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Abstract

While molecular gas mass is usually derived from 2CO(J = 1-0) — the most fundamental
line to explore molecular gas — it is often derived from 2CO(.J =2-1) assuming a constant
12CO(J =2-1)/*2CO(J = 1-0) line ratio (R,;1). We present variations of R,/ and effects of
the assumption that R, is a constant in 24 nearby galaxies using 12C0 data obtained with
the Nobeyama 45-m radio telescope and IRAM 30-m telescope. The median of R/, for all
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galaxies is 0.61, and the weighted mean of R,/ by 12GO(J = 1-0) integrated-intensity is 0.66
with a standard deviation of 0.19. The radial variation of R,,; shows that it is high (~0.8)
in the inner ~1 kpc while its median in disks is nearly constant at 0.60 when all galaxies are
compiled. In the case that the constant R, ,, of 0.7 is adopted, we found that the total molecular
gas mass derived from 2CO(J =2-1) is underestimated/overestimated by ~20%, and at most
by 35%. The scatter of a molecular gas surface density within each galaxy becomes larger by
~30%, and at most by 120%. Indices of the spatially resolved Kennicutt—Schmidt relation by
12CO(J =2-1) are underestimated by 10-20%, at most 39% in 17 out of 24 galaxies. R,,; has
good positive correlations with star-formation rate and infrared color, and a negative correlation
with molecular gas depletion time. There is a clear tendency of increasing R,,; with increasing
kinetic temperature (Ty;,). Further, we found that not only Ti;, but also pressure of molecular
gas is important to understand variations of R,/,. Special considerations should be made
when discussing molecular gas mass and molecular gas properties inferred from 12CO(.J = 2—
1) instead of 2CO(J = 1-0).

Key words: galaxies: ISM — galaxies: star formation — ISM: molecules — radio lines: galaxies — radio

lines: ISM

1 Introduction

Molecular gas is a crucial component in the interstellar
medium (ISM) because star formation is the main physical
process in the universe, and stars form from cold molecu-
lar gas. Therefore, it is essential to understand the prop-
erties of molecular gas to investigate galaxies and their
evolution. '2CO(J =1-0) line has been used as a tracer
for cold molecular gas (e.g., Solomon et al. 1987; Young
& Scoville 1991) because Hz molecule cannot be directly
observed in cold environments due to no electric dipole
moment. Since the J=1 energy level of a 12CO molecule
is low (AE/kg ~ 5.5 K, where AE is energy gap and kg
is the Boltzmann constant), 2CO is easily excited to the
J =1 level and emit **CO(J = 1-0) line even in cold condi-
tions. In addition, the critical density of '2CO(J =1-0) is
a few hundred cubic centimeters in an optical thick region.
This value is quite lower than that of other molecular gas
tracers. Furthermore, 2CO is an abundant molecule in
the ISM except hydrogen and helium, has large dissocia-
tion energy, and its abundance ratio is nearly uniform in
molecular clouds. Thus, "*CO(J =1-0) is the most useful
line to study the bulk of cold molecular gas. Molecular gas
surface density (Xmo1) in galactic disks is usually derived
from the following equation with the integrated intensity
of *CO(J =1-0), Lizco(1-0)»

Yimol . 11200(170)
—— | =1.36 x 3.20 cost | =——
(M@ p02> % cost [Kkm s—1
Xco (1)
2.0x 1020 cm=2 (K km s=1)-1 |’

where i is the inclination angle of the galactic disk, Xco

is the CO-to-Ha conversion factor that converts Ii2co(1—g)

into column density of He. Helium in molecular gas con-
tributes the factor of 1.36 and the other factor 3.20 rep-
resents the unit conversion of K km s™! into Mg pe™2.
The product of 1.36 x 3.20 = 4.35 in units of Mg pc™? (K
km s*l)*1 corresponding to Xco = 2.0 x 10%° ecm™2 (K
km 871)71 is also widely used as the CO-to-H2 conversion
factor that converts .[1200(1_0) into Xmo1 [or luminosity of
12C0O(J = 1-0) into molecular gas mass| usually denoted as
“aco” (e.g., Bolatto et al. 2013; Leroy et al. 2013; Schruba
et al. 2019).

When the atmosphere is extremely dry, which is com-
mon at sites of short-millimeter and submillimeter tele-
scopes, the observation efficiency of **CO(J = 1-0) for the
local universe is usually lower than that with 2CO(J =2~
1). This is because the rest frequency of *CO(J = 1-0),
115 GHz, is close to the O2 absorption band at 118 GHz,
and the '2CO(J=2-1) attenuation caused by water va-
por is small at its rest frequency of 230 GHz in such sites.
Thus, '2CO(J=2-1) is often used to observe molecular
gas instead of 12CO(J = 1-0) (e.g., Leroy et al. 2009, here-
after L09; Druard et al. 2014; Sun et al. 2018). In this
case, Ymol is derived from the following equation instead
of equation 1 by assuming the integrated-intensity ratio of
2CO(J =2-1)/"CO(J =1-0) (hereafter, Ro/1),

Yol . 5—1 11200(2—1)
<M@ pc_2> =1.36 x3.20 cosi R, {K o
Xco )
2.0x 1020 cm~2 (K km s=1)~1 |’

where l12c0(2-1) is the integrated intensity of 2c0(J=2-
1). The value of 0.7-0.8 is usually assumed to be a constant
R3); (e.g., LO9; Leroy et al. 2013).
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Although '2CO(J=2-1) is used as a proxy of
12C0(J =1-0), the energy of 2CO J =2 level (AE/kp ~
16.5 K) is higher than that in the typical cold molecu-
lar clouds (~ 10 K). Therefore, it is possible that 2CO
molecules are not well excited to reach the J = 2 level
based on molecular gas properties (e.g., Penaloza et al.
2017). Molecular gas traced by 2CO(J =2-1) is warmer
and/or denser than that traced using '>CO(J = 1-0). Ry
is influenced by the physical conditions of molecular gas.

The systematic variations of Ry,; have been reported in
previous observations of molecular gas in the Milky Way.
For nearby giant molecular clouds (GMCs), while Ry /; is
medium (~ 0.7-0.8) in the ridges of GMCs, it exceeds
unity in interfaces of HII regions and OB associations,
and it is relatively low in the peripheries of GMCs (~ 0.5)
(Sakamoto et al. 1994; Nishimura et al. 2015). GMCs with
active star formation tend to show high Ry,; while those
with quiescent star formation show low ratios. In large
scales of the Milky Way, Ry,; decreases from 0.75 at 4 kpc
to 0.5 at 8 kpc as a function of the Galactocentric radius
(Sakamoto et al. 1995; Sakamoto et al. 1997). Further, a
Ry,1 gradient appears across spiral arms; it gradually in-
creases toward the downstream of arms. In addition, Ry,
shows higher values that are close to unity in the Galactic
center compared with the Galactic disk (Oka et al. 1998;
Sawada et al. 2001).

For external galaxies, a pioneering study by Braine &
Combes (1992) reported that there is a moderate posi-
tive correlation between R,/; and infrared (IR) color, and
they attempted to infer molecular gas properties from Rj/;
around the center of nearby galaxies. High Ry/; (0.9 with
the scatter of ~ 0.3) was reported in the Large Magellanic
Cloud (LMC), and positions where Ry, is high do not al-
ways coincide with massive star-formation regions (Sorai
et al. 2001). It was argued that it reflects dense molec-
ular gas, which is ready to form stars and is not due to
warmed gas by radiations from massive stars, whereas the
low metallicity environment in LMC may also influence
Ry/1. In several nearby galaxies, the median of Ry/; in
disks is approximately constant (~0.8) and Rj/; increases
(>1) in the center similar to that in the Milky Way (L09),
while some galaxies show a nearly constant Ry/; in the
entire galaxy including the center (e.g., M 33; Druard et
al. 2014). Leroy et al. (2013) reported the median of 0.66
with standard deviations of ~ 0.3 for approximately 30
nearby galaxies. Based on this result, some studies using
2CO(J =2-1) data assumed the constant Ry/; = 0.7 and
converted the intensity of the line into that of **CO(J = 1-
0) to derive molecular gas mass and its surface density.

A detailed study to understand Rj;; as a probe of

molecular gas properties in the extragalactic field reported

that while typical Ry/q is ~ 0.7, it is relatively high (0.8—
0.9) in the leading side (the downstream) of the spiral arms
and low (0.4-0.6) in the inter-arms for M 51 as well as the
Milky Way (Koda et al. 2012). In addition, they found
that Ry, increases as surface density of star-formation
rate (Xsrr) and star-formation efficiency (SFE) in this
galaxy. They also suggested that high Ry, is relevant
to warm molecular gas by active star formation and com-
pressed molecular gas before star formation. With regard
to Ry, and star formation activity, it was found that the
correlation of Ry/; with IR color is better than that of Ry,
with far-ultraviolet (FUV), and far IR intensities in M 83
(Koda et al. 2020). It was argued that these are attributed
to warm molecular gas heated by dust, UV photons, and
cosmic ray from supernovae, considering high Ry/; in the
downstream of arms where many massive stars are seen.

As described above, Rj;; has systematic variations
within and among galaxies, and it reflects molecular gas
conditions such as temperature. Hence, it would be possi-
ble that molecular gas mass, its related quantities and re-
lations derived from **CO(J = 2-1) with assumed constant
R/, are misled (e.g., Momose et al. 2013) although there
remains the uncertainty of the CO-to-Hz conversion fac-
tor. It is better to test the validity of the assumption that
Ry is constant, and its effect on derived quantities and
relations which are relevant to molecular gas, especially for
many types of galaxies. Furthermore, the causes of Ry /1
variations should be investigated with physical properties
of molecular gas.

The largest CO-mapping survey for nearby galaxies
in the world, CO Multi-line Imaging of Nearby Galaxies
(COMING; Sorai et al. 2019", hereafter S19) was carried
out using the receiver FOur-beam REceiver System on
the 45-m Telescope (FOREST; Minamidani et al. 2016)
installed on the Nobeyama 45-m telescope. COMING
mapped 147 nearby galaxies in 2CO, '3CO, and C'®0O
J =1-0 lines. The addition of other CO-mapping surveys
such as Kuno et al. (2007) (hereafter, K07) and L09 enable
us to investigate spatial R,/ variations in many types of
nearby galaxies and the effects of the assumption for a con-
stant Ry, in a large area of galaxies. With those CO data,
we verify the assumption of fixed Ry/;. The key questions
in this paper are as follows: (i) How does the assumption
of a constant Ry,; affect molecular gas mass itself and its
relevant relations? Is the assumption that Ry, is a con-
stant reasonable?; (ii) What changes Ry/1? How does Ry/q
vary depending on molecular gas properties?

The remainder of the paper is organized as follows.
In section 2, the samples of this study, analysis of CO

! See also (https://astro3.sci.hokudai.ac.jp/~radio/coming/)
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cubes, intensity accuracy of CO considering calibration
and pointing, and ancillary data sets are explained. The
spatial distribution, statistics, and radial distribution of
Ry/1 are described in the first half of section 3. In the
latter half of the section, we report effects of the con-
stant RRy/; on molecular gas mass, its scatter within a
galaxy, and the Ygpr—YXmor relation (i.e., the molecular
gas Kennicutt—Schmidt relation). To investigate the rela-
tion of Ry/; and molecular gas properties, the correlations
of representative quantities and Ry/; are examined in the
first half of section 4. We attempted to derive the in-
trinsic properties of molecular gas, number density, and
kinetic temperature from >CO(J =1-0), 2CO(J =2-1),
and '*CO(J =1-0) for COMING galaxies and compared
them with Ry,;. These discussions and implications are
described in the latter half of section 4. Finally, the con-

clusions of this paper are provided in section 5.

2 Data sets
2.1 CO data and their analysis

12C0(J=1-0) data used in this paper were taken from
COMING firstly. Refer to sections 3 and 4 in S19 for de-
tails about the settings of observations, calibration, and
data reduction for COMING. In addition, Nobeyama CO
Atlas of Nearby Spiral Galaxies (K07) is used as the sec-
ond reference of 2CO(J =1-0) data. Since the samples
of K07 includes galaxies with large appearances, it makes
it possible to discuss variations of Ry/; in large area of
galaxies. For the '2CO(J =2-1) reference, we use HERA
CO-Line Extragalactic Survey (HERACLES; L09) carried
out with the IRAM 30-m telescope.

The '2CO(J=1-0) data obtained by K07 and
12C0(J=2-1) data obtained by L09 were convolved to
match the angular resolution of 17", which is the original
resolution of COMING. Before measurements of Ry/1, the
coordinates for all CO cubes were matched and regridded
so that the grid size becomes 8”. Then, velocity channels
were binned so that the velocity resolution is 20 km s~ ?.
These processes were performed to improve signal-to-noise

ratio (S/N). After that, the baseline was subtracted.

The method of baseline subtraction is the same as
COMING Auto-Reduction Tool (COMING ART; see sec-
tion 4.2 in S19 for detail), however, signal channels are
defined by '2CO(J =2-1), not by *2CO(J = 1-0) because
12C0(J=2-1) data achieves a much better sensitivity
than that of 2CO(J=1-0). That is, the result that
whether the channel is a ‘signal’ or ‘noise’ for each chan-
nel of 2CO(J=2-1) in a position was applied to that
of 2CO(J=1-0) at the channel of the same velocity in

Table 1. Samples in this study.

galaxy D 7 P.A. Res.
[Mpc]  [deg]  [deg]  [kpc]
1 2 &) 4) ®)

12C0(1-0) ref.

NGC 337 18.9 44.5 119.6 1.6 S19
NGC 628 9.02 7 20 0.74 S19

NGC 2146 27.7 62 —43.5 2.3 S19
NGC2798 29.6 60.7 158.7 2.4 S19
NGC2841 14.60  73.7 152.6 1.2 S19
NGC 2903 9.46 67 —155 0.78 S19
NGC2976 3.63 64.5 —25.5 0.30 S19
NGC 3034 3.53 81 68 0.34 S19
NGC 3077 3.81 38.9 63.8 0.31 S19
NGC 3184 8.7 21 —174 0.72 Ko7
NGC3198 1340 71.5 —145.0 1.1 S19
NGC 3351 10.7 41 —168 0.88 Ko7
NGC3521  14.20 63 -19 1.2 S19
NGC 3627 9.04 52 176 0.75 S19
NGC 3938 17.9 209 —154.0 1.5 S19
NGC4214 2.93 30 65 0.24 S19
NGC 4254 16.5 42 66 1.4 Ko7
NGC4321 16.5 27 138 1.4 K07
NGC 4536 16.5 64.2 —54.5 1.4 S19
NGC 4559 7.31 63.1 —36.8 0.60 S19
NGC 4569 16.5 64 22 1.4 Ko7
NGC 4579 16.5 41.7 92.1 1.4 S19
NGC 4736 4.3 40 —61 0.4 Ko7
NGC 5055 9.04 61 98 0.75 S19
NGC 5194 7.7 20 176 0.63 Ko7
NGC 5457 7.2 18 42 0.59 K07
NGC5713 19.5 33 —157 1.6 S19
NGC 6946 5.5 40 —118 0.5 Ko7
NGC7331 1390 75.8 167.7 1.1 S19

(1) Adopted distance. (2) Inclination angle of the disk. (3)
Position angle of the major axis of the disk for the redshifted side
(against the north direction, the positive values correspond to the
counterclockwise direction). (4) The linear scale corresponded to
the angular resolution of 17"/ along the major axis of the disk. (5)
References of 12CO(J =1-0) data. References of D, i, P.A. are the
same as in S19 or KO07.

the position. This methodology does not induce any
biases for *CO(J=1-0) and *CO(J=2-1) integrated-
intensities because the sensitivities of the '2CO(J =2-1)
data are much better than those of *CO(J =1-0). The
threshold to evaluate each channel as a ‘signal’ or a ‘noise’
is set as 30, where o is the root mean square (R.M.S.)
measured in the defined emission-free velocity range be-

forehand.

The samples in this study consist of 29 galaxies that
are overlapped between S19 + K07, and L09. They are
listed in table 1. For the overlapped galaxies between S19
and K07 (NGC2903, NGC3351, NGC 3521, NGC 3627,
NGC5055), we used S19 data except for NGC 3351 be-
cause the baseline of the S19 data for this galaxy is heavily
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undulated.

2.2 Intensity accuracy of CO data regarding
calibration and pointing error

Intensity accuracy of CO data is important to study Ry/1
because its contrast is relatively small (usually Ry, = 0.4~
1.0) as argued in Koda et al. (2012, 2020). Therefore, cal-
ibration and pointing error is an issue in this paper. We
demonstrated how intensity of *CO(J =1-0) data is ac-
curate with overlapped 4 galaxies (NGC 2903, NGC 3521,
NGC 3627, NGC5055) between S19 and K07. Although
NGC 3351 is an overlapped galaxy, the baseline of this
galaxy is heavily undulated and thus, we excluded this
galaxy to test intensity consistency. Both S19 and K07
data was regridded and the baseline was subtracted in the
same way described in the last subsection.

We firstly tested consistency of total integrated-
intensity within the whole disk (i.e., total flux) for S19 and
K07 data and integrated intensity at position-to-position
in the original resolution (17”) and grid size (8”). The
left and center panel of figure 1 shows correlations of to-
tal integrated-intensities and integrated intensities at each
pixel, respectively. The threshold was set to be 50 in the
central panel. The difference of total integrated-intensity
is at most ~ 10%. The scatter of intensity at position-to-
position is ~ 25% in the R.M.S. level within each galaxy.
Hence, calibration error of **CO(J =1-0) used in this pa-
per is up to 10% and intensity accuracy including pointing
error and calibration error is 25% at the original resolution.

In section 3.3 and 4.1, we use convolved CO data so
that the spatial resolution and grid size are fixed to 1.5 kpc
and 650 pc, respectively. In addition, we stacked spectra
within concentric annuli in disks and galactic structures in
analyses of section 4.2. Thus, we next tested consistency
of convolved S19 and K07 data to match the resolution of
1.5 kpc and grid size of 650 pc. The right panel of figure 1
shows consistency of integrated intensity between S19 and
KO07 for convolved data. The scatter at position-to-position
in this case is ~ 15% in each galaxy. Therefore, intensity
error combining calibration and pointing error in section
3.3 and 4.1 is 15%. Since in stacking analysis, spectra are
stacked in a large area (galactic components and concentric
annuli whose width is r25/8 where r25 is B-band isophotal
radius at 25 mag arcsec_z), intensity error due to pointing
error will be negligible.

We would like to note that intensity accuracy of
13CO(J=1-0) against '2CO(J=1-0) is relatively good
because '*CO(J=1-0) data was taken simultaneously
with '2CO(J =1-0) in COMING observations. In addi-
tion, since COMING applied the On-The-Fly (OTF) mode

in their observation, while observation in K07 applied the
Position-Switch, calibration and pointing accuracy of S19
would be better than that of KO7.

We could not test how calibration/pointing error of
2C0(J=2-1) data is in the same way of S19 and
KO7 because there is no available archival data of the
line. However, L09 mentioned that daily variations of
12CO(J=2-1) intensity at high S/N regions is 20%.
Therefore, intensity error of *2CO(J = 2-1) combining cal-
ibration and pointing error is 20%, which is quite bet-
ter than that of '2CO(J=1-0).
tion of contribution by pointing error is the same as the
12C0(J=1-0) case, calibration error of 2CO(J=2-1)
will be ~ 8%.
ror of ~ 10% in '*CO(J=2-1) data, which is common

Similarly, inten-

Assuming the frac-

Hence, there will be also calibration er-

in short millimeter-wave observations.
sity error due to calibration/pointing error in convolved
12C0(J=2-1) data will be ~ 12%. To summarize above
descriptions, Rj,; error due to calibration error is 13%,
due to calibration+pointing error at original angular reso-
lution is 32%, and at fixed spatial resolution and grid size

is 19%, respectively.

2.3 Data in other wavelengths

Star-formation rate (SFR) was derived from FUV and 22-
pm band intensity based on the following equation by
Casasola et al. (2017) and Leroy et al. (2008) that adopted
the Kroupa initial mass function (IMF; Kroupa 2001) as
with the method in other COMING papers (e.g., Muraoka
et al. 2019; Takeuchi et al. 2020 in prep.):

A_Q =1.59 cosi [3.2x107° 12#“‘_1
Mg yr—1 kpe MJy sr
- Iruv
81x107 2 — _ )|, (3
* (MJy sr1> ] ®)

where I22,m and Iruv are intensities of the 22-pym and
FUV band. The FUV maps were obtained with the
GALEX Ultraviolet Atlas of Nearby Galaxies (Gil de Paz
et al. 2007) and were retrieved from the NASA/IPAC
Extragalactic Database (NED). The 22-uym maps ob-
tained with the WISE band 4 were retrieved from the
NASA /IPAC Infrared Science Archive.

In addition, the IR color that represents dust tempera-
ture is used as an indicator of ISM conditions. To measure
the IR color in many galaxies as much as possible, we used
the intensity ratio of the 70-pym to 160-um band obtained
with Herschel /PACS. This filter selection reduces the sam-
ple number of galaxies because of a lack of samples in the

far-infrared range.
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Fig. 1. Consistency of integrated intensity for NGC 2903, NGC 3521, NGC 3627, and NGC 5055 between S19 and K07 summing up within the whole disk,
which corresponds to total flux (left), at the original resolution and grid size (center) and convolved data so that the resolution and grid size are fixed to 1.5
kpc and 650 pc (right), respectively. Pixels below 5o are masked in the center and right panel. The solid, dashed, and dotted lines in each panel indicate

inconsistency of 0%, +20%, and +50%, respectively.

3 Results

3.1 Maps, histograms, statistics, and radial
distribution of Ry,

Figure 2 shows the R5,, maps for our sample galaxies in the
original resolution of COMING (17"). Here, error of Rs/1
is derived from that of li2co(1-g) and li2gp(z—1) based
on propagation of their error. Each galaxy shows various
Ry/,. For example, NGC 2798 and NGC 4736 show higher
(>0.9) Ry/; in large area. Ry is low (< 0.6) in most
positions of NGC 2841 and NGC 3627. Some galaxies have
significant variations within each galaxy. NGC 2146 and
NGC5713 show an Ry/; gradient from ~ 1.2 to 0.4. In
NGC 4321, Ry, is clearly high (2 1.0) in the center and
bar ends, low (X 0.6) in inter-arms, and intermediate (0.7
0.8) in arms. In NGC 3351 and NGC 4579, R,/; is low in

the ring-like structure, whereas Ry/; is high in the center.

Some galaxies show gradation of Ry, from a side to the
other (e.g., NGC 2146, NGC 2798, NGC 5713, NGC 7331).
We tested these gradations are due to the systematic
pointing offset between 2CO(J =1-0) and *CO(J =2
1) observations with spectra at some doubtful positions
and residual maps of the first moment maps derived from
the lines. According to the test, there is no indication
of systematic pointing offset. Gradations of R,/; may
be caused by interactions (e.g., NGC 2146, NGC 2798,
NGC 5713) or appearance of disk due to three-dimensional
warp (NGC7331).

Note that the result for NGC5194 is not consistent
with Koda et al. (2012). They reported that intensities
of 2CO(J=1-0) data obtained in K07 (the original map
is from Nakai et al. 1994) for this galaxy is ~ 2 times higher
than that of Koda et al. (2011). They argued that a cali-
bration error in the data of Nakai et al. (1994) was caused

by difficulties in the calibration method at that time.

Figure 3 shows the histogram of R,,; and the cumu-
lative distribution function for all pixels in all galaxies in
the samples. As shown in the figure, the constant value
of 0.7 assumed in many cases so far is rather large. The
peak of the histogram is in the range of 0.55-0.60; the
most frequently appearing value of Rj,; is lower than
0.7. Cumulative fraction also indicates Ry, = 0.7 is quite
higher in our samples (cumulative fraction at Ry = 0.7
is ~ 70%). This is significant even considering Ry/; error
of 13% due to calibration error of CO data. The median,
mean weighted by '2CO(J = 1-0) integrated-intensity, and
standard deviation of R;/; combined for all galaxies are
0.61, 0.66, and 0.19, respectively.

The median we obtained (R3/, = 0.61) is slightly lower
than the value (R3/; =0.67) reported in Leroy et al. (2013),
while this difference would not be significant consider-
ing Ry/; error due to calibration error is 13% (section
2.2). If this difference is significant, this discrepancy may
have originated from differences in observed areas. Most
12C0O(J =1-0) data Leroy et al. (2013) used are from Usero
et al. (2015), which observed specific positions in a galaxy
where >CO(J=2-1) is strong. Their observed areas in
each galaxy usually include the center of the galaxy where
R;/1 tends to be high as mentioned in the next para-
graph. These results and statistics of Ry/; such as me-
dian, Q2(R21), and weighted mean, K/l, for each galaxy
are summarized in table 2 with some properties of galax-
ies related to star formation. The relations between Ry,
and these properties of galaxies are discussed in section
4.1. The histograms of Ry,; for each galaxy are shown in
Appendix 1.

Figure 4 shows R/, as a function of the galactocen-

tric radius for all galaxies. Both the median and weighted
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Fig. 2. (Continued.)

mean of Ry, in the disk region (r > 2 kpc) are nearly con- and weighted mean is 0.83 in the inner 0.75 kpc (the in-
stant at 0.60. Although Ry /; in the disk is lower than 0.7, nermost bin of the bottom panel of figure 4). The usually
it tends to exceed 0.7 in central regions. Both the median assumed constant value of 0.7 for R/, is common only for
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Fig. 2. (Continued.)

the transition region of the galactic center and the disk (1 3.2 Effects of R,,; on molecular gas mass derived
kpe S < 2 kpe). from 12CO(J =2-1)

As effects originated from the assumption that Ry, is a

constant, we report that how molecular gas mass is under-
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Table 2. Statistics of R, /, and properties of the samples.

galaxy  Qa(Ry1) Fap 0(Rap)  Swmal Torn Taer Trowm/Tiopm
[Mopc™?]  [1072 Mg yr~"kpe™?]  [Gyr]

(1) (2) (3) 4) (5) (6) (7)
all 0.61 0.66 0.19 — — — —
NGC 337 ok ok ok ok % ok ok
NGC 628 0.54 0.54 0.14 17.5 0.962 1.82 0.363
NGC 2146 0.66 0.73 0.23 113 27.9 0.406 1.22
NGC 2798 0.99 1.0 0.33 44.0 17.8 0.248 1.45
NGC 2841 0.51 0.50 0.12 4.34 0.287 1.51 0.210
NGC 2903 0.59 0.62 0.11 21.8 1.93 1.13 —t
NGC 2976 0.67 0.67 0.20 3.13 0.527 0.594 0.483
NGC 3034 0.56 0.67 0.15 23.2 3.75 0.617 1.43
NGC 3077 _k _k _k _k _k _* ok
NGC 3184 0.55 0.56 0.14 14.5 0.756 1.91 0.307
NGC 3198 0.46 0.47 0.10 6.37 0.915 0.697 0.493
NGC 3351 0.48 0.73 0.21 19.4 3.20 0.608 0.765
NGC 3521 0.61 0.63 0.12 31.2 2.17 1.43 0.423
NGC 3627 0.46 0.46 0.10 39.0 2.96 1.32 0.543
NGC 3938 0.56 0.56 0.11 20.5 1.43 1.44 0.409
NGC 4214 _k ok ok _k _k ok ok
NGC 4254 0.70 0.72 0.17 39.8 3.27 1.21 0.483
NGC 4321 0.76 0.83 0.18 26.7 2.00 1.33 0.421
NGC 4536 0.79 0.84 0.24 54.7 11.5 0.474 1.18
NGC 4559 ok ok ok _k _k ok ok
NGC 4569 0.76 0.89 0.25 27.5 1.63 1.69 0.420
NGC 4579 0.50 0.63 0.20 20.1 0.890 2.25 0.396
NGC 4736 0.84 0.88 0.24 20.8 2.90 0.718 0.870
NGC 5055 0.54 0.56 0.11 18.2 0.87 2.11 0.330
NGC5194 0.40% 0.41% 0.16% —5 2.98 —8 0.436
NGC 5457 0.62 0.64 0.18 15.3 0.89 1.72 0.336
NGC 5713 0.72 0.80 0.24 61.3 9.35 0.656 0.804
NGC 6946 0.67 0.71 0.17 29.6 1.85 1.60 0.491
NGC 7331 0.53 0.55 0.17 18.3 1.11 1.65 0.426

(1) Median of Ra/1. (2) Mean of Ry/; weighted by integrated intensity of 12C0O(J =1-0) averaged over the pixels
where Ry is significantly measured (cf. figure 2). (3) Standard deviation of Ry/;. (4)—(5) Mean surface density of

molecular gas and SFR. The area used to derive these means are the same as column (2). (6) Mean depletion time

derived as total molecular gas mass over total SFR within the area used in column (2). (7) Mean IR color derived as

total luminosity of 70 um over that of 160 pm within the area used in column (2). *

There are few or no pixels to

measure Ry ;. T Archival data is not available. ¥ There may be calibration error of CO data. § Not derived due to

the possibility of calibration error.

estimated or overestimated and how the scatter of molec-
ular gas surface density within a galaxy changes. We
adopted the standard CO-to-Hz conversion factor Xco of
2.0x10*°em™2 (K km s™%)™* (Bolatto et al. 2013) for the

entire area of all galaxies based on the widely used method.

The top panel of figure 5 shows how the total molec-
ular gas mass within a galaxy changes (rate of change
in total molecular gas mass; AME) when the molecular
gas mass is derived from '*CO(J =2-1) with the R,,; of
0.7 compared with the case wherein MY, is derived from
CO(J =1-0). For instance, AMY = —20% indicates that
the total molecular gas mass derived from 2CO(J =2-1) is

underestimated by 20%. NGC 337, NGC 3077, NGC 4214,

and NGC 4559 are omitted because Ry/; cannot be signifi-
cantly measured in most positions in these galaxies (figure
2) and NGC5194 is omitted due to the possibility of the

calibration problem as mentioned in section 3.1.

As R,y deviates from 0.7 (table 2), the total molec-
ular gas mass within a galaxy is underestimated or over-
estimated when the molecular gas mass is derived from
2C0(J=2-1) assuming the constant Ry/; of 0.7. For
instance, the total molecular gas mass is underestimated
by ~ 30% for galaxies that show low m (£0.50; e.g.,
NGC 2841, NGC 3198). Further, it is overestimated by ~
30% when Ry); is high (2 0.9; e.g., NGC 2798, NGC 4569,
NGC4736). For the most deviated galaxy, the molecular
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Fig. 3. Histogram of R, for all pixels of all galaxies. The solid line shows
the cumulative distribution function and the dashed line indicates R;,; =
0.7.

gas mass is underestimated by ~ 35% in NGC 3627.

The middle panel of figure 5 shows the change rate
of standard deviation for log Xmo1, Alo(log Xmot)], in
each galaxy when Ry/; is assumed to be the constant.
Alo(log ¥mo1)] is positive for all galaxies and exceeds
30% in some galaxies (NGC 628, NGC 2798, NGC 2976,
NGC3351, NGC5713, and NGC7331), and the highest
one reaches 120% (NGC2798). When the scatter of Ry,
o(Ry1), is relatively large (2 0.2) or when Ry, deviates
from 0.7, Alo(log Xmo1)] tends to be large. In contrast,
when o(Ry/1) is small, Alo(logXmo1)] is also small (e.g.,
NGC 3627). These results indicate that not only the total
molecular gas mass but also molecular gas surface density
and its relevant quantities in positions-to-position are mis-
led by the assumption of the constant Ry,;. This becomes
an issue when spatially resolved data are used, which has

been the standard recently.

3.3 Effects of Ry,, on the Kennicutt—Schmidt
relation derived from 2CO(J =2-1)

Next, we investigate how the Kennicutt—Schmidt (K-S)
relation (Schmidt 1959; Kennicutt 1989) changes when the
molecular gas surface density is derived from 2CO(J =2~
1) and the fixed Ry/q compared with that derived from
12C0O(J =1-0). The molecular K-S relation is described

as

ESFR z:mol
1 — | = NI — A 4
Og<M@ yr—1 kpc2> Og<M@ pc2) T4 )
where N is the index and A is the intercept on the double-
logarithmic plot. Several studies suggested that this re-

lation, in particular N, reflects the processes of star for-
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Fig. 4. Radial distribution of Ry ,, for all galaxies. The dashed line in the
both panels indicates R,,; = 0.7. (Top) Scatter plot of R;,, against the
galactocentric radius. The colors indicate the cumulative fraction of data.
The typical error of Ry,; is shown on the top right with the open cir-
cle marker. (Bottom) Box plot for the top panel. Each bin is 0.75 kpc in
width. Cross markers show mean Ry, in a bin weighted by 12C0(J =1-0)
integrated-intensity. The upper whisker extends up to the maximum value
and the lower whisker extends down to the minimum value in each bin un-
less the maximum value is less than Q3 + 1.5IQR and the minimum value is
larger than Q1 — 1.5IQR, where Q; is the 25th percentile, Q5 is 75th per-
centile, and IQR is the interquartile range defined as Q3 — Q1. Otherwise,
the upper whisker extends up to Qs + 1.5IQR and the lower whisker ex-
tends down to Q1 — 1.5IQR without outliers for simplicity.

mation in galaxies (e.g., Elmegreen 2002; Krumholz, &
McKee 2005; Komugi et al. 2006; Tan 2010; Takeuchi, T,
T. et al. 2020 in preparation). Therefore, we focused on
how N changes in this study.

When the spatial resolution is changed, the result of the
K-S relation also changes (Onodera et al. 2010). Thus, we
smoothed 2CO cubes and Ysrr maps so that the spatial

resolution is the same value of 1.5 kpc for all galaxies ex-
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Fig. 5. Rate of change in the total molecular gas mass A M2,
of the K-S relation AN (bottom) in each galaxy.

cept for NGC 337, NGC 2146, and NGC5713. Since the
original spatial resolution of these three galaxies is larger
than 1.5 kpc (table 1), we did not smooth them. We also
regridded 1200 cubes and Ygrr maps to fix spatial sam-
pling (i.e., pixel size) for all galaxies. The pixel size is set
to 650 pc which is slightly smaller than the Nyquist sam-
pling. For convolved and regridded data, pixels whose S/N
of integrated-intensities does not reach 4.50 were masked.
We made K-S plots from '*CO(J =1-0) by adopting the
standard Xco of 2.0 x 10?° cm™2 (K km s™%)™! for the
entire area of all galaxies according to the widely used
method. The K-S plots from '2CO(J=2-1) are ob-
tained by converting *CO(J = 2-1) intensity into that of
2C0(J =1-0) with the constant Ry/y of 0.7, which is the

NGC 4736+
NGC 5055
NGC 5457+
NGC 5713+
NGC 6946 —
NGcC 7331+

NGC 3627+
NGC 393g
NGC 4254
NGC 4321+
NGC 4536
NGC 4569 —

| (top), standard deviation of molecular gas surface density Ao (log X ,,01)] (middle), and index

same method employed in previous studies about the K-S
relation with 2CO(J=2-1) (e.g., Bigiel et al. 2008).

We fitted the K-S relation with the ordinary least-
squares (OLS) bisector method (Isobe et al. 1990) and
derived N and A of the relation made with *CO(J=1-
0) and *2CO(J =2-1), respectively. Indices derived from
2C0(J=1-0) and '2CO(J=2-1) (hereafter, N1_o and
No_1, respectively), intercepts from the two '>CO lines
(similarly, A1—o and Aa_1, respectively), and their rates
of change (AN and AA) are listed in table 3. The bottom
panel of figure 5 indicates the change rate of indices; figure
6 shows the correlation plot of No_; against N1_¢. The K—
S plots of each galaxy are shown in figure 7. We could not
fit the K-S relation for NGC 337, NGC 3077, NGC 4214,
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Table 3. Fitted parameters of the K-S relation.

galaxy Ni_o No_q AN A1,0 A2,1 AA
(%] (%]

1) (2) (3) 4) (5) (6)
all 1.2994£0.005 1.1324£0.004 —12.8 —3.537+0.008 —3.253+£0.007 —8.02
NGC 337 — — — — — —
NGC 628 1.08 +0.03 0.96+0.02 —115 —3.37+0.05 —3.10+0.04 —8.05
NGC2146*  1.2940.02 1.07+£0.02 —17.2  —3.2440.03 —2.77+0.03 —14.3
NGC 2798 0.95 +0.05 0.584+0.04  —38.8  —2.37+0.06 —1.814+0.04 —235
NGC 2841 0.5+0.1 0.5+0.2 —0.24 —2.9404 —2840.4 —2.87
NGC 2903 0.95 +0.02 0.874+0.02 —818  —2.99+0.03 —282+0.03 —5.64
NGC 2976 0.99 +0.09 0.840.1 —22.7 —2.840.2 —2.74+0.2 —1.54
NGC 3034 1.1340.03 1.014£0.02 —109  —2.99+0.04 —2.774+0.04  —7.27
NGC 3077 — — — — — —
NGC 3184 1.04+0.04 0.934+0.03 —10.2  —3.33+0.07 —3.12+0.05 —6.21
NGC 3198 1.26 +0.06 1.28 +0.06 1.48 —3.06 +0.08 —2.90+0.08 —5.22
NGC 3351 1.8140.05 1.354+£0.03 —25.7  —4.02+0.07 —3.344+004 —16.9
NGC 3521 0.89 4+ 0.02 0.824+001  —7.77  —2.98+0.03 —2.83+0.02 —4.98
NGC 3627 1.07 £0.02 1.05+£0.02 —1.73 —3.2340.04 —3.01+0.03 —6.89
NGC 3938 0.78 +0.03 0.674+0.02 —13.6  —2.86+0.05 —265+0.04 —7.19
NGC 4214 — — — — — —
NGC 4254 0.984+0.01  0.872+0.008 —10.8  —3.08+0.02 —293+0.01 —4.94
NGC 4321 0.90 +0.01 0.794+0.01  —125  —2.98+0.02 —287+0.02 —3.92
NGC 4536 0.8140.04 0.654+0.03 —19.7  —2.33+0.06 —2.104+0.03  —9.81
NGC 4559 — — — — — —
NGC 4569 1.15+0.02 0.914+0.02 —20.6 —3.46+0.04 —3.194+0.04 —7.89
NGC 4579 1.31+0.04 0.86+0.03 —342  —3.78+0.06 —3.12+0.05 —17.5
NGC 4736 1.13+0.05 0.964+0.03 —157  —3.04+0.07 —2.8240.05 —7.16
NGC5055  0.969+0.009 0.866+0.007 —10.6  —3.28+0.02 —3.04+0.01  —7.36
NGC 5457 1.21+0.04 1.35+0.03 10.9 —3.55+0.06 —3.58+£0.04 1.07
NGC5713*  1.25+0.03 0994001  —202  —3.28+0.05 —287+0.02 —125
NGC 6946 1.2440.02 1.194£0.02 —356  —3.58+0.03 —3.4940.03 —2.52
NGC 7331 1.07£0.02 0.90+0.01 —15.8  —3.31+£0.03 —2.994+0.02  —9.7

(1) Index of the K-S relation derived from *2CO(J =1-0). (2) Index of the K-S relation derived from
2C0O(J =2-1) and the constant Ry/1 of 0.7. (3) Change rate of index. (4) Intercept of the K-S relation
derived from '2CO(J = 1-0). (5) Intercept of the K-S relation derived from '*CO(J =2-1) and the constant
Ry/1 of 0.7. (6) Change rate of intercept. * The spatial resolution is different from 1.5 kpc (cf. table 1).

and NGC 4559 because the number of pixels at which Ry,
is significantly measured is not enough. Therefore, these
four galaxies were excluded from the K-S relation of all

compiled galaxies in the samples (the last panel in figure
7).

We find that indices decrease typically by 10-20%, up
to 39%, when the relation is derived from 2CO(J =2
1) with the constant R/, = 0.7 in 17 galaxies. The K-
S relation using molecular gas surface density derived by
this method produces a lower index than that derived by
12CO(J=1-0) for most galaxies. This tendency is the
same as Momose et al. (2013) that discussed the discrep-
ancy between their super-linear slope of the K-S relation
derived by '2CO(J =1-0) and the linear slope derived by
12C0(J =2-1) reported in Bigiel et al. (2008). The sig-
nificant change (AN < —20%) of the index is shown in

NGC2798, NGC2976, and NGC 3351.
ies, 0(Rz/1) within a galaxy tends to be relatively larger
than others (table 2). When the variation of Ry, in a
galaxy is small (e.g., NGC 3198, NGC 3627), AN is small
(JAN| S 2%). The differences of the K-S relation for all

sample galaxies also shows a lower index (AN = —13%).

In these galax-

We interpret these underestimated indices of the K-S
relation derived from '*CO(J=2-1) as follows. Ry, is
often higher than 0.7 when Xsrr and Xm0 are high (the
top right on the K-S plot), while Ry, is prone to be lower
than 0.7 when Yspr and Xmo are low (the bottom left

’ is derived

on the K-S plot). Here, we mean that “Xmol’
from 2CO(J=1-0). As a result, molecular gas surface
density derived from *CO(J =2-1) with the fixed Ry/; of
0.7 is overestimated (data points move to right in the plot)

where Ysrr and Xno are high, and it is underestimated
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Fig. 6. Indices of the K—S relation derived from 12CO(.J = 2-1) with the con-
stant R/, of 0.7 (N2—1) against that from 12C0(J =1-0) (N1_o). The
diagonal dashed line indicates No_1 = Ni_o. Dotted lines indicate that
N2_ is higher and lower by 20% than N1 _o.

(data points move to left in the plot) where Xsrr and Xmol
are low (we examine correlations of Rz/l, YsFR, and Yol
in section 4.1; figures 8 and 9). This becomes prominent
in galaxies whose o(Ry/1) is large, as seen in the plot of
NGC 2798, NGC 3351, and NGC 4579 of figure 7. We note
that indices are underestimated even if Ry, is assumed as

the mean or median of Ry, in a galaxy.

When the K-S relation is derived from higher-J 2CO
lines such as 2CO(.J =3-2), the same tendency of lower
indices is seen (Morokuma-Matsui & Muraoka 2017).
Dense gas tracers also produce nearly linear K-S rela-
tions, whereas '2CO(.J =1-0) produces super-linear rela-
tions (e.g., Gao et al. 2007; Kennicutt 1989). According
to these results, it seems that indices of the K-S relation
become low when the relation is derived from the molec-
ular gas, that is more related to star-formation activity.
We conclude that the K-S relation, the basic relation of
molecular gas with star formation, will be misinterpreted,
in addition to total molecular gas within a galaxy and sur-
face density of molecular gas when 2CO(J =2-1) is used
as a molecular gas tracer with a fixed Ry,,. Previous stud-
ies of the K-S relation using molecular gas surface density
derived from this method would underestimate their in-

dices.

4 Discussion

4.1 Correlations of R,/ with basic properties of
galaxies

To investigate how R/, changes depending on basic prop-
erties of galaxies such as Ysrr, correlations of Ry/; with
representative quantities are examined in this section. The
spatial resolution and grid spacing are fixed to be 1.5 kpc
and 650 pc except for NGC 337, NGC 2146, and NGC 5713,
similar to the K-S relation case (these three galaxies were
analyzed with their original resolution as shown in table
1).

First, we describe the correlation of R2/1 with Ysrr.
The top panel of figure 8 shows the correlation plot of Ry,
against Xgrr for spatially resolved data and integrated
data over the pixels where Ry, is significantly measured
(table 2, figure 2). The bottom panel of the figure shows
the box plot for the top panel binned with 0.2 dex and the
mean R,,; weighted by '*CO(J = 1-0) integrated-intensity
in each bin. The Spearman’s rank correlation coefficient
(ps) for the spatially resolved case and the integrated one
Although the scatter is
rather large, Q2(Rz/1) and Ry)1 in each bin clearly in-
crease from ~ 0.4 to ~ 0.9 as Ysrr increases. This re-
sult is consistent with Koda et al. (2012) and Koda et
al. (2020), whereas the spatial resolution of the former

are 0.47 and 0.51, respectively.

is approximately twice higher than ours. From this re-
sult, possibilities are as follows: one main physical factor
to change Ry/; can be star-formation feedback (i.e., high
R/ is a result and high Xgrr is a cause) or Ry/; becomes
high because the molecular gas is dense and as a result,
the star-formation rate is high (i.e., high-density condi-
tion is a cause and high R,/; and high Xsrr are results).
Otherwise, this correlation might be just mere coincidence.

Second, we investigate the dependence of Ry/; on Xmo1
as shown in figure 9. Mean X0 is derived by the same
method of that for mean Xsrr case. Ry,; loosely increases
from ~0.55 to ~ 0.8 as Y01 increases according to the bot-
tom panel, while there seems to be no clear tendency ac-
cording to the scatter plot in the top panel. The p; for the
spatially resolved and global result is 0.28 and 0.51, respec-
tively. Since the tendency of R;,; against Xsrr is clearer
than that against 3,1, the lower indices of the K-S rela-
tion using molecular gas mass derived from 2CO(J =2-1)
(discussed in section 3.3) are mainly due to fluctuated Ry,
by Ysrr rather than X,..

Third, the correlation between Ry/; and the depletion
time of molecular gas (7aep) is examined. The Tgep is de-

rived as the following equation:

Tdep _ Emol ESFR (5)
yr Mg pc—2 Mgyr—lpc=2 )’
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Fig. 7. The K-S relation of the sample galaxies derived from '>CO(J =2-1) assuming R, ,, = 0.7 (top panels, blue plots) and from *>CO(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,
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(Bottom) Box plot and R, in each bin (cross markers) for the top panel.
The bin width is 0.2 dex. Settings of the box plot are the same as figure 4.

Figure 10 shows the relation between Ry/1 and 7qep in the
same way as figure 8. Mean T4ep is derived by dividing
total molecular gas mass by total SFR within the pixels
where R/, is significantly measured. Both the top and
bottom panels show significantly decreased R, /1 @S Tdep
increases. This relation is also consistent with Koda et al.
(2012) (note that their horizontal axis is proportional to
SFE that is equivalent to the reciprocal number of Tqep).
The ps for the spatially resolved and integrated case is
—0.47 and —0.50, respectively. Q2(Rz/1) and Ry de-
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Fig. 9. The same as figure 8 but for X,,01.

crease from ~ 1.2 to ~ 0.45 when 7qep increases from ~ 0.1
Gyr to ~ 5 Gyr. Therefore, Ry;; may be related to an
efficient conversion from molecular gas into stars because
of the dense condition (e.g., Muraoka et al. 2016; Yajima
et al. 2019). As another possibility, molecular gas is eas-
ily warmed by active star formation (heat source) with
poor molecular gas (low heat capacity) when 74ep, is short.
These possibilities are relevant to the dense or warm con-
ditions of molecular gas likely mentioned in the Xsrr case.

Finally, the correlation of Ry/; with IR color is exam-
ined. The IR color is derived from Herschel/PACS 70-pm
and 160-pum intensity ratios. Usually, the peak of spectral
energy distribution (SED) for cool dust, which is dominant
in ISM, is around the 160-um band. Therefore, this band
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Fig. 10. The same as figure 8 but for 74ep.

selection well reflects dust temperature, especially in the
present case of lacking data of the long-wavelength side for
most of the sample galaxies. Cool dust temperature may
also be a good probe of ISM conditions. Since there is
no archival data of PACS for NGC 2903, we do not derive
IR color for this galaxy. Figure 11 shows the correlation
between 3,1 and IR color and the box plot in the same
manner as figure 8. The mean IR color is derived from the
ratio of total intensity of I7oum to that of Iigoum within
the pixels where R/, is significantly measured. The ps of
the spatially resolved and integrated case is 0.39 and 0.49.
Both Q2(R2/1) and R,/ increase from ~ 0.4 to ~ 0.85 as
IR color increases (corresponding dust temperature is from
~ 15 K to ~ 35 K) similarly to the Ygrr case. The ten-
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Fig. 11. The same as figure 8 but for IR color (I70,m /I160um)- Errors of IR
color is negligible.

dency is consistent with Koda et al. (2020). However, the
correlation coefficient between R;/; and IR color is higher
than that for Ry/; and Xsrr in their paper, whereas it is
not higher (0.47 and 0.39) in our results. This difference
may be originated from far IR band selection and sample
selection because their resolution is comparable to ours
(their resolution is 1.2 kpc and ours is 1.5 kpc).

4.2 R,/ and physical properties of molecular gas
4.2.1 R,;; and *CO(J =1-0)/"*CO(J =1-0) ratio

In this section, we investigate how properties of molec-

ular gas themselves (such as density and temperature)
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Fig. 13. The same as figure 12 but for NGC 2903: center (red), northern bar
(purple), southern bar (cyan), northern bar end (yellow green), southern bar
end (yellow), northern arm (orange), southern arm (mint), inter-arm (blue),
and outer disk (gray). The reference of 12CO(J =2-1) data is the same as
figure 12.

change R,/;. We obtained "*CO(J =1-0) maps of the
COMING galaxies in our samples. Therefore, the num-
ber density of molecular gas, n(Hz), and the kinetic tem-
perature of molecular gas, Tyin, can be derived with a
non-local thermodynamic equilibrium (non-LTE) analysis

with integrated-intensity ratios of the three lines (Scoville
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Fig. 14. The same as figure 12 but for NGC 3627: center (red), bar (pur-
ple), northern bar end (yellow), southern bar end (yellow green), western
arm (cyan), eastern arm (orange), southern stream (blue), northern offset
stream (mint), arm-bar end interacting region (magenta), inter-arm (green),
and outer disk (gray). The reference of 12CO(J =2—1) data is the same as
figure 12.

& Solomon 1974; Goldreich & Kwan 1974).

Since ¥*CO(J=1-0) emission is weak compared with
'2C0 lines, we measured the integrated intensity with the
velocity-alignment stacking analysis (Schruba et al. 2011;
Morokuma-Matsui et al. 2015) within concentric annuli
or galactic structures such as arms and the bar. We de-
termined galactic structures for NGC 628, NGC 2903, and
NGC 3627 because the structures of these three galaxies
can be clearly seen in the integrated-intensity maps of the
12CO0 lines. The determined structures are shown in figures
12-14. For other galaxies, the regions for spectra stacking
are determined as concentric annuli whose width is 725/8.
To align spectra along the velocity axis, we used the first-
moment maps of HI obtained by The H1 Nearby Galaxy
Survey (THINGS; Walter et al. 2008) if a galaxy was ob-
served in the survey. The HI first-moment maps enable
us to stack spectra even in outer disks. When H1 data is
not available, the first-moment maps of '2CO(J =2-1) are
used.

Integrated intensities, integrated-intensity ratios, and
full width at half maximum (FWHM) of stacked spec-
tra are summarized in Appendix 2. The 30 lower limit
of 12CO(J=1-0)/"*CO(J =1-0) integrated-intensity ra-
tio (hereafter, denoted as Ri2/13) is adopted when S/N of
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Fig. 15. Correlation of R, /; with Ry5,13 measured from stacked spectra.
Black circle markers represent results in disks, blue triangles indicate galac-
tic centers with active star formation (mean Zgrr in inner r25/8 or the re-
gion defined as “center” is > 0.1 Mg yr—! kpc—2; NGC 2146, NGC 2903,
NGC 3034, NGC 3351, NGC 4536, and NGC 5713), and blue squares indi-
cate galactic centers with quiescent star formation (mean Xsrr in the region
is lower than the value). Black histograms are results of disk regions (black
plots) and blue histograms are results of galactic centers (blue plots). Colors
of tick labels correspond to those of histograms.

13CO(J = 1-0) integrated-intensity is lower than 3 o. Prior
to the non-LTE analysis, we discuss the relation of Ry,
and Ri/13 as a bare observed quantity. Figure 15 shows
the correlation plot of Ry,; against Ris/13.

Regions where S/N of 3CO(J=1-0) is poor (derived
as only the upper limit of integrated intensity) even with
stacking are mainly inter-arms and outer disks. Since the
area where **CO(J = 1-0) is emitted is much smaller than
that of '2CO lines in such regions, a different beam-filling
factor may be effective, i.e., the line ratio is no longer a

probe of molecular gas properties.

In figure 15, it appears that there are two components
(or groups): one is that both Ry/; and Riy/13 are high
and the other is not so high Rs/; (S 0.7) with various
Ry3/13 (~ 7-20). The former largely includes central re-
gions of galaxies with active star formation (mean Ygrr
within inner r25/8 or within the region defined as “center”
is higher than 0.1 Mg yr~! kpc™2?; NGC 2146, NGC 2903,
NGC 3034, NGC 3351, NGC4536, and NGC5713). The
latter corresponds to galactic disks and centers with qui-
escent star formation (mean Ygpr in the region is lower
than the value above). The same tendency of decreas-
ing Ry, with increasing R;»/13 can be seen in results of

another survey (Cormier et al. 2018). It is likely that sys-

tematic differences of molecular gas properties between the
central region and the disk influencing R,,; and Ris/13
are seen in the figure. Among galactic structures in disks
(arms, inter-arms, and bars etc.), Ra/; tends to be rel-
atively low in bars and inter-arms, and high in arms and
bar ends, although the contrast of Ry /; is low (see results of
stacked spectra for NGC 628, NGC 2903, and NGC 3627 in
Appendix 2). In addition, the tendency of R/ and Ry2/13
among these structures roughly follow the disk-phase fea-
ture (i.e., Ry/; decreases as Rip 13 increases). Previous
studies about Ry5,13 suggested that high Ry5,,3 indicates
low n(Hz) (Meier & Turner 2004), high Ty, (Paglione et
al. 2001), or low abundance of '*CO due to selective pho-
todissociation (e.g., Davis 2014). Since Ry, is also high
in galactic centers with active star formation, both high

n(Hz) and high Tii, conditions are possible.

4.2.2 Non-LTE analysis using Ry,
To compare Ry,; with intrinsic molecular gas properties,
n(Hz) and Tiin are derived with the non-LTE analysis.
In this study, we made use of the 1D non-LTE radiative
transfer code RADEX (van der Tak et al. 2007). Settings
for RADEX are based on those in Yajima et al. (2019).
Input parameters for calculations are Ry/1, R12/13, col-
umn density of '2CO of all energy levels (Mi2¢p), that
of BCO (Misco), and FWHM of a GMC’s spectrum
(dv).
sity of Hao with observed Ii2co(1—0), abundance ratios
of [*2CO]/[Hz], [**CO]/[**CO], and Xco were basically
adopted as 8.5 x 107° (Pineda et al. 2008), 70 (the so-
lar neighborhood value; Milam et al. 2005), and 2.0 x 1020
em™? (K km s™')7! (Bolatto et al. 2013), respectively.
For the central region of galaxies, ['*CO]/[**CO] and Xco
were also adopted as 40 and 1.0x 10** em ™2 (K km s™*) ™!,
respectively, to reflect the environment of galactic centers
(e.g., Meier & Turner 2001; Oka et al. 2001). The escape
probability of photon was calculated based on the Sobolev

To derive Ni2¢o and Nisgg from column den-

approximation (Sobolev 1960).

The FWHM of GMCs dv was estimated by assuming
that dv in a region is proportional to the FWHM of the
stacked spectrum in the region as described below. This is
because molecular gas is a continuous medium and GMCs
do not have a rigid boundary. Thus, internal kinematics of
GMCs is likely to be influenced by dynamics of surround-
ing gas (i.e., large-scale dynamics), especially in bar ends
and bars where large velocity dispersion can be seen. In

L and

addition, since our velocity resolution is 20 km s~
our spatial resolution is a kpc order, which are much wider
than the typical velocity width of GMCs and much larger
than the typical size of them, FWHM of a stacked spec-

trum, AV, reflects velocity dispersion among molecular
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Fig. 17. R, ,, distribution on the Tyi,—n(Hz2) plot. Dashed lines indicate
that pressure divided by kg is 103 K cm~2, 3 x 10° Kem~3, and 10* K
cm~2 from bottom to top.

clouds within the beam. This is a good indicator of large-
scale dynamics of molecular gas.

At first, AV of a stacked spectrum within the entire
disk in each galaxy was measured (hereafter, this AV is
denoted as AVgisk) and the dv of 5.0 km s7! was adopted
corresponding to AVgisk. This velocity of 5.0 km s7! as
the standard of dv in the entire disk was determined based
on the typical FWHM of GMCs in the disk of the Milky

Way (e.g., Heyer et al. 2009). Next, the dv of 20 km s™*
was adopted corresponding to AV of the galaxy center
(hereafter, denoted as AVgenter). This 20 km s7! is based
on FWHM of GMCs found in the central region of galaxies
and the Milky Way (e.g., Oka et al. 2001; Leroy et al.
2015). Then, the dv for each region (i.e., each annulus or
galactic structure) was calculated by linearly interpolating
or extrapolating with its AV, AV4isk, and AVienter- That

is, the dv for region i (dv;) is determined by the following

equation:
d’Ui _ AV;
(kmsfl) 7a<kms*1)+b’ (6)
where
— —1 -1 A‘/;:entelr A‘/disk
‘= (20kms —5kms )/K kms—! ) B (kmsf1 )} (7

b=20kms ' —a (chemer) R

kms—1! ()
and AV, is the FWHM of the stacked spectrum in the re-
gion. The reason why the dv for the innermost region is
fixed to be 20 km s™ ! is AVeenter mainly reflects not veloc-
ity dispersion in a large scale but the velocity gradient due
to the rigid rotation of the galactic disk. High-resolution
observations support increasing dv as close to the galactic
center in inner disks (e.g., Sun et al. 2020). Note that dv
is not monotonically increases towards the center in outer
disks. Since AV in outer disks is almost constant, dv is
also constant (see the result of NGC 5055 in Appendix 2).
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Derived n(H2), Tkin, and ancillary results of excita-
tion temperature for *CO(J =1-0), **CO(J=2-1), and
BCO(J =1-0) [Ta2*™2, 122D 723079 and optical
depth of these lines [T12(1—0), T12(2-1)s T13(1—0)] are listed
in table 4. Errors of n(Hz) and Tkin are derived from errors
of Ry/1 and Ryz/13. Namely, four pairs of [n(Hs), Tiin] are
obtained from Ry/1 £ dRy/1 and Ryz/13 = dR12/13 (where
dRy/1 and dR13/13 are errors of Ry/; and Ri3/13, respec-
tively). Errors of n(Hz), Tkin toward the positive direction
are adopted as max[X;,i=1,2,3,4] — Xo, where Xg is n(Hz)
and Ty derived from Ry/y and Ri9/13, and X; is n(Hz)
and Tiin derived from Ry/; £dRy/1 and Rig/13 £dRi2/13.
Errors of n(Hz), Tkin toward the negative direction are
adopted as Xo —min[X;,i=1,2,3,4]. Errors of other ancil-
lary quantities such as intrinsic intensities and excitation
temperature are nearly the same factor of errors for n(Hz)
and Tiin. There are no solutions of RADEX calculations
in several regions. These are caused by the low S/N of
13CO(J =1-0) even with stacking. It is also possible that
the one-zone model adopted for RADEX is not valid be-
cause the area seen in **CO(J = 1-0) is much smaller than
those seen in *2CO(J = 1-0) and **CO(J =2-1). Based on
these RADEX results, we examined the Ry,; dependence
on n(H2) and Tkin as shown in figure 16.

There is a clear tendency that R, /1 increases with Tiin,
while Ry/; seems to decrease with increasing n(Hz). The
Spearman’s rank correlation for Ry/; and Tiin is 0.67 with
a p-value of O(107?) and that for Ry/, and n(Hz) is —0.36;
however, it is not statistically significant with the signifi-
cance level of 5% (p-value is 0.06). In addition, the ten-
dency of increased Ry/; with Tiin is not changed even
when different [">CO]/['*CO] and Xco for galactic cen-
ters {[**CO]/[**CO] = 40 and Xco = 1.0 x 10*° cm™? (K
km s™')7'} are adopted. The result indicates that the
variations of Ry, in galaxies seen in kpc-scale resolutions
reflect the temperature of molecular gas. As discussed in
section 4.1, the positive correlation between Ry, and Ysrr
indicates that Ry/q varies depending on Tii, or n(Hz) [high
Ysrr enhances Tiin and Ry/q or high n(Hsz) induces high
Ysrr and Ry/;]. Based on the results of the non-LTE
analysis, the correlation implies the former case. Radiation
feedback from stars warms dust and molecular gas directly
and/or dust warms molecular gas; therefore, Ry/; becomes
high, as suggested by Koda et al. (2020).

Moreover, it seems that there are two phases of molec-
ular gas. One is relatively dense (10°-10° cm™2) and cold
(5-10 K) with R/, < 0.7. Its correlation of Ry, with
Tiin is tight and steep but no clear correlation with n(Hz).
The other is the diffuse (20-300 cm™3), warm (30-200
K) with high Rg/l, and it is loosely correlated with Tiin

and n(Hz). The former corresponds to results for disk re-

gions and galactic centers with quiescent star formation
(low Ry s1 and low Ri5/13 indicated by black markers and
blue squares in figure 15). The latter is the central re-
gions of galaxies with active star formation (high Rs/;
and high Ry5/13) indicated by blue triangles in the fig-
ure. Differences of molecular gas properties in disks and
galactic centers are tested with the Kolmogorov—Smirnov
test (i.e., for black and blue histograms in figure 16). It
is confirmed that the hypothesis that Tii, and R;,; are
the same between the disks and galactic centers is rejected
at the significance level of 5%; however, that for n(Hs)
cannot be rejected at the same level (p-value is 0.15). In
short, differences of molecular gas phases in disks and cen-
ters are clearly seen in IRy,; and physical properties planes,
especially for Tkin, at the kpc-scale resolutions.

The relation between Ry/; and n(Hsz) seems inconsis-
tent with other studies for GMCs (Sakamoto et al. 1994;
Nishimura et al. 2015; Penialoza et al. 2018), although the
negative correlation of Ry/, with n(Hz) is not statistically
significant. For instance, Rj,; is high in not only warm
environments but also dense regions such as ridges and
filaments in molecular clouds in these studies. The dis-
crepancy is because spatial scale is quite different between
ours (kpc scale) and theirs (order of pc scale), and dynamic
range of characteristic n(Hz) is much wider for cloud-scale
studies than galactic-scales. If observations with such high
spatial resolution for galaxies is conducted, high Ry,; with
high n(H2) would appear. Furthermore, observations for
molecular clouds in the Milky Way do not contain high
Ry/1 and high R;5/13 environments (common in galactic
centers with active star formation) that show warm and
diffuse conditions via non-LTE calculations. Thus, the dis-
crepancy possibly originated from observed environments
(represented on the Ry/1—R12/13 plane). Related to it, this
negative correlation would be produced by data distribu-
tion of the bimodality of molecular gas properties seen in
figure 15.

Moreover, studies of molecular gas in other galactic cen-
ters support our results of high Ry/; with warm diffuse
molecular gas seen in central regions with active star for-
mation. For example, Meier et al. (2000) suggested that
there are two phases of molecular gas: warm diffuse layers
and cold dense clumps in the starburst nucleus of IC 342.
In addition, low-J '2CO lines, in particular 2CO(J =2~
1), are dominantly emitted in such warm diffuse molecular
gas. Israel & Baas (2003) modeled properties of molecu-
lar gas in the center of IC 342 and Maffei2 (this galaxy
also has the modest starburst nucleus) with transitions
of 2CO from J=1 to J=4; those of *CO from J=1
to J=3 and [C1]. Further, they argued the existence of
the warm diffuse molecular gas of Tiin ~ 100-150 K and
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n(Hz) ~ 10® cm™® associated with the photon-dominated
region (PDR), and the cold dense clumps of Tkin ~ 10-20
K and n(Hs) ~ 10° em™3. Tt was also suggested that this
warm diffuse molecular gas accounts for approximately 2/3
of the total molecular gas. Our results of physical proper-
ties with high R,/; reflect such hot diffuse molecular gas
related to PDR.

Figure 17 shows Ry/, distribution on the Tii,—n(Hz)
plot. Most of molecular gas is nearly under the pressure
equilibrium of a few 10® K cm™2. This figure indicates that
both Tyin and pressure of molecular gas are important for
variations of Ry/; in galaxies. That is, even when pressure
is so high (2 3 x10®> K em™®), Ry/; is not always high
(~0.5-0.6) as long as Tkin is low (<10 K). Similarly, Ry
is not always very high (< 0.8) even when Tiin is high
(230 K) as long as pressure is not relatively high (~ 10*
K cm™?).

Our results of R/, and molecular gas properties suggest
an issue of molecular gas mass derived from '2CO(J =2-1)
according to fluctuated Ry,; and Xco as follows. Some
studies reported that Xco is lower in galactic centers,
(ultra-) luminous infrared galaxies, and mergers than that
in disks (i.e., hosting active star formation; e.g., Oka et al.
2001; Narayanan et al. 2011; Papadopoulos et al. 2012;
Sandstrom et al. 2013%; Yasuda et al. 2020 in prep).
In these systems, Ry;; should be higher than in normal
disks considering our results (e.g., figure 4, 8, 11, 16,
and 17). In addition, the recent synthetic observation
of CO(J=1-0) and >CO(J=2-1) in a 3D magneto-
hydrodynamics simulation (Gong et al. 2020) shows that
Xco is low in the environments where R2/1 is high. Hence,
the molecular gas mass derived from 2CO(J=2-1) is
more overestimated in active star-formation environments
when the constant Ry, and Xco are adopted because
M o1 11200(2_1) X XCO/Rg/l. When Rj/; increases and
Xco decreases, the fluctuation of XCO/RQ/l is amplified.
Based on the reported variations of Xco/R2/1 so far, ac-
tive star-formation environments lead to more overesti-
mated molecular gas if 12CO(J =2-1), constant Xco, and
fixed Ry/; are used compared with the '>?CO(J = 1-0) case.

5 Conclusions
We present the variations of '2CO(J =2-1)/"2CO(J =1-

0) line ratio (Ry/q) within and among galaxies, the effects
of the assumption that R/, is a constant on the derivation
of molecular gas mass, and the properties of molecular gas

2 Sandstrom et al. (2013) assumed the constant Ry, to derive molecular
gas mass from 12CO(J =2—1), however, the tendency of lower CO-to-Hs
conversion factors in galactic centers can also be seen in *2CO(J = 1-0)-
based studies.

reflecting variations of R,/; in 24 nearby galaxies on kpc

scales. The main conclusions of this paper are as follows:

(1) The median and mean R/, weighted by "*CO(J = 1-0)
integrated-intensity for spatially resolved data of galax-
ies in our samples are 0.61 and 0.66, respectively, with
the standard deviation of 0.19. R,,; varies from 0.4 to
0.9 among and within galaxies. While R/, in the galac-
tic centers (inner ~ 1 kpc) is typically higher (~0.8), the
median of Ry/; in disks (exterior to ~ 2 kpc) is nearly
constant at 0.60.

(2) The total molecular gas mass within a galaxy derived
from 2CO(J = 2-1) is underestimated or overestimated
by ~ 20% for most galaxies, and at most by 35%, when
Ry, is assumed to be the constant of 0.7. In addition,
the scatter of molecular gas surface density (Xmo1) by
12C0(J =2-1) within a galaxy increases in all galaxies.
Its change rate exceeds ~ 30% in some galaxies, and it
is 120% in the highest case when the constant Ry, is
adopted. This increased scatter of ¥,o is serious for
mapping (spatially resolved) observations.

(3) The indices of the Kennicutt-Schmidt relation using
molecular gas surface density derived from 2CO(J =2~
1) and Ry/1 = 0.7 become lower by 10-20%, up to 39%
compared with that using '2CO(J = 1-0) for 17 galax-
ies out of 24. This is because R,,; tends to be higher
than 0.7 when Ysrr and Yo are high while Ry/; is
often lower than 0.7 when Yspr and Yo are low.
Underestimated indices are prominent when the scat-
ter of Ry/; within a galaxy is large.

(4) Rz/1 has positive correlations with ¥srr and IR color
and the negative correlation with depletion time of
molecular gas. These suggest that R,,; becomes high
by warmed molecular gas from stars (stars influence on
molecular gas properties and Ry/1). Otherwise, Ry, is
high because molecular gas is dense; as a result, star
formation is active (molecular gas properties influence
on star formation activity and Ry/1). There is no clear
tendency between Ro /1 and Yol.

(5) Comparing R,/; with *CO(J=1-0)/"CO(J=1-0)
line ratio (Ri2/13) measured within each galactic struc-
ture or concentric annulus, there seems to be two com-
ponents; one is both Ry,; and Ri3/13 are high, and the
other is relatively low Ry, with various Rj2/13. The
former corresponds to molecular gas in galactic centers
with active star formation (mean Yspr within inner
r25/8 or the region defined as “center” is higher than
0.1 Mg yr—* kpcfZ) and the latter corresponds to that
in disk regions and centers of galaxies with quiescent
star formation (mean Xgpr in the region is lower than
the above value).

(6) According to the non-LTE analysis, there is a clear ten-
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dency that Rj/; increases with Tiin; however, Ry/; and
n(Hz) show a rather negative correlation but it is not
statistically significant. This suggests that variations of
R3/1 on kpc scales imply the temperature of molecular
gas. The dependence of Ry/; on n(Hz) would appear
when the spatial resolution is higher. Stellar radiation
feedback influences molecular gas properties and Ry/;.
The bimodality caused by differences of properties be-
tween galactic centers and disks seen on the Ry/1—Ri2/13
plane can also be seen on the Ry/1—Tkin and Ry, -—n(Hz)
plots. Molecular gas in the centers is warm and diffuse,
and its Ry/; has relatively loose correlations between
Tiin and n(Hz). The disk phase molecular gas is cold,
relatively dense, and its Ry, is tightly correlated with
Txin; however, it has no relation with n(Haz).

(7) Not only Tkin but also pressure of molecular gas is
important to understand R,; variations in galaxies.
Namely, even when pressure is so high (= 3 x 10® K
cm™?), Ry/; is not always high (~ 0.5-0.6) as long as
Txin is low (5 10 K). Likewise, even when Tii, is high
(Z 30 K), Ro/; is not always very high (< 0.8) as long
as pressure is not relatively high (~ 10® K cm™3).

(8) Considering variations of the CO-to-Hz conversion
factor Xco, molecular gas mass in active star-

formation environments such as galactic centers and

(U)LIRGs is more overestimated when it is derived from

2CO(J =2-1) and the constant Ry, of 0.7. This is be-

cause molecular gas mass is & J12co(2—1) X Xco/Ra/1,

Xco decreases, and RQ/I increases [Where ImCO(Q_I)

is integrated intensity of *CO(J=2-1)]. As a result,

fluctuations of Xco/Ra 1 are amplified.
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Appendix 1 Histograms of R, , in each
galaxy

Figure 18 shows histograms of R/, in each galaxy for data

of the original resolution of 17”.

Appendix 2 Results of stacked spectra

Table 5 summarizes parameters of stacked spectra in each

region of galaxies.
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Table 4. Derived physical properties of molecular gas with the non-LTE analysis.

galaxy region™ (Hz) Tkin 2070 2l 300 Ti2(1—0) Ti2(2—1)  T13(1-0)
[em™=?] K] (K] (K] (K]
1) (2) ®3) 4) ®) (6) ) ®)
NGC628  center (11598) x10% 65702 6.3 6.1 4.4 18 22 0.41
inner arm1 (19fge) x 102 82132 6.9 6.1 3.4 19 26 0.64
inner arm2 (21708) x102 88773 7.4 6.6 3.5 20 29 0.7
outer arm2 (6.673:7) x 102 48777 4.5 4.0 3.3 13 10 0.26
inter-arm1 (1.8759) x102  7.2733 5.9 5.0 3.2 17 20 0.49
center! (85733) x102 85770 7.8 7.2 4.9 9.8 15 0.45
NGC2146  center (1728:5) x 10t 210740 14 14 3.5 18 40 1.6
ring1 (21757) x 10t 69774 10 9.4 3.2 20 38 1.2
ring2 (2. 9*5 g) x 10t 237139 7.0 6.0 3.0 19 27 0.74
center’ — — — — — — —
NGC2841  ring2 (1270 2) x10% 55702 5.4 5.1 4.0 17 17 0.36
ring3 (1 8*2 ) x10° 5170 5.0 4.8 4.0 15 14 0.3
ring4 (11f57) x10® 48775 4.7 4.3 3.6 14 12 0.27
NGC2903  center (1. 5+0 3) x10% 14t30 11 9.9 3.9 20 38 1.1
northern bar (1.0%5:5) x 102 13750 8.5 7.5 3.4 20 33 0.9
southern bar (11%53) x 102 9.6757 7.0 6.0 3.2 19 27 0.68
northern bar end (3. 6+° ) x10% 8802 7.9 74 4.0 19 30 0.67
southern bar end  (2.3707) x 102 871} 7 7.5 6.7 3.6 20 29 0.69
northern arm (4015 %) x 102 7.8717 7.1 6.6 3.8 19 26 0.59
southern arm (7311 5) x102  6.270% 5.9 5.5 3.9 18 20 0.42
inter-arm — — — — — — —
outer disk (1.23;}3) x102 95757 7.0 6.0 3.2 19 26 0.63
centerf (6.8%55) x 10t 5273 12 11 4.1 10 22 1.1
NGC2976  center — — — — — — — —
ring1 (5.37%30) x 10t 347 12 11 3.6 18 38 1.2
ring2 (1.310:2) x102 1675, 11 10 3.9 19 39 1.1
ring3 (45173 x 102 96737 8.8 8.4 4.5 19 32 0.68
NGC3034  center (23%04) x 10t 9573 13 12 3.5 18 40 1.6
ringl (Lot08) x 10t 110%70 12 11 3.4 19 40 1.4
ring?2 (1 st})g) x 10t 80*5e 10 9.3 3.2 20 38 1.2
center! — — — — — — —
NGC3198  center (6.0t78) x 102 637]3 5.9 5.5 3.7 17 19 0.42
ring1 (22179) x 102 76752 6.4 5.6 3.3 18 22 0.53
center! (3717%) x 102 97731 7.7 6.7 4.1 9.3 14 0.51
NGC3351  center (5.615%) x 10t 48773 16 16 4.1 18 43 1.8
ringl (3.6152) x 102 7675 7.0 6.4 3.7 20 27 0.62
ring?2 (7.2435%) x 102 5732 5.5 5.0 3.7 16 17 0.36
centert (2.8153) x 10t 2307750 16 16 4.2 12 30 1.6
NGC3521  center (2280%) x 102 9.9%] 8.3 7.6 3.7 20 32 0.79
ringl (21403) x 102 10%]0 8.5 7.8 3.7 20 33 0.81
ring?2 (1.3%03) x 102 10730 7.6 6.6 3.3 20 30 0.76
ring3 (16107) x 102 94737 74 6.5 3.4 19 28 0.71
centert (1.3194) x 102 2271, 10 8.9 4.0 9.8 19 0.83
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Table 4. (Continued.)
galaxy region® n(Hz) T R . Ti2(1-0) Ti2(2—-1)  T13(1-0)
[em™=?] (K] (K] (K] (K]

M 2) ®3) (4) (5) (6) (1) )

NGC3627  center (95%53) x 10t 88137 6.0 5.0 3.1 18 21 0.54

bar (18108) x 102 6.9%79 5.6 4.8 3.2 17 18 0.46

northern bar end (3.410%) x 102 6.610% 6.0 5.3 3.5 18 20 0.55

southern bar end (3.9108) x 102 6.4%0% 5.8 5.2 3.5 17 19 0.45

western arm (28159) x 102 67110 5.9 5.1 3.3 18 20 0.48

castern arm (6.21]%) x 102 5. 7fg§ 5.4 5.0 3.6 16 17 0.37

offset stream (L7E0T) x 102 84173 6.8 5.9 3.3 19 26 0.64

southern arm (27510) x 102 68773 6.0 5.2 3.4 18 20 0.49

arm-bar end inter. region  (7.77)%%) x 100 8.715 5.4 4.5 3.0 17 17 0.45

center! (43%58) x 10t 31193 6.1 5.1 3.2 9.1 11 0.42

NGC3938  center (5.9%58) x 102 76107 7.1 6.7 4.1 18 25 0.51

ringl (44582 x 102 7aHLY 6.6 6.1 3.8 19 24 0.52

ring?2 (29559) x 102 8.0} 7.0 6.4 3.6 19 26 0.6

ring3 (1.8553) x 10> 5. 5j(1) { 5.4 5.2 4.2 16 16 0.3

center! (4.0%55) x 102 11430 9.0 8.1 4.5 9.8 17 0.6

NGC4536  center (3. 0*2 ;) x 101 95f§32 16 15 3.8 18 42 1.8

center’ — — — — — — —

NGC4579  center — — — — — — —

ring1 (241 ;) x 102 8.0151 6.9 6.2 3.5 19 26 0.62

ring2 (3355 g) x102  71tLT 6.3 5.7 3.5 18 22 0.52

centert — — — — — — —

NGC5055  center (22803) x 102 11419 9.2 8.6 3.9 20 35 0.87

ringl (7.8%1%) x 102 63105 6.0 5.6 4.0 18 20 0.42

ring2 (3.810%) x 102 63705 5.8 5.1 3.4 17 19 0.45

ring3 (5.8%1%) x 102 61107 5.7 5.2 3.6 17 18 0.41

ring4 (4.0155) x 102 6.4t]] 5.9 5.2 3.5 17 19 0.45

ring5 (3.8500) x102  6.3%33 5.7 5.1 3.4 17 19 0.43

ring6 (9173%°%) x 102 42773 4.0 3.7 3.2 11 7.1 0.19

center! (1275 4) x 102 24713 11 9.8 4.1 10 21 0.95

NGC5713  center — — — — — — —

ringl — — — — — — — —

ring?2 (1.6153) x 10t 97FE0 9.9 9.2 3.2 19 37 1.1

centert — — — — — — — —

NGC7331  center (2010%) x 102 9.9%7¢ 8.2 74 3.6 19 31 0.77

ring1 (83%1%) x 102 6.21075 6.0 5.6 4.0 18 21 0.42

ring2 (8 7j§§) x 102 6.0792 5.8 5.4 3.9 18 20 0.41

ring3 (5.3%15) x 102 57101 5.4 4.8 3.5 16 16 0.38

center’ (98%5%) x 10t 24733 9.5 8.4 3.8 10 19 0.86

(1) Number density of molecular gas. (2) Kinetic temperature of molecular gas. (3) Excitation temperature of '2CO(J =1-0). (4) The

same as (3) but for *2CO(J =2-1). (5) The same as (3) but for **CO(J =1-0). (6) Optical depth of >CO(J =1-0). (7) The same as (6)
but for *2CO(J =2-1). (8) The same as (6) but for *CO(J =1-0). Results of (1)—(8) are obtained from the one-zone model of RADEX. *

In annuli cases, regions of each annulus are named ‘ringl’,

are different to reflect environments in galactic centers.

‘ring2’...

Koda, J., Sawada, T., Wright, M. C. H., et al. 2011, ApJS, 193,

19

Koda, J., Sawada, T., Sakamoto, K.,

in order from the galactic center. T Adopted Xco and [*2CO]/[*3CO]

Koda, J., Scoville, N., Hasegawa, T., et al. 2012, ApJ, 761, 41

et al. 2020, ApJL, 890,
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Fig. 18. Histograms of R, /; in each galaxy for original resolution data.
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Table 5. Results of the stacking analysis.

galaxy region 11200(1—0) 11200(2_1) 11300(1_0) Ry 1 Ri3/13 AV
[Kkms™ '] [Kkms™!] [Kkms ] [km s™1]
1) (2) (3) (4) (5) (6)
NGC 628 center 6.84+0.3 4.23 £0.09 1.0+£0.1 0.62+0.03 6.84+0.9 3042
inner arml 5.34+0.2 2.80 +0.05 0.35+0.07 0.53+0.02 15.14+3.1 28 +2
inner arm2 5.14+0.2 2.93+0.05 0.38 £ 0.06 0.57+0.03 13.5+2.1 372
outer arml 3.0+0.2 1.92+0.06 <0.07 0.65+0.06 >41.1 28+4
outer arm2 3.84+0.3 1.47+0.06 0.27 +0.06 0.39+0.03 14.3+3.3 2743
inter-arml1 3.14+0.2 1.37+£0.03 < 0.07 0.434+0.03 > 42.9 32+4
inter-arm2 1.64+0.1 0.6940.04 < 0.04 0.44+0.04 >37.3 30+5
NGC2146 center 148 +1 123.94+0.3 7.24+0.4 0.839£0.006 20.44+1.0 202+3
ring1 52.3+0.6 36.0+0.2 2.0+0.2 0.689£0.009 26.44+2.3 150 +4
ring2 16.4+0.6 8.24+0.1 <0.18 0.50+0.02 >92.8 160 + 21
ring3 6.5+0.5 3.7+0.2 <0.2 0.5740.05 > 31.8 71+12
NGC2841 ringl 5.14+0.2 2.240.1 0.55+0.1 0.42+0.03 9.24+1.7 88+ 8
ring2 3.7+0.2 2.01+0.09 0.49 +0.07 0.54+0.04 7.5+1.2 58 +6
ring3 2.440.1 1.29 £0.06 0.35+0.06 0.53+0.04 6.9+1.3 5945
ring4 1.6£0.1 0.7440.06 < 0.05 0.46 +£0.05 > 30.8 67+ 10
NGC2903 center 46+1 33.5+0.2 3.94+04 0.72+0.02 11.84+1.1 157+13
northern bar 21.7+0.8 13.0+0.3 1.3+0.2 0.60+0.03 17.3+3.4 94+7
southern bar 28.0£0.7 14.1+0.2 < 0.35 0.50£0.02 > 79.2 151+4
northern bar end 41.7+£0.7 27.0+0.2 44404 0.65+0.01 9.54+0.8 101+£3
southern bar end 36.5+0.7 21.44+0.2 2.94+0.3 0.59+0.01 12.5+1.5 119+4
northern arm 19.74+0.4 11.9+0.1 2.1+0.3 0.614+0.01 96+1.4 65+ 2
southern arm 18.84+0.5 10.4+0.1 2.1£0.2 0.56 £0.02 8.84+0.8 6544
inter-arm 13.8+0.4 7.0£0.1 <0.16 0.51+£0.02 > 85.5 82+5
outer disk 3.94+0.2 1.98 £0.06 0.19+0.05 0.51+0.03 20.8+6.0 53+5
NGC2976  center 3.14+0.3 2.61+0.09 <0.12 0.84+0.08 >24.9 33+5
ringl 2.64+0.2 1.98 +0.08 < 0.05 0.76 £0.05 >49.0 31+4
ring2 3.3+0.1 2.41 +0.05 0.27 +0.06 0.74+0.04 12.0£2.7 302
ring3 2.0+0.1 1.44£0.07 0.26 +0.07 0.71+0.05 7.7+2.0 31+4
ring4 0.6+0.1 0.41+0.04 < 0.05 0.74+0.2 >11.0 28+9
NGC3034 center 462 +2 365.5+0.4 23.6 £0.7 0.792+0.003 19.54+0.6 147+1
ringl 204 +1 155.4+0.2 8.84+0.6 0.762£0.004 23.24+1.5 137+2
ring2 115.04+0.8 78.94+0.2 42404 0.686 £0.005 27.44+2.3 126 +2
ring3 60.8+0.8 38.54+0.1 1.5+0.2 0.633£0.008 41.74+7.0 11243
ring4 33+1 24.56 £0.1 1.14+0.2 0.744+0.03 29.54+6.3 106+ 13
ringh 33.9+0.9 19.33 +0.07 < 0.26 0.57+0.01 > 128 105+ 6
ring6 27.94+0.8 15.6+0.1 < 0.26 0.56 +0.02 > 108 10247
ring7 23.1£0.9 12.83+0.07 <0.21 0.56 £0.02 > 107 91+9
ring8 17.0+£0.7 9.9+0.1 <0.19 0.58 +0.03 > 88.5 8248
ring9 13.5+0.7 8.23+0.08 <0.22 0.61+0.03 > 60.9 82+ 12
ring10 11.6 £0.5 7.15+0.09 <0.21 0.62+0.03 > 56.0 87+ 15
ringl1 11.24+0.6 7.25+0.09 < 0.25 0.65+0.04 >44.1 91+18
NGC3198 center 8.0+0.3 4.34+0.1 0.84+0.1 0.54+0.03 10.0 £ 1.7 92+7
ringl 4.0+0.3 1.98 £0.06 <0.1 0.49+0.04 >41.9 63+8
ring2 1.9+0.2 1.26 +0.04 < 0.05 0.68+0.07 > 34.5 4249
NGC3351 center 17.54+0.4 15.4+0.1 1.3+0.2 0.88 +£0.02 13.5+2.1 194438
ringl 3.1+0.4 1.8+0.1 <0.13 0.59+0.08 > 23.2 96 + 29
ring2 3.6+0.2 1.79£0.06 <0.13 0.504+0.03 > 28.1 4145
ring3 2.74+0.3 1.08 +0.05 < 0.09 0.41+0.05 > 29.8 40+9
ring4 1.54+0.2 0.644+0.04 < 0.07 0.42+0.07 >21.5 33+13
NGC3521 center 32.3+0.6 20.5+0.2 2.84+0.3 0.64+0.01 11.7+£1.3 165+13
ring1 27.7+0.4 17.8+0.1 2.3+0.1 0.64+0.01 11.9+0.8 118+3
ring2 16.8+0.3 9.28 +£0.08 1.0+0.1 0.55+0.01 17.1+2.1 92+3
ring3 5.7+0.3 3.154+0.06 0.36 +£0.07 0.5540.03 16.0£ 3.2 88+9
ring4 2.14+0.2 0.96 +0.05 < 0.09 0.46 +£0.05 >24.1 4949
ringh 1.2+0.1 0.59+0.04 < 0.06 0.51+0.07 >19.3 56+ 13
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Table 5. (Continued.)

galaxy region TIi2co(1-0) 11200(2—1) 11300(1—0) Ry /1 Ryo/13 AV
Kkms™!'] [Kkms™!] [Kkms™! [km s™1]
(1) 2) 3) (4) (5) ©)
NGC3627 center 50.440.7 21.1+0.6 2.04+0.3 0.42+0.01 25.3+3.9 164+9
bar 24.74+0.8 10.2+0.2 1.2+0.2 0.414+0.01 20.3+3.8 108 +11
northern bar end 31.94+0.6 15.74+0.2 2.84+0.2 0.49+0.01 11.5+0.8 68+3
southern bar end 41+1 20.34+0.2 3.3+£0.3 0.494+0.01 12.5+1.2 96+ 11
western arm 13.7+0.4 6.4+0.1 0.9+0.1 0.474+0.02 15.1+£2.5 48+2
eastern arm 18.44+0.4 9.0+0.2 1.74+0.2 0.4940.02 11.0£1.4 68+ 3
offset stream 19.1+£0.5 9.7+0.2 1.14+0.2 0.5140.02 16.9+3.2 60+ 3
southern arm 11.1£0.6 5.3+0.1 0.74+0.2 0.48 +0.03 15.0£4.1 4543
arm-bar end inter. region 12.3£0.4 444+0.1 <0.19 0.36 £0.02 > 65.4 5143
inter-arm 10.0£0.5 4.74+0.1 <0.14 0.47+0.03 > 170.5 86+9
outer disk 2.6+0.2 1.03£0.07 < 0.09 0.39+£0.05 > 30.4 58+ 12
NGC 3938 center 9.54+0.2 5.98 +0.09 1.2+0.1 0.63+0.02 8.24+0.8 43+2
ringl 6.440.2 3.68 +0.05 0.63+0.07 0.57+0.02 10.1+1.2 20+1
ring2 4.34+0.1 2.46 £0.04 0.36 £0.05 0.57+0.02 12.1+1.9 28+1
ring3 2.4+0.2 1.36+0.04 0.35+0.06 0.56 +0.05 6.9+1.3 27+ 3
ring4 1.024+0.09 0.554+0.03 < 0.03 0.54+0.06 > 29.7 2443
NGC4536  center 3441 29.7+0.2 2.04+0.3 0.86 +0.02 17.0+2.2 161+17
ringl 6.54+0.4 4.940.1 <0.14 0.74+0.05 >45.1 136 +23
ring2 2.240.2 1.34£0.07 <0.1 0.61+£0.07 > 22.8 80+ 16
NGC4579  center 13.0£0.7 10.1+£0.2 <0.35 0.78 +0.05 > 37.0 154 + 36
ringl 5.54+0.4 3.05+0.09 <0.2 0.55+0.04 > 28.0 5046
ring2 5.14+0.2 2.68 £0.07 0.414+0.08 0.52+0.03 12.3+2.5 50+4
ring3 2.840.3 1.30+0.08 <0.13 0.47 +£0.06 >21.0 46 +11
NGC5055 center 40.0+0.6 27.3+0.3 3.7+0.3 0.68+0.01 10.9+0.8 120+4
ringl 20.14+0.3 11.4+0.1 2.440.2 0.569 +£0.01 8.44+0.6 T1+2
ring2 14.0+£0.2 6.79 +0.08 1.08+£0.09 0.484+0.01 12.94+1.0 53+1
ring3 8.54+0.2 4.38 £0.07 0.82+0.1 0.51+£0.02 10.4+1.3 4742
ring4 5.54+0.2 2.74£0.07 0.44 +£0.07 0.54+0.02 12.4+2.1 4442
ring5 2.74+0.2 1.28 £0.05 < 0.06 0.48+0.04 >42.4 43+4
ring6 1.84+0.2 0.65+0.04 < 0.06 0.35+0.04 > 30.5 49+8
ring7 1.1+0.2 0.54 +0.06 < 0.06 0.51+0.09 > 18.1 49+ 12
NGC5713  center 36.3+0.7 34.44+0.2 1.3+0.2 0.95+0.02 28.8+5.7 112+5
ringl 20.74+0.4 16.6 +£0.1 0.84+0.1 0.80£+0.02 24.5+4.2 80+4
ring2 10.4+0.4 7.1+£0.1 <0.12 0.68 +0.03 > 86.2 61+6
ring3 5.7+£0.3 3.440.1 <0.11 0.59+0.03 > 50.2 5445
NGC7331 center 28.6+0.9 17.6 £0.2 2.240.3 0.61+0.02 1294+1.6 143+21
ringl 35.24+0.7 20.1£0.1 4.34+0.3 0.57+0.01 8.1+0.6 11949
ring2 23.0+0.4 12.8 £0.1 2.840.3 0.56 £0.01 8.24+0.8 114+4
ring3 11.6 £0.6 5.46 +0.1 1.0+0.2 0.47+0.02 12.0£2.0 86 + 10
ring4 5.84+0.4 2.60 +0.07 <0.14 0.45+0.04 > 40.6 93 +23
ringb 3.14+0.3 1.18 £0.07 <0.11 0.38+£0.04 >29.1 74420
ring6 1.9+0.2 0.66 +0.05 < 0.08 0.34+0.05 >23.5 67+ 14

(1) Integrated intensity of stacked *2CO(J = 1-0) spectra. (2) The same as (1) but for *2CO(J =2-1). (3) The same as (1) but for
13CO(J =1-0). (4) Integrated-intensity ratio of stacked *2CO(J =2-1) to that for *2CO(J =1-0). (5) The same as (4) but for
stacked '2CO(J =1-0)/'3CO(J =1-0). (6) FWHM of stacked *2CO(J = 1-0) spectra.



