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Precise measurement of 
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Fig. 2. (Left) Surface density of SFR in NGC 4303 (color) overlaid on 12CO(J = 1–0) integrated intensities (contours). The angular resolution of this
panel is 6.′′0 (the open circle in the bottom left-hand corner) and the pixel scale is 1.′′5 which are the same as the Spitzer/MIPS 24 µm data. (Center)
Convolved and re-gridded SFR surface density in NGC 4303. The angular resolution and the grid spacing are the same as our CO data (17′′ and 6′′,
respectively). The open circle in the bottom left-hand corner indicates the angular resolution of this panel. (Right) The SFE map (color) of NGC 4303
overlaid on the 12CO(J = 1–0) integrated intensity map (contours). Pixels with integrated intensity of 12CO(J = 1–0) lines below 3 σ are masked. The
angular resolution (the open circle in the bottom left-hand corner) and the grid spacing are the same as the middle panel (17′′ and 6′′, respectively).

Fig. 3. Separated regions based on the galactic structures: the center
(gray), the northern bar (red), the southern bar (orange), the northern bar
end (yellow), the southern bar end (green), the northern arm (purple),
the eastern arm (cyan), and the western arm (blue) overlaid on the
Spitzer/IRAC 3.6 µm image (gray-scale) and 12CO(J = 1–0) integrated
intensities (contours). Contours are the same as in figure 1b. The open
circle in the bottom left-hand corner represents the beam size of the
Nobeyama 45-m telescope 17′′. Each cross marker corresponds to pixels
of the COMING original data (6′′ × 6′′).

The SFE in the bar is lower by approximately 39% than
that in the arms. By contrast, the SFE in bar ends is slightly
higher (by ∼10%) than that in the arms. Momose et al.
(2010) also reported that the SFE in the bar of NGC 4303
is lower by 43% than that in the arms region. Our result is
almost consistent with Momose et al. (2010), and the dif-
ference would have originated from the definition of each
region and the angular resolution (17′′ and 6′′).

To derive the density of molecular gas, we need inte-
grated intensity ratios; the ratio of I12CO to I13CO ≡ R12/13

needs to be measured. However, as shown in figure 1d,
the 13CO(J = 1–0) line is not strong enough to be used to
measure integrated intensities. Therefore, we performed the
stacking analysis (Schruba et al. 2011; Morokuma-Matsui
et al. 2015) in order to measure 13CO(J = 1–0) integrated
intensity I13CO accurately. The process of the stacking anal-
ysis is as follows. First, spectra are shifted along the velocity
axis according to the intensity-weighted mean velocity field
measured in 12CO(J = 1–0) [figure 1c]. Secondly, these
velocity-shifted spectra are averaged. In this way, the noise
level decreases and we can get a S/N-improved spectrum
although spatial information is lost. Since the grid size of
the data we used for the stacking analysis is 6′′ (the same
as COMING original data, see figure 3), the spectra are
oversampled.

Figure 4 shows stacked 12CO(J = 1–0), 13CO(J = 1–0),
and C18O(J = 1–0) spectra in each region. Parameters of
stacked spectra are also summarized in table 2. We mea-
sured integrated intensities for 12CO(J = 1–0) and 13CO(J
= 1–0) stacked spectra, which is significantly detected.
Note that integrated intensities in some regions such as
the entire bar are not necessarily average of their finer
regions such as the northern and southern bars. This is
because integrated intensities can be changed if the S/N
of stacked spectra is different, and the S/N depends on
how spectra are stacked. Thanks to the stacking analysis,
13CO(J = 1–0) emission could be detected in all regions. On
the other hand, the C18O(J = 1–0) emission line could not
be detected.

The number of stacked spectra is approximately 15 for
each part of the bar, the bar ends, and the center, 40 for
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Figure 9
Conversion factor, estimated from dust-based approaches, as a function of gas-phase abundance. (a) Color points show estimates for
very nearby galaxies [from Israel (1997a), Madden et al. (1997, based on [CII]), Leroy et al. (2007, 2011), Gratier et al. (2010),
Roman-Duval et al. (2010), Bolatto et al. (2011), and Smith et al. (2012)]. Gray points show high-quality solutions from analysis of 22
nearby disk galaxies by Sandstrom et al. (2013), with typical uncertainties illustrated by the error bars near the bottom left corner.
Metallicities are from Israel (1997a), Bolatto et al. (2008), and Moustakas et al. (2010) and quoted relative to solar in the relevant system
[12 + log[O/H] = 8.7 for the first two, 12 + log[O/H] = 8.5 for the latter, which uses the metallicity calibration by Pilyugin & Thuan
(2005). Note that significant systematic uncertainty is associated with the x-axis. The color bands illustrate our recommended ranges in
αCO for the Milky Way and ULIRGs. (b) Colored lines indicate predictions for XCO as a function of metallicity from the references
indicated, normalized to XCO,20 = 2 at solar metallicity where necessary. For these predictions, we assume that giant molecular clouds
have ("GMC) = 100 M⊙ pc−2, which we translate to a mean extinction through the cloud using Equation 21. Dust-based
determinations find a sharp increase in XCO with decreasing metallicity below Z ∼ 1/3 − 1/2 Z⊙.

determined by Sandstrom et al. (2013) for a sample of 22 nearby disk galaxies. In Figure 9b, we
plot theoretical predictions for XCO as a function of metal abundance, assuming the dust-to-gas
ratio is linearly dependent on metallicity. For Wolfire, Hollenbach & McKee (2010), we plot the
equation

XCO(Z′)
XCO(Z′ = 1)

= exp
+4.0 #AV

Z′ AV,MW
exp

−4.0 #AV

AV,MW
, (28)

which is obtained from Equation 27 assuming that the dust-to-gas ratio tracks metallicity. Here
Z′ is the abundance of heavy elements and dust relative to solar, XCO(Z′ = 1) is the CO-to-H2

conversion factor at solar metallicity, and ĀV,MW is the mean extinction through a GMC at Milky
Way metallicity (ĀV,MW ≈ 5 for "GMC ≈ 100 M⊙ pc−2). The prediction for Glover & Mac Low
(2011) simply adapts their equation 16, which gives XCO as a function of AV . We assume that the
mean extinction through a cloud scales as the metal abundance, AV = Z′ AV,MW

XCO(Z′)
XCO(Z′ = 1)

=
{

1 for Z′ ĀV,MW > 3.5
(Z′ ĀV,MW)−3.5 for Z′ ĀV,MW < 3.5

(29)

In the full prediction of Narayanan et al. (2012), XCO depends on a combination of ICO and Z,
rather than metallicity alone. We cannot readily place their predictions in this plot. Instead, we
plot their equation 6, in which XCO depends on Z′ and "H2 . For each of these predictions, we
assume "H2 = 100 M⊙ pc−2, translating this to AV ,0 assuming RV = 3.1 and the dust-to-gas ratio
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For Review Only
Fig. 6. The K–S relation of the sample galaxies derived from 12CO(J = 2–1) assuming R2/1 = 0.7 (top panels, blue plots) and from 12CO(J = 1–0) (bottom

panels, black plots). The index of each panel is provided on the top left. Solid lines and dashed lines indicate regression lines of the panel and the other

panel, respectively. Dotted lines indicate that the depletion time of molecular gas is 10−1 Gyr, 100 Gyr, and 101 Gyr. The K–S plot of all galaxies (excluding

NGC 337, NGC 3077, NGC 4214, and NGC 4559) is shown in the last panel.
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Fig. 5. Rate of change in the total molecular gas mass ∆Mtot

mol (top), standard deviation of molecular gas surface density ∆[σ(logΣmol)] (middle), and

index of the K–S relation ∆N (bottom) in each galaxy.
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Figure 2. Top. CO (1–0) integrated intensity image with contours plotted at (0.00625, 0.0125, 0.025, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8)⇥
21.3 Jy beam�1 km s�1 (maximum). The beam size (filled ellipse) is shown at the bottom left corner. Bottom. CO (1–0)
contours on a R-band HST negative image. The nearly edge-on molecular disk (dust lane) and extraplanar streamers are
indicated.

major sources. The total flux density within a radius of
r  1000 (⇡ 950 pc) is found to be S100GHz = 11.3 mJy.
The coordinates of the continuum sources were deter-

mined by fitting over a region of diameter 0.00949 (beam
minor axis) centered at the brightest pixel using imfit.
We identified three prominent sources, denoted by C1-
C3, and their coordinates and peak intensities are given
in Table 4. The sources were identified as regions with

highest peak flux densities, where C1 is the strongest,
followed by C2 and C3.
The size of the continuum emission region is simi-

lar to those at 4860 and 8460 MHz in Hota & Saikia
(2005) and 11.3 µm in Siebenmorgen et al. (2008). The
brightest compact source at low frequency is also spa-
tially coincident with source C3 on our image. Inter-
estingly, while C3 is the brightest source at 4860 and
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