDE-S images were reduced to match those of the WIDE-L and
N160 images by convolving the former images with a Gaussian
kernel. The images were then re-sized with the common spa-
tial scale among the ten bands, 1275 pixel™'. An individual SED
constructed from the ten band fluxes at each image bin was then
fitted with the same model as applied to the whole galaxy (see
Sect. 3.5). Here the PAH parameters were again taken by assum-
ing the ISRF in the solar neighborhood. The assumption does
not affect the spectral shape for Gy < 10° (Draine & Li 2007).
In fact, Go on the same spatial scale ranges from ~1 to ~10°
within the disk of NGC 1313 derived from the FUV image. For
the local SED-fitting procedure, the temperatures of the two dust
components and the amplitudes of the stellar, PAH, and the two
dust components were set to be free. To exclude image bins with
a poor fit in terms of a 99% confidence level, we masked the im-
age bins with values of y? higher than 3.3 with four degrees of
freedom (i.e., ten data points and six free parameters).

Figure 5 shows the spatial distributions of the stellar, PAH,
cold dust, and warm dust components. The stellar component
shows prominent emission in the bar, while the other three com-
ponents show bright emission along the two spiral arms and
patchy emission in the southern satellite regions, which spatially
corresponds to active star-forming regions, as shown in Fig. 6a.
As can be seen in Fig. 5d, the cold dust component overall ex-
tends toward the east-west direction of the disk, unlike the spa-
tial distribution seen in the warm dust component. The extended
emission spatially resembles that seen in the PAH component
and H1 gas (see Fig. 6b); in particular, the emission structure ex-
tending from the tip of the southern spiral arm seen in the PAH
and cold dust components traces the arc-like structure seen in
the HT map, which seems to lie at the northern rim of the giant
supershell.

A8, page 5 of 11


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201220294&pdf_id=4

A&A 554, A8 (2013)

DEC. (J2000.0)

(a) Star

-66:27

-66:30

-66:33

3h19m00s 3h18m30s 3h18m00s

R.A. (J2000.0)

3h17m30s

DEC. (J2000.0)

(c) Warm dust

-66:27

-66:30

-66:33

3h19m00s 3h18m30s 3h18m00s 3h17m30s
R.A. (J2000.0)

-66

-66

-66

-66

-66

-66

327

:30

:33

227

:30

:33

DEC. (J2000.0)

(b) PAH

3h19m00s 3h18m30s 3h18m00s 3h17m30s
R.A. (J2000.0)

DEC. (J2000.0)

3h19m00s 3h18m30s 3h18m00s 3h17m30s
R.A. (J2000.0)

Fig. 5. Spatial distributions of the a) stellar, b) PAH, ¢) warm dust, and d) cold dust components of NGC 1313. The contours are logarithmicaly
spaced from 10% to 95% of the peak for the cold and warm dust components and from 5% to 95% of the peaks for the stellar, PAH components.
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Fig. 6. Comparison with other wavelength images. a) Ho image (Hadfield & Crowther 2007) superposed on the warm dust contours. b) HI image
taken from Ryder et al. (1995) superposed on the PAH contours. Contours for the warm dust and PAH components are the same as those in Figs. 5¢

and b.

3.7. Spatial variations in relative PAH abundance

The map of Lpay/Lpr Was obtained to investigate the spatial
variation in the relative PAH abundance. Figure 7 shows that the
ratio in the southern spiral arm is higher than that in the north-
ern spiral arm and is comparable to that at the eastern tip in the
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northern spiral arm. In addition, the map clearly shows bright
spots and a filament that spatially correspond to the southern
satellite regions and filament F; extending from the western tip
in the southern spiral arm, respectively. In these regions with
high values of Lpay/Lrr, the HI gas moves in a non-circular
way with velocities higher than 10 kms™' (Peters et al. 1994).
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Fig. 7. Luminosity ratio of Lpay/Lrr. Lrr 1S obtained from the sum of
the cold and warm dust luminosities. The contours show the HI column
density.

Therefore, it is possible that shock-excited H, pure rotational
lines significantly contribute to the IRC bands, which causes the
anomalously high Lpay/Lpr. If this is the case, star formation in
molecular gas associated with the shock-excited H; is expected
to be quenched (e.g. Cluver et al. 2010).

To investigate this possibility, we created the color—color di-
agram of S11/L.15 versus S7/S11 for various positions in the disk
of NGC 1313, as shown in Fig. 8. The diameters of the circles
were set to be ~20”, which corresponds to a deprojected distance
of ~600 pc. The positions of the circles were selected from the
area enclosed by the 3% level of the 24 um peak brightness at
HT1I regions in the southern spiral arm. The green and yellow
circles indicate fields in the northern and southern spiral arms.
Figure 9 shows the resulting color—color diagram. In addition,
the expected IRC colors only from H, emission lines are plot-
ted for both the power-law thermal (open boxes) and isother-
mal (open circles) H, gas models and are the same as those in
Fig. 7 of Shinn et al. (2009). In their calculations, H, level popu-
lations are controlled by collisional excitation by H, and He with
the local thermal equilibrium (LTE). The ortho-to-para ratio of
H, was assumed to be 3.0. Shinn et al. (2009) adopted for the
power-law distribution of the H, gas temperature with its tem-
perature range of 100 to 4000 K for the power-law thermal H,
gas model; dN o« T7?dT, where dN is the infinitesimal H, col-
umn density within the temperature range (7', T +dT'). Observed
color—color diagrams at the shock-cloud interactions where H,
emission lines are dominant agree well with those expected from
the model (Shinn et al. 2009). For both model cases, the locus of
the expected IRC colors moves from the lower left corner to the
upper right corner as the H, gas temperature increases. However,
our data points are not distributed along any trajectories. In ad-
dition, we cannot find any difference in the diagram between the
southern spiral arm and northern spiral arm regions. This sug-
gests that the contribution of shock-excited H, emission lines to
Lpap 18 negligible. Hence, Lpan/Lpr traces the PAH abundance
relative to big grains (BGs).

\ Image: L24 (24 microns)

Fig. 8. Field positions in the disk of NGC 1313. The diameter of the
circles is set to be 23”. The green and yellow circles indicate regions
in the northern and southern spiral arms. Regions surrounding the giant
supershell are shown by the yellow and blue circles. The red circles
indicate other region. The regions in the two spiral arms are defined as
an area enclosed by a 3% level of the 24-um peak brightness.

T
~ b
-
R
N 0l
L o |
C = Southern spiral arm T=500K .~
@ 6@
~ R
o - Other o «(\o
TR400K T
o
. . P il X
e 0.5 1 P
Fs11/FLis

Fig. 9. IRC color—color diagram for the northern spiral arm (filled cir-
cles), southern spiral arm (filled boxes), and other regions (dots). Open
boxes and open circles show expected colors of the pure H, emission
lines with the LTE case for both power-law thermal and isothermal
H, gas models(Shinn et al. 2009).

4. Discussion
4.1. Relation between gas and SFR surface densities

The cold dust component is heated by diffuse heating sources,
such as non-ionizing UV photons that escape clearly from
H 11 regions. The bright spots seen in the warm dust component
are correlated with those seen in the Ha image (see Fig. 6a). As
demonstrated by Suzuki et al. (2010), the cold and warm dust lu-
minosity surface densities can be translated into the gas and SFR
surface densities, respectively. We investigate the gas and SFR
surface densities at various field positions in Fig. 8. The surface
densities were then calculated by dividing gas mass Mg, and
SFR by the deprojected surface area.

To convert the cold dust luminosity surface density into the
gas surface density at each field position, the local cold dust mass
was estimated from Eq. (1) with the average temperature of the
cold dust component derived from SED fitting within a circle. At
low dust mass surface densities (<~0.1 My pc™2), Leroy et al.
(2011) showed that the HI gas mass correlates well with the
dust mass and dominates over H, in the gas (HI1+H;)-to-dust
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mass ratio dgpr. As shown in Fig. 10, cold dust mass surface
densities Ty, are distributed below 0.1 Mg pc and correlate
with the HI gas mass surface densities Xy . In addition, as re-
ported by Leroy et al. (2011), there is a diffuse HI component
Chy =~ 15 Mg pc‘2), which is not associated with dust along the
line of sight and thus can be obtained from the y-intercept of the
dashed line in Fig. 10. Therefore, dgpr for the field positions in
the disk of NGC 1313 can be estimated from the HT gas-to-dust
mass ratio after subtracting the diffuse HI component; dgpr of
320 was obtained from the slope of the dashed line in Fig. 10.
The gas mass was then derived from the mass of the cold dust
M by using dgpr as

Mgas(r, ) = 6GprMc (7, 0). (2)

The SFR was derived from the warm dust luminosity from
Eq. (11) in Suzuki et al. (2010). The conversion is based on
the relation between the warm dust and the extinction-corrected
He line luminosities for positions in the disks of M101 and
MS1. The extinction-corrected Ha line luminosity L(Ha)qr can
be expressed as the combination of observed Ha (L(Haops))
and 24 pum IR (L(24um)) luminosities by applying the scaling
factor as4 ;m (Calzetti et al. 2007, 2010). Here, we investigate
the relation in NGC 1313 to confirm the consistency of the re-
lation obtained for M101 and M81. In Fig. 11, the open circles
represent the relation for NGC 1313, while the open crosses and
filled circles are those for M101 and M81 from Suzuki et al.
(2010). These data overlap and show a clear correlation of the
warm dust with He and 24 ym IR luminosities. The result sug-
gests that the relation for NGC 1313 is consistent with those for
M101 and M81. However, open circles seem to level off around
Ly ~ 1003 ergss™!. The deviation of the NGC 1313 data from
the dashed line suggests that either the L(Haops) + L(24 um) or
Lyw may have a problem. For the first possibility, L(H@)cor may
be overestimated at luminous star-forming regions due to apply-
ing the constant value of a4 ;m. Therefore we investigated the
relation between as4 ;m and L(Ha)corr for 12 bright H1I regions.
Hadfield & Crowther (2007) measured net Ha fluxes for the
12 bright H1I regions in NGC 1313, whose positions are shown
in Table 4. They estimated the extinction for individual H1I re-
gion using the observed Ha/Hp line ratios; L(H@)cor shown in
Table 4 is taken from Table 4 in Hadfield & Crowther (2007).
Then, we calculated the scaling factor for the 24-um IR lumi-
nosity a4 ;m given by (L(H@)corr — L(H@)ops) L(24 ,um)‘l, where
L(Ha)ops and L(24um) were estimated from the same positions
and aperture sizes as those in Table 4. The resulting relation for
the 12 bright HII regions is shown in Fig. 12; a4 ;m shows a
decreasing trend and is not constant as L(Ha).or increases. At
L(H@)corr of ~10°? ergs™!, the value of a4 4m is about half of
the applied value, which means that the L(Ha)co; derived from
the combination of Ha and 24 ym IR luminosities is overesti-
mated by ~40%. As for Ly, the SED fits of NGC 1313 data are
good and do not indicate atypical SEDs. Accordingly there is no
particular reason to suggest that the inference of Ly is problem-
atic, although it cannot be ruled out. Thus, the trend of leveling
off could be attributed to overcorrection of the extinction at lu-
minous star-forming regions. From the dashed line in Fig. 11,
which shows the best-fit linear model with a slope of unity for
all data points, we obtain the following equation as

SFR(M, yr™') = 5.5 x 107421 0logbwerz s7H-1.95) 3)

The parameters obtained from the best-fit linear model are the
same as those in Eq. (11) in Suzuki et al. (2010) within the range
of errors.
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Fig. 10. Correlation between the HI gas and the cold dust mass surface
densities for field positions in Fig 8. HI gas mass surface densities are
obtained from H1 column density map (Ryder et al. 1995). The dashed
line shows the median HI gas mass-to-dust mass ratio of 320.
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Fig. 11. Correlation between the warm dust luminosity and the com-
bination of He and 24 um IR luminosities for NGC 1313 (open cir-
cles), M81 (filled circles) and M101 (open crosses). The dashed line
shows the best-fit linear model with a unity slope for all data points
for NGC 1313, M101, and M81. The data plots for M101 and M81
are taken from Suzuki et al. (2010). The scaling factor for the 24-um
IR luminosity is taken from Calzetti et al. (2010).

From Egs. (2) and (3), Lc and Lyw can be converted into Mg,
and SFR, respectively. Uncertainties in both SFR and gas surface
densities are dominated by errors in SED fitting. The average
for the SFR surface densities is (10 + 1) x 107> M, yr~! kpc~2,
whose error is estimated from the standard error of the mean.
The average SFR surface density agrees well with that (11 x
10~ Mg, yr~! kpc™2) inferred from the He luminosity of Silva-
Villa & Larsen (2011). The global SFR within the aperture ra-
dius of 4.6 kpc is estimated to be 0.65 + 0.07 My, yr~!, which
also agrees with that for the same aperture size (0.6 My yr~',
Hadfield & Crowther 2007). In Fig. 13, the relations between
gas (HI+Hy) surface density (Xg5) and SFR surface density
(Zspr) thus obtained for all field positions are overplotted as
purple filled stars on the relations derived for individual galax-
ies shown in Fig. 2 of Daddi et al. (2010b). Our data become
unreliable below Zgpr = 1073 My yr~! kpc™? (30 sensitivity).
The solid and dash-dotted lines are the same as those in Daddi
et al. (2010b); the solid line is a fit to the local spirals and the
BzK galaxies, while the dash-dotted line is a fit to the local
luminous infrared galaxies and submillimter galaxies (SMGs).
Genzel et al. (2010); Daddi et al. (2010b) found that the power-

law correlation (K-S law, Zgrr o EQ’aS) for the individual galaxy
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Table 4. Positions and L(Ha)cor for 12 bright HII regions.

Region RA (J2000.0)*  Dec (J2000.0)*  Aperture diameter’  L(H@)cor”

[arcsec] [ergs™']
1 03 1823.9 —-66 28 47.7 20 2.3x10%
2 03 18 38.0 -662919.7 12 43 x%10%
3 03 18 37.8 —6629 34.2 10 1.6 x 10%
4 03 18 16.8 —-662844.3 15 8.5x 10%
5 03 18 05.3 —-663027.1 6 1.4 x 10*
6 03 1803.2 -663016.5 24 2.3x10%
7 03 18 03.5 -663332.3 18 3.3x10%
8 031739.2 —-66 31 26.5 18 4.1x10%
9 03 18 18.3 —-6629 02.2 12 2.3x10%
10 0318422 —-6629 32.2 12 6.9 x 103
11 03 18 19.6 —-662843.5 22 6.5 10%
12 03 18 23.7 —-663255.9 20 3.7 x 103

Notes.  Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. ” Values are

taken from Hadfield & Crowther (2007).
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Fig. 12. Relation between a4 ym and L(Ha)cq, for 12 bright H1I regions
within NGC 1313. The dashed line shows the applied value of ax4 ,m in
Fig. 11. L(H@)cor 1s taken from Table 4 in Hadfield & Crowther (2007).

samples can be expressed not by a single sequence but by a dou-
ble sequence: a bimodal star-formation law. Despite the differ-
ence in the spatial scale, the local relationship for the field po-
sitions shown in Fig. 8 agrees well with the global relationship
for individual galaxies; in particular, we find that the K-S law for
NGC 1313 is an intermediate state between normal and starburst
galaxies. Next, as shown in Fig. 8, we focus on the K-S law in
the disk of NGC 1313 by regions: (a) the giant supershell (yel-
low and blue circles); (b) the northern spiral arm (green circles);
(c) the southern spiral arm (yellow circles); and (d) the others
(red circles). To fit the data for each region with the K-S law
model, as introduced in Blanc et al. (2009), we used the Monte
Carlo (MC) approach combined with two-dimensional distribu-
tion comparison technique, which incorporates the intrinsic scat-
ter in the K-S law as

Tsrr = A I x 10M09, 4)

where A and N(0,€) are the normalization factor and the
Gaussian distribution of the zero mean and the standard devi-
ation € that represents the intrinsic scatter from the power-law
relation; free parameters are A, N, and €. For each set of the
parameters, we generated 400 MC realizations of the dataset
(Zsrr, ZGas) taking account of the measurement uncertainties.
To compare the distributions of points in Xgpr—2G,s plane, we
then calculated the data point density in the grid resolution of
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Fig.13. Relation between gas surface density (Z,,) and SFR sur-
face density (Zspr) within the disk of NGC 1313 (the purple filled
stars) overplotted on the relation for individual galaxies in Fig. 2 of
Daddi et al. (2010b). The red and light blue filled circles are infrared-
luminous starburst galaxies and normal spiral galaxies from the sample
of Kennicutt (1998). The orange open diamonds and boxes are SMGs
(Bouché et al. 2007; Bothwell et al. 2009). The blue filled boxes are
z = 1-2.3 normal galaxies (Tacconi et al. 2010). The cyan filled cir-
cles are the BzK galaxies (Daddi et al. 2010a). The solid and dash-
dotted lines are the same as those in Daddi et al. (2010b); the solid line
shows a fit to normal spirals and BzKs galaxies with the K-S law model
(N = 1.42), while the dash-dotted line shows the same relation shifted
up by 0.9 dex to fit starburst galaxies and SMGs.

AZser = 0.003 My, yr! kpe™? and AXges = 2 Mg pe? and
compared the density between the models and the observations
to derive the best-fit parameters and their standard deviations.
Figures 14 and 15 show the observed K-S law together with the
400 MC realizations of the data for the best-fit parameter set for
each region and together with the best-fit power law from the
MC method. The resulting power-law indices show various val-
ues from region to region as summarized in Table 5; the results
may be associated with the difference in physical process of star
formation. According to Suzuki et al. (2010), the power-law in-
dices for spiral arms in M81 and M101 show N =~ 2.0, which
can be accounted for by star formation by cloud-cloud collisions
enhanced in spiral density wave. The power-law index, N =~ 2.0,
obtained in the northern spiral arm may indicate the same star
formation process. However, as for the southern spiral arm and
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Fig. 15. X,,—Zspr relation for various regions in NGC 1313. The cyan
filled boxes, blue open stars, green filled circles, and red filled stars rep-
resent the giant supershell, southern spiral arm, northern spiral arm, and
other regions. The lines are the best-fit power law from the MC method
for the giant supershell (dash-doted line), southern spiral arm (dotted
line), northern spiral arm (solid line), and others (dashed line).

the giant supershell, the slope (N ~ 1.6) is less steep than that
for the northern spiral arm. One of the possible star-forming pro-
cesses to account for N ~ 1.6 seems to be a self-gravitational
mechanism (Elmegreen 1994b).

4.2. Enhanced star-forming activity in regions around
the giant supershell

To compile the map of the SFE within the disk of NGC 1313,
the SFE was calculated by dividing the SFR by Mg, on a pixel
to pixel basis. We masked the pixels with a poor fit in terms of a
99 % confidence level for SED fitting (see Sect. 3.6). In Fig. 16,
the SFE clearly shows the spatial variation from region to re-
gion: the two spiral arms, the bar, and the satellite regions. The
most striking feature is the enhancement of the SFE in regions
surrounding the giant supershell. The SFE in the southern spiral
arm is higher than that in the northern spiral arm. In addition,
among the three satellite regions, the SFE shows high values in
the two regions adjacent to the giant supershell.

What causes the enhanced SFE in regions around the giant
supershell? In these regions, the PAHs/BGs abundance is also
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Fig. 16. Spatial distribution of SFE superposed on HI contours that are
the same as those in Fig. 7. The color bar scale is in units of 107 yr~!.

enhanced, as shown in Fig. 7. Considering that PAHs are as-
sociated with the cold dust and thus molecular clouds, possible
mechanisms for the enhanced PAH abundance are (1) the syn-
thesis of PAHs in molecular clouds (Greenberg et al. 2000), or
(2) BG shattering and/or swept up into shells by slow shocks
with velocities lower than ~75 kms™" (Jones et al. 1996; Hunter
et al. 2006). Sandstrom et al. (2010) found that the PAH abun-
dance was correlated with cold dust and CO emission, and sug-
gested the possibility of PAH formation in molecular clouds. If
the enhanced PAH abundance in the southern spiral arm dom-
inantly comes from the first possibility, the cold dust luminos-
ity in the southern spiral arm should be higher than that in the
northern spiral arm. However, since these are almost the same,
as shown in Fig. 5d, the first possibility is considered to be un-
likely. As for the second possibility, the large-scale enhancement
in the PAH abundance can be caused by the giant supershell.
Since the shock velocity of the giant supershell is expected to be
~40 kms~' (Ryder et al. 1995), a possible scenario of the en-
hanced PAH abundance is considered to be the PAH processing
and/or the PAHs swept up into the shell by the slow shock.
Furthermore, the power-law indices for the southern spiral
arm and the giant supershell (N ~ 1.6) are significantly differ-
ent from those for the northern spiral arm and others (N =~ 2.0).
The difference in N is attributed to the difference in the star-
forming process on a kiloparsec scale. Swept-up HI gas in an
expanding shell can become gravitationally unstable to form
clouds and stars along the periphery: the collect-and-collapse
scenario (Elmegreen & Lada 1977). As seen in Fig. 6b, a steep
ridge of HT underlying the southern spiral arm and satellite re-
gions suggests that a large amount of HI is swept-up by the
giant supershell. Once stars form, the average SFR density be-
comes proportional to wpg,s, where w and pg,s are the growth
rate (s~') of an instability, which is related to the inverse of the
star formation timescale and volume density of gas, respectively.
Since the growth rate of gravitational instability in expanding
shells is proportional to p9. (Elmegreen 1994a; Elmegreen et al.
2002), the SFR density is proportional to py. Although the scale
height of the disk seems to increase with galactocentric radius
on a large scale (~1 kpc at 4 arcmin radius, Ryder et al. 1995),
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Table 5. Fitting parameters and their 1o~ uncertainties for the regions in NGC 1313.

Region N A € x?/d.of.
Northern spiral arm 2.2 + 0.3 (8719 x 107° O+3)x1072  36.5/102
Southern spiral arm 1.6 £0.1 G+1)x10™ (8+3)x 1072 48.7/109
Giant supershell 1.62+£0.06 4.1+£07)x10™% (8+3)x1072 51.7/113
Others 2.1+0.2 (1.3+04)x10™*  (11+3)x1072  56.5/115

with the assumption that the scale height of the disk within the
galactocentric radius of 4 arcmin is constant, the power-law in-
dex, N = 1.62 + 0.06, obtained in the giant supershell region,
can account for star formation triggered by the expanding giant
supershell.

Therefore, with the above observational results, the en-
hanced SFE in the southern spiral arm and satellite regions
strongly indicates star formation associated with the giant super-
shell. For the first time, our results show the possibility that giant
supershells have the potential to enhance star formation activity
on a galactic scale.

5. Conclusions

NGC 1313 was observed with the IRC and FIS onboard AKARI
in ten bands (3—160 um). The ten-band images show IR emis-
sion not only from the bar and spiral arms, but also from ex-
tended regions with filamentary and patchy structures over the
disk. We were able to decompose far-IR emission spectrum be-
tween 3 um and 160 um into the four emission components stars,
PAHS, cold dust (~20 K), and warm dust (~60 K). The spatial
distribution of the warm dust component shows strong emission
from star-forming regions, while that of the cold dust compo-
nent shows relatively extended emission along the east-west di-
rection, as can be seen in the PAH component.

The relation between Xspr and Xg, that are derived from
the warm and cold dust component follows a power law for the
the sequence of normal disks. From a region-by-region analy-
sis, the power-law index for the northern spiral arm is N =~ 2.0,
which is observed on typical spiral arms, whereas the power-law
indices for the southern spiral arm and giant supershell regions
show N ~ 1.6. The spatial distribution of the SFE shows high
values in the regions around the giant supershell, with the high-
est SFE (~3 x 10~ yr™!) in the galaxy in the southern spiral arm
region. A similar trend is found in the spatial distribution of the
PAH abundance relative to BGs. The enhanced PAH abundance
is considered to be caused by shattering of BGs through slow
shocks (40 km s~!) by the giant supershell. The power-law in-
dex N = 1.62 + 0.06 obtained in the giant supershell region can
be accounted for by the star formation scenario with collect-and-
collapse in the expanding giant supershell. These results strongly
indicate that the enhanced SFE is associated with star formation
triggered by the giant supershell.
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