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Abstract We present simultaneous observations of 12CO, 13CO and C'80 J=1-0
emission in 11 nearby (cz <1000km s~') bright infrared galaxies. Both 2CO and
13CO are detected in the centers of all the galaxies, except for '*CO in NGC 3031.
We have also detected C'30, CS.J=2—1 and HCO™T.J=1—0 emission in the nuclear
regions of M82 and M51. These are the first systematical extragalactic detections
of '2CO and its isotopes from the PMO 14 m telescope. We have conducted half-
beam-spaced mapping of M82 over an area of 4’ x 2.5" and major axis mapping of
NGC 3627, NGC 3628, NGC 4631 and M51. The radial distributions of *2CO and
13C0O in NGC 3627, NGC 3628 and M51 can be well fitted by an exponential profile.
The '2CO/'3CO intensity ratio, R, decreases monotonically with the galactocentric
radius in all mapped sources. The average R in the center and disk of the galaxies are
9.9+£3.0 and 5.6+1.9, respectively, much lower than the peculiar R(~24) found in the
center of M82. The intensity ratios of 13CO/C'®0, 13CO/HCO* and '3CO/CS (either
our or literature data) show little variation with galactocentric radius, in sharp contrast
with the greatly varied R. This supports the notion that the observed gradient in R
could be the result of the variations of the physical conditions across the disks. The
Hy column density derived from C'80 shows that the Galactic standard conversion
factor (X -factor) overestimates the amount of the molecular gas in M82 by a factor
of ~2.5. These observations suggest that the X -factor in active star-forming regions
(i.e., nuclear regions) should be lower than that in normal star-forming disks and the
gradient in R can be used to trace the variations of the X -factor.
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1 INTRODUCTION

It is well known that molecules constitute a significant fraction of the interstellar medium (ISM)
and stars are fromed from molecular clouds. However, the most abundant molecule, Ho, cannot
be detected directly in a typical cold (10-40K) molecular cloud, owing to its lack of a permanent
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electric dipole moment. The next most abundant molecule is 12C0, which is found to be an excellent
tracer of Hy due to its low excitation temperature (~10K) and critical density (~300 cm™2) (Evans
1999). Generally, the lowest transition (J=1—0) of the rotational lines of *>CO and its optically
thin isotopic variants (e.g., 1*CO and C'®0) can be used to estimate the column density (N (Hs)) of
molecular clouds in our Galaxy (Frerking et al. 1982; Young & Scoville 1982; Wilson et al. 2009).
However, until now, the column density of the molecular gas in galaxies is difficult to obtain directly
in this way due to the beam dilution and weakness of line emission in 2CO isotopes. Accurate
determination of the Hy column densities from 12CO observations has therefore been a longstanding
challenge in external galaxies.

In our Galaxy, results from independent methods show a tight correlation between the integrated
12CO line intensity J12co and N(Hz) and the ratio of N(Hy) to J12co appears to be constant with
a value of (1-5)x102° cm=2 K~ ! km ™! s across the Galaxy (Bohlin et al. 1978; Dickman 1978;
Hunter et al. 1997; Scoville et al. 1987; Young & Scoville 1991). This constant value is denoted as the
12C0O-to-Hz conversion factor, or the X -factor (X = N (Hz)/I12¢0). It is beyond the scope of this
paper to analyze in great detail the origin of the empirical ‘X -factor’ since many studies have shown
that the X -factor varies with different physical conditions and environments and which is influenced
by CO abundance, gas excitation and radiative transfer processes (Scoville & Solomon 1974). For
example, the amounts of molecular gas in the metal-poor Magellanic Clouds and M31 were claimed
to be underestimated by up to a factor of ~10 if a standard Galactic X -factor was adopted (Maloney
& Black 1988; Allen & Lequeux 1993; Israel 1997). Nevertheless, recent imaging of CO clouds
reports a similar standard X -factor in metal-poor galaxies (Bolatto et al. 2008). Conversely, the
molecular gas contents of ultraluminous infrared galaxies (ULIRGs) might be overestimated by
factors of ~5 (Downes & Solomon 1998) using the standard Galactic X -factor.

The IRAS all-sky survey has revealed a large population of infrared bright galaxies with bulk
energy emission in the far-infrared (Soifer et al. 1987; Sanders et al. 2003), which is mostly due to
dust heating from starburst activity (Sanders & Mirabel 1996). Early numerous CO observations of
infrared galaxies found that these galaxies are rich in molecular gas (Young et al. 1995) and there
is a correlation between CO and far-infrared luminosity (Solomon & Sage 1988; Young & Scoville
1991), though the correlation is non-linear (Gao & Solomon 2004b) since L / Lco correlates with
Lir. Moreover, recent studies on high-redshift star forming galaxies further confirmed the validity
of the CO-IR luminosity correlation (Solomon & Vanden Bout 2005; Daddi et al. 2010).

Although large quantities of observational studies have had the aim of mapping the molecular
gas distribution/kinematics in nearby infrared bright galaxies with single-dish and/or interferometer
telescopes (Braine et al. 1993; Young et al. 1995; Sakamoto et al. 1999; Nishiyama et al. 2001; Helfer
et al. 2003; Leroy et al. 2009), these surveys are almost all based on the observations of CO J=1—-0
or J=2—1 and only limited systematical studies of CO isotope variants such as >CO have been pub-
lished so far (Paglione et al. 2001). Owing to the large isotope abundance ratio ['2CO]/['3CO]~30-
70 across the Galaxy (Langer & Penzias 1990), the opacity of >CO is much lower than that of 12CO
and thus 13CO is believed to be mostly optically thin and traces the molecular gas column density
adequately in most cases. Consequently, the variations in the intensity ratio of 2CO to '>CO as
a function of galactocentric radius could give a reliable test of whether X -factor varies systemat-
ically within galaxies. Studies of the Galactic X -factor have revealed large variations in its value
towards the Galactic nuclear region, with an order of magnitude increase from the center to the outer
disk (Sodroski et al. 1995; Dahmen et al. 1998). In other galaxies, however, Rickard & Blitz (1985)
claimed that the value of integrated intensity ratio of 2CO to 3CO in the nucleus is on average a
factor of two higher than that in the disk. In fact, both Young & Sanders (1986) and Sage & Isbell
(1991) showed that there was no clear evidence of a systematic difference in R within a galaxy and
they suggested that the variation in R observed by Rickard & Blitz (1985) is likely to be caused by
pointing errors. Recently, mapping surveys of >CO and '>CO emission towards a large sample of
nearby galaxies were carried out by Paglione et al. (2001), finding that the same physical processes
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(e.g., the molecular gas kinetic temperature) may affect both R and X -factor, moreover, the latter is
also expected to decrease from the disks to the nuclear regions by factors of 2-5.

However, any study of the physical properties of molecular gas that involves using line in-
tensity ratios might be influenced by measurement errors, owing to the telescopes’ different beam
sizes, uncertain beam efficiencies, pointing errors and calibrations. Recently updated and improved
sensitivity and system performance at the Purple Mountain Observatory (PMO) 14 m telescope at
Delingha, China allow us to simultaneously observe extragalactic sources systematically in 2CO,
13CO and C'80 for the first time. Consequently, our simultaneous observations of three CO isotope
variants with the same telescope are better suited to obtain the well-calibrated line intensity ratios
than observations from different telescopes carried out with different tunings at different times.

In this paper, we present the results of simultaneous observations of 12CO, '*CO and C'80
along the major axes in nearby infrared bright galaxies. The sample selection, observations and data
reduction are described in Section 2; the observed CO spectra, CO radial distributions and position-
velocity diagrams are presented in Section 3. These results together with the radial distributions of
molecular gas, CO isotopic ratio R and possible physical mechanisms that could be responsible for
the observed variations in R are discussed in Section 4. Finally a summary is presented in Section 5.
A stability analysis of the PMO 14 m telescope is presented in Appendix A.

2 SAMPLE, OBSERVATIONS AND DATA REDUCTION

The galaxies in this study were selected from the Revised Bright Galaxy Sample (RBGS, Sanders
et al. 2003). We selected 11 galaxies based on the following three criteria: (1) fgoum > 50Jy or
J100um > 1007Jy. This infrared flux cutoff was chosen to ensure both *2CO and '*CO could be de-
tected with reasonable integration time since it is well known that the infrared luminosity of galaxies
is correlated with the CO luminosity (e.g., Solomon & Sage 1988). (2) cz < 1000km s~!. This
velocity limit was chosen due to the limited tuning range of the SIS receiver with the PMO 14 m
telescope. (3) 9h< R.A. <15h and Dec.> 0°. This is because we can take full advantage of the
Galactic dead time to observe galaxies in the northern sky. Some general properties of the sample
galaxies are summarized in Table 1.

Table 1 Source List and Galaxy Properties

Source Alias R.A. Dec. \%4 i PA. Type Dos D d
(J2000.0)  (J2000.0) (kms~1) (°) (°) (arcmin)  (Mpc) (kpc)
@ @) 3 (C) G  © D ® () 10 dn
NGC 2903 UGC 5079 093210.5 +213005.0 556 61 17  SAB(rs)bc, HII 12.6x6.0 796 1.9
NGC3031 M8l 095533.6 46903560 —34 58 157 SA(s)ab, LINER/Syl.8 26.9x14.1 1.00 0.3
NGC 3034 M82 095549.6 +694041.0 203 80% 65% 10, Sbrst/HII 11.2x43 290 1.3

NGC 3521 UGC 6150 110549.2 —000215.0 805 58 164 SAB(rs)bc, HII/LINER 11.0x5.1 11.47 2.6
NGC3627 M66 1120153 +125932.0 727 63 176 SAB(s)b, LINER/Sy2 9.1x42 1041 2.6
NGC 3628 UGC 6350 112016.2 +133522.0 843  89% 103* SAb pec sp, HII/LINER 14.8x3.0 12.07 3.1
NGC 4631 UGC 7865 124207.1 +323233.0 606  85% 88* SB(s)d 15.5x2.7 8.67 25
NGC4736 M94 1250529 +410715.0 308 35 100 (R)SA(rab, Sy2/LINER 11.2x9.1 440 1.4
NGCS5055 M63 1315495 +420139.0 504 55 105 SA(rs)bc, HII/LINER  12.6x7.2 7.21 23
NGC5194 MS5la 1329535 +471142.0 463  20¢ 0 SA(s)bc pec, HIT/Sy2.5 11.2x6.9 6.62 2.2
NGC 5457 M 101 140309.0 +542124.0 241 27 40 SAB(rs)cd 28.8%26.9 345 14

@ From Young et al. (1995).

Notes: Cols. (1) and (2): Galaxy name. Cols. (3) and (4): Adopted tracking center. Units of right ascension are hours,
minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. Col. (5): Heliocentric velocity drawn
from the literature and NED. Cols. (6) and (7): Inclination (z) and position angle (P.A.) from Helfer et al.2003, except where
noted. Col. (8): Morphological type and nuclear classification from the NED database. Col.(9): Major- and minor- axis
diameters from the NED database. Col. (10): Luminosity distance, calculated assuming Hg = 70 km s~ MPc—. Col. (11):
Linear scale of 60’/ at distance D, taken from the NED database.
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Our observations were made between 2008 January and 2009 December using the PMO 14 m
millimeter telescope at Delingha. We used the 3mm SIS receiver operated in double-sideband mode,
which allows for simultaneous observations of three CO isotope variants, with 12CO in the upper
sideband and "3CO and C'®0 in the lower sideband. The Half Power Beam Width (HPBW) is ~ 60"
and the main beam efficiency 1,1, = 0.67. Typical system temperatures during our runs were about
180-250K. The FFT spectrometer was used as the back end with a usable bandwidth of 1 GHz and a
velocity resolution of 0.16km s * at 115 GHz. Observations were done in position switching mode
and calibrated using the standard chopper wheel method. The absolute pointing uncertainty was
estimated to be ~ 10” from continuum observations of planets and the pointing was checked every
two hours by taking spectra toward the standard source IRC+10216 throughout our observations.
Each galaxy was first observed at the center position and then along its major axis from the center to
the outer disk positions separated by half-beam size. Besides the CO observations, we also observed
the dense molecular gas tracers HCOT and CS in the nuclear regions of galaxies.

The data were reduced using CLASS, which is part of the GILDAS! software package. All
scans were individually inspected and those with either strongly distorted baselines or abnormal rms
noise levels were discarded. Line-free channels which exhibited positive or negative spikes more
than 30 above the rms noise were blanked and substituted with values interpolated from the adjacent
channels and then a linear baseline was subtracted from the ‘spike-free’ spectrum. After correcting
each spectrum for main beam efficiency 7,1, the temperature scale of the spectra was converted to
the main beam temperature 7T',;, scale from T'y. The spectra were then co-added, weighted by the
inverse of their rms noises and the final spectral resolution was smoothed to ~20km s~ .

Since this is the first time that the PMO 14 m millimeter telescope has systematically observed
galaxies other than our own, a relatively long observing time was devoted to each pointing to accu-
mulate adequate integration times. Thus our observations are the first long integrations of the PMO
14 m telescope ever conducted and offer an excellent opportunity to test the stability of the upgraded
system (see Appendix A). The work presented here represents a total of ~500 hours of observing
time in CO observations before the telescope system’s maintenance began in the summer of 2009 at
the PMO 14m and ~200 hours after the upgrade, with ~ 40% of the data being discarded due to the
unstable spectrum baseline and bad weather conditions.

3 RESULTS AND ANALYSIS
3.1 CO Isotopic Spectra

We detected 12CO emission from the centers of all 11 galaxies observed, of which 10 were also
detected in 13CO simultaneously. Four galaxies (NGC 3627, NGC 3628, NGC 4631 and M51) were
observed along the major axes, and 2CO emission was detected at all 42 off-center positions along
the major axes, while 13CO was detected at 27 out of the 42 positions. For M82, the starburst galaxy,
12CO emission was detected at all 47 positions that were mapped in the central 4’ x 2.5 region,
while 3CO was tentatively detected at 15 positions. C'®O emission was only detected at 13 points
close to the nuclear regions in M51 and M82.

Here, we focus on presenting '3CO and C'®0O spectra as compared to '2CO observed simulta-
neously at the same positions. 12CO spectra at those '3CO undetected positions are not shown here,
since many previous observations of *>CO emission in these galaxies are available in literature (e.g.,
Young et al. 1995) and our 2CO observations show similar results and comparable spectra. The
spectra of both '2CO and '3CO, as well as Spitzer IRAC 3.6 um, 8 um and MIPS 24 um infrared
composite color images showing the observed beam positions of the mapped galaxies, are shown in
Figure 1. All the three CO isotopic spectra at those C'®0 detected positions are shown in Figure 2.

U http:/firam fr/IRAMFR/GILDAS/
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Fig.1(a) Spectra of *2CO (thick lines) and *CO (thin lines) from the central region of M82
with ¥CO tentatively detected. All spectra are on the 7}, scale and binned to a velocity resolu-
tion of ~20km s~ (for some weak '*CO emission positions, the spectra are further smoothed to
~40km s~ ! for display). >CO spectra are divided by 20 for comparison purposes. The offset from
the center position is indicated in each box. A linear baseline has been subtracted using the line-free
portions of each spectrum. M82 was mapped in the 4’ x 2.5" central region. The top panel shows
the observed positions (crosses) and *2CO contours (contours begin at 10 K km s~ * and increase by
40K km s~ at each step) overlaid on an infrared image taken from Spitzer (8.0 um (red), 5.8 pum
(green), 3.6 um (blue)).

3.2 Derived Parameters

The observation results and derived properties are summarized in Table 2. The velocity-integrated
12CO (and isotopes) intensity, Ico = f Thwpdv, is obtained by integrating 7y, over the velocity
range of the CO line emission feature. Using the standard error formulae in Gao (1996) (also in
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Fig. 1(b) Same as Fig. 1(a), but for NGC 3627. The spectra were measured along the major axis
(PA=176°) of the galactic disk. The left panel shows the half-beam-spaced observations overlaid on
a Spitzer infrared image (24.0um (red), 8.0um (green), 3.6um (blue)). The size of HPBW (~ 60”)
is represented by a circle.

Matthews & Gao 2001), the error in the integrated intensity is
Al = Trms AUFWZI/[f (]. - AUFWZI/W)]UQ [K km Sil], (1)

where Ty is the rms noise in the final spectrum in mK, f = Avpwyzi/d,, where Avpywy is
the linewidth of the emission feature, d, is the channel bin spacing, and W is the entire velocity
coverage of the spectrum in units of kilometers per second. For non-detections (only CO isotopes),
some spectra are further smoothed and found to be marginally detected with signal-to-noise of ~2.5.
Otherwise, 20 upper limits are given based on estimates by using the expected line width from the
detected '2CO lines at exactly the same position.

The Hy column density and mass surface density for galaxies in our sample are derived from the
empirical relations (Nishiyama et al. 2001)

N(Hg)[em™?] =2 x 10%* 20 [K km s, )

and
¥(Hy)[Mope 2] = 3.21200[K km s~ V]cosi, (3)

where cosi corrects the mass to face-on and a Galactic 2CO-to-Hs conversion factor X =
2.0x102° cm=2 K~! km ™! s is adopted (Dame et al. 2001). It can obviously be seen from Table 2
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Table 2 Observed and Derived Properties of *CO and *CO
12C0 13CO
Source  Aa® A§* Trago £ 070 Viean AVE Tiago £ 00 Viean AVE R 7(13C0)* N(H2)/ T
" () Kkms Y (kms™!) (Kkms™!) (kms™1) (102°cm~—2) (K)
)] @ 3 C) 5)  (© @) @ O (10) an (12) (13)
NGC 2903 0.00 0.00 24.89+0.92 548 155 1.95£0.58 591 151 12.844.3 0.08 49.8 55
NGC 3031 0.00 0.00 0.664+0.28 -38 127 < 0.68 . >1.0 1.3
MS82 0.00 0.00 224.61£1.51 159 138 10.254+0.82 126 123 21.9+1.9 0.05 449.2 98
0.00 0.50 163.0+1.62 180 162 11.804+1.06 153 167 13.8+1.4 0.08 328.8 66
0.00 -0.50 113.44+1.12 150 115 5.59+090 137 150 20.3£3.5 0.05 230.0 110
0.50 0.00 344.77+£2.04 214 184 13.914+1.31 230 194 248425 0.04 689.5 111
0.50 0.50 278.07£1.53 233 183 11.3740.97 238 180 24.54+2.2 0.04 556.1 110
0.50 -0.50 134.00£1.50 169 125 5.61+1.10 162 87 23.94+49 0.04 269.8 110
1.00 0.00 228.83+£1.66 242 180 11.294+1.25 265 142 20.34+24 0.05 457.7 90
1.00 0.50 218.00£1.69 268 162 6.38+0.83 313 110 34.244.7 0.03 435.8 120
1.50 0.50 92.344+2.04 255 164 6.99+1.01 264 215 13.242.2 0.08 184.7 57
1.50 -0.50 48.95+1.74 173 94 3.64+136 158 82 13.4455 0.08 97.9 58
2.50 0.00 48.64+2.44 219 147 1944096 158 46 25.1+13.7 0.04 97.3 113
-0.50 0.00 75.914+1.88 144 112 6.78+2.83 114 100 11.245.0 0.09 151.8 48
-0.50 -0.50 45.75£1.66 140 110 5.75£1.33 226 250 7.9+£2.1 0.13 91.5 32
-1.00 0.00 47.85+1.96 135 104 2.52+1.49 141 44 18.94+12.0 0.05 95.7 84
-1.50 0.00 47.404+3.86 162 147 5.814+2.16 183 111 8.243.7 0.13 94.8 33
NGC 3521 0.00 0.00 22.00+£0.37 770 231 2.05£0.66 770 210 10.743.7 0.10 44.0 45
NGC 3627 0.00 0.00 17.24+0.87 769 179 1.66£0.49 866 200 10.4+3.6 0.10 34.5 44
0.00 0.50 25.2640.83 653 157 4.06+£0.98 625 163 6.241.7 0.18 50.5 24
0.00 1.00 13.884+0.38 633 177 2.284+0.51 597 138 6.1%+1.5 0.18 27.8 23
0.00 1.50 8.55+0.52 554 58 1.46+048 580 75 59423 0.19 17.1 22
0.00 2.00 6.90+0.50 583 75 1.79£0.35 527 74 39+£1.0 0.30 13.8 13
0.00 -0.50 22.25+1.96 827 115 2.87+0.69 829 145 7.7+2.5 0.14 44.5 31
0.00 -1.00 8.96+0.53 851 185 1.78£0.35 885 91 5.0+1.3 0.22 17.9 18
0.00 -1.50 6.82+0.31 872 56 1.96+041 877 90 3.54+09 0.34 13.6 11
0.00 -2.00 5.90+0.42 886 66 1.02+0.40 902 43 5.14£25 0.19 11.8 22
NGC 3628 0.00 0.00 35.80+0.67 823 232 3.22+0.50 839 211 11.1+1.9 0.09 71.6 47
0.49 -0.11 28.954+0.52 865 204 <2.52 >11.5 57.9
098 -0.22 9.95+0.77 962 150 2.5240.60 986 110 3.94+1.2 0.29 19.9 13
1.96 -0.44 3.77+£092 998 88 <1.76 >2.1 7.5
294 -0.66 2.13+0.64 1030 72 <1.18 >1.8 4.3
-0.49 0.11 14.06+0.46 751 177 3.07+£049 745 206 4.64+0.9 0.25 28.1 16
-0.98 0.22 16.164+1.47 738 113 <2.04 >7.9 323
-1.96 0.44 6.451+0.81 658 130 1.35+048 675 83 4.8423 0.23 12.9 17
-2.94 0.66 2.95+1.11 636 64 <2.22 >1.3 59
NGC 4631 0.00 0.00 17.36+£0.62 623 144 1.65£046 606 146 10.54+3.3 0.10 34.7 44
0.51 0.02 23774024 674 93 253+046 677 80 9.441.8 0.11 47.5 39
1.00 0.03 13.824+0.67 673 152 1.48+042 697 198 9.3+3.0 0.11 27.6 39
1.50 0.06 4.98+0.26 726 102 0.71+£0.27 704 108 7.0+3.0 0.15 9.9 28
2.00 0.06 4.07+£0.25 715 112 1.254+0.21 731 148 3.34+0.7 0.37 8.1 10
2.50 0.11 3.29+0.19 718 90 <0.52 >6.3 6.6
299 022 248+033 739 70 <0.80 >3.1 5.0
-0.51 -0.02 19.504+0.27 571 105 1.76+0.31 528 141 11.1£2.1 0.09 39.0 47
-1.00 -0.03 11.404+0.44 590 146 1.77+£047 600 140 6.44+1.9 0.17 22.8 25
-1.50-0.06 3.41+0.23 524 99 <0.83 >4.0 6.8
-2.00-0.07 1.89+0.16 529 108 <0.52 >3.6 3.8
-2.50-0.11 1.96+0.14 535 83 <0.40 >4.9 3.9
-2.99 -0.22 2.20+0.31 526 76 <0.90 >2.4 4.4
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Table 2 — Continued.

12C0 13CO
Source  Aa® A Tiago £ 01b Viiean AVE Tizgo £ 0% Visean AV R 7(133CO)  N(H2)f T
¢ () Kkms 1) (kms 1) (Kkms™!) (kms™1) (1029 cm—2) (K)
(1) 2 3 4) (5) (6 (7) & © 10 (11) (12) (13)
-3.50-0.38 2.86+£0.19 521 51 <1.10 . >26 5.7
-3.68-0.30 3.68+£0.30 510 43  0.71+0.25 486 34 52422 021 7.4 19
NGC 4736 0.00 0.00 8.014+0.70 340 153 1.124£0.29 391 114 72425  0.15 16.0 28
NGC 5055 0.00 0.00 16.15+£1.05 527 214 2.094+0.86 527 275 7.743.7  0.14 32.3 31
M51 0.00 0.00 33.354£0.39 475 103 3.86+0.35 472 87 8.6+09  0.12 66.7 35
0.00 0.50 28.90+0.42 434 80 3.01£048 425 37 9.6+1.7  0.11 57.8 40
0.00 1.00 17.45+0.56 410 30 2434041 408 23 72414 0.5 34.9 29
0.00 1.50 10.354£0.50 406 30 1264041 409 41 8243.1 0.3 20.7 34
0.00 2.00 9.704+0.45 401 32 198+0.59 406 26 49+1.7 023 19.4 18
0.00 250 6.904+0.37 398 29 0.80+£0.29 396 37 8.643.5 0.12 13.8 36
0.00 3.00 2.624+0.56 388 20 <1.00 . >26 5.2
0.00 —0.50 27.354£0.53 513 62 2284049 520 58 12.04£2.8 0.09 54.7 51
0.00 —-1.00 16.25+0.55 534 49 1904044 536 42 85423  0.12 325 35
0.00 —-1.50 6.55+0.23 534 51 0.86£022 563 53 7.6+22  0.14 13.1 31
0.00 —2.00 7.904+0.37 538 36 1.64+0.38 539 43 48413 023 15.8 17
0.00 2.50 5.774+0.33 534 46 <0.68 .. >85 11.5
0.00 =3.00 2284035 553 36 <0.62 . >3.7 4.6
M51disk® ... ... 11.854£0.30 462 151 1.73£0.37 411 20 6.8+1.6 0.16 23.7 27
NGC 5457 0.00 0.00 9.8240.51 255 72 1974049 277 128 5.041.5 0.22 19.6 18

Offsets from the nucleus position listed in Table 1, in units of arcminutes.

The measured integrated intensities and associated uncertainties, calculated using the prescription explained in the text.

For non-detections, a 207 upper limit was given.

Velocity and line width are either Gaussian-fitted values or are calculated from the moment for non-Gaussian lines.

The ratio of 12CO to '3CO integrated intensities. The errors are based on the statistical uncertainties of integrated in-

2 o(I13) xR 2\1/2

a(][llgz)} n [ ( 13)[13 12/13 ] ) / )

¢ The average optical depth of the 12CO emission line, calculated from Equation (4).

f Hy column density calculated from 2CO data by adopting Galactic standard X -factor, 2.0 x 1020 cm~2 K—1 km ™! s.
The gas kinetic temperature calculated from the assumption of LTE conditions by equating the column densities derived
from both 12CO and 13CO (see text Section 3.2).

MS51 disk represents the average intensity over the disk region except for the nucleus.

tensities, which can be derived from the error transfer formula o(R12/13) = ( [

that the column density in M82 is generally one order of magnitude higher than that in normal spiral
galaxies (the rest of the sample).

Assuming that 13CO has the same excitation temperature as 12CO and the molecular cloud is
under local thermal equilibrium (LTE) conditions, then we can calculate the average '3CO optical
depth from

“

~(12C0) = In [1 / Tﬁ(mcom -

- [T3(12CO)dv

where T} should be corrected for the filling factor, so here we can only estimate an average over all
of the unresolved clouds in the beam. Using the definition in Wilson et al. (2009), the Hs column
density can be derived from the 13CO line intensity as

T(133CO)

N (Hy)(*CO) = [ ] 225 g0 Tl 20N

o 529/Tey ©)
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Fig.1(c) Same as Fig. 1(b), but for NGC 3628. The spectra were measured along the major axis
(PA=103°) of the galactic disk.

where the '3CO abundance ['3*CO]/[Hs] is 8x1072/60 (Frerking et al. 1982) and the excitation
temperature, 7oy, is taken to be the kinetic temperature of the gas, 7. Thus, we can estimate T
by equating the column densities derived from both 12CO and '3CO. Both the derived 7(**CO) and
Tk are listed in Table 2. Note that the LTE assumption is most likely invalid in the central regions of
MB82. Thus, the extremely low optical depth of *CO (~0.04) should be treated only as a lower limit
and the resulting kinetic temperature (between 70 and 120 K), which is about 3—4 times higher than
that in normal galaxies, should be treated as an upper limit.
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of the galactic disk.

Similarly, we estimated the optical depth of C'®O adopting the same method as Equation (4)
and derived the Hy column density from C'®O intensity using (Sato et al. 1994)

7(**CO)

Tmb(ClsO)dv
1— e—-r(lgco)

N(H)(C™®0) = [ ] 1.57 x 1021f1 7 (6)

where the abundance of [C!80]/[Hs] is 1.7x10~7 (Frerking et al. 1982) and T,y is adopted from
the value listed in Table 2. The derived values of 7(C'80) and N(Hz)(C*®0) for the 13 points
of M82 and M51 detected in C*¥0 are listed in Table 3. The average optical depths of C*30 in
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Fig.2 Spectra of *2CO, *CO and C'®0 obtained from the same positions on the galaxy M82 and
MS51. '2CO spectra are divided by 30 and 15 for display in M82 and M51, respectively, while '3*CO
spectra are divided by 3 for display. M51 disk spectra represent the average emission over the disk
region except for the center (0,0).

MS82 and M51 are 0.02 and 0.05, respectively; both are about three times lower than that of Bco.
Therefore, although the optical depth of *CO is moderate (7(**CO) ~0.3-0.4) in a few galaxies
(e.g., NGC 3627 and NGC 4631; see Table 2), C'30 is always optically thin in all cases here.

3.3 Distribution of CO Isotopes and Line Ratios

The distributions of 12CO and '3CO velocity-integrated intensities and their ratio R as a function of
galacto-central radius are shown in Figure 3. Note that none of these profiles have been corrected for
inclination. Both the '2CO and '>CO emission line intensities show an exponential decrease with
radius and the ratio R decreases from nucleus to the outer disk.
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Table 3 Observed and Derived Properties of C!*0

Source  Aa  AS  Icisp tor Vinean AV T(C80) N (Hg)?
@) ) (Kkms—1) (kms—1)  (kms—1) (102! em—2)
(1) (2) (3) (4) (5) (6) (7) (8)
M82 0.0 0.0 3.814-0.90 140 121 0.017 18.6
0.0 0.5 <4.2
00 -05 2.554+1.27 224 176 0.022 14.0
0.5 0.0 3.8040.90 145 93 0.011 252
0.5 0.5 3.3040.76 289 135 0.012 20.5
05 05 <4.1
1.0 0.0 4.1941.20 284 236 0.018 20.6
1.0 0.5 3.144-1.84 256 174 0.015 14.8
M51 0.0 0.0 1.0440.35 466 176 0.032 7.4
0.0 0.5 0.9240.49 413 154 0.032 5.7
0.0 1.0 0.4540.16 407 23 0.026 4.6
0.0 1.5 0.994-0.54 393 79 0.10 2.4
0.0 2.0 <1.17
0.0 2.5 0.884-0.37 369 58 0.14 1.6
00 -05 0.9540.17 519 37 0.035 43
00 -1.0 0.5540.13 544 35 0.034 3.6
00 -15 <0.68
00 20 <0.84

@ The average optical depth in the C'®O emission line is calculated from a similar equation as Equation (4).
b Ha column density derived from C180, calculated from Equation (6).

3.3.1 Radial distributions of *2CO and 3CO

The obvious trends shown in Figure 3 are that the observed radial distribution of 13CO follows that
of 12CO. The integrated line intensities usually peak in the center of galaxies and fall monotonically
toward larger galactocentric radii. For the barred spiral galaxies NGC 3627 and NGC 4631, however,
both 2CO and '3CO intensities peak at a radius of ~ 1 kpc (~ 0.5") rather than at the nuclei. The
same feature has also been presented in Paglione et al. (2001) for NGC 4631. Some previous high
resolution observations of barred galaxies revealed that the molecular gas was concentrated in the
central regions, with secondary peaks at the bar ends due to the bar potential and the viscosity of the
gas (Regan et al. 1999; Sakamoto et al. 1999).

Similar to the stellar luminosity profiles, the observed 12CO radial distributions in NGC 3627,
NGC 3628 and M51 could also be well fitted by an exponential fit in R

I(R) = I exp (—R/Ry), (7

where R is the galactocentric distance, Ry is the disk scale length and Ij is the central integrated
intensity. The solid curves in Figure 3 show the least-squares fit to the data excluding the center
point since the nuclear gas could be a distinct component, yielding Iy = 32.6K km s~ ! and Ry =
3.5 kpc for the 12CO emission in NGC 3628, and Iy = 37.8 K km s~ ! and Ry = 2.7 kpc, and I =
3.5Kkm s~! and Ry = 3.8 kpc for '2CO and '3CO emission in M51, respectively. In NGC 3627,
the scale lengths are 2.8 kpc and 3.9 kpc for the '2CO and '3CO emission, respectively. However,
the power-law fit with a functional form, I = I, R®, is more suitable than any exponential fit for
the '2CO distribution in NGC 4631. The fit result gives o = —1.5 and Ip = 41.1K km s~ . For
the other three exponentially-fit galaxies, the power-law could also fit the 1>CO distribution almost
equally well. The exponential 2CO scale lengths of 2—4kpc equal ~0.2 Rys5, which is consistent
with the results in Nishiyama et al. (2001). The distributions of '2CO and '>CO emission along the
axis with position angle of 90° in M82 are similar to the other four galaxies. The distributions along
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the major axis are not shown here, since the observations of M82 were carried out by mapping an
area of 4 x 2.5/,

3.3.2 The integrated line intensity ratios

The intensity ratio R ranges from 3.3+0.7 to 12.8+4.3 for all 36 points detected in both 12CO
and '3CO emission from normal spiral galaxies, with mean values of 9.9+3.0 and 5.6+1.9 for the
central and disk regions, respectively. However, the average R in M82 is about 2.5 times higher
than that in the nucleus of normal spiral galaxies. We use equation (2) in Young & Sanders (1986)
to calculate the mean value of R at each radius. The most prevalent trend is that the R drops at
larger radii in both the barred and non-barred spiral galaxies that we have mapped along the major
axis in our sample (Fig. 3). Here we note that two points (~2.5" away from the center) are found to
have significantly higher ratios (~9) in M51. These abnormally high values in the disks tend to be
observed once the telescope beams are located in the most active star-forming regions along spiral
arms.

The detection of C'®0 in M82 and M51 also allows us to estimate the intensity ratio of 13CO to
C180, which ranges between 0.940.7 and 5.3+2.8 with mean value of 2.94-1.4. The ratios measured
in the nucleus and disk of M51 are 3.7 and 2.6, respectively. These values agree well with the
results of Vila-Vilaré (2008), who claimed to first detect C'80O emission in the center of M51 with
a 13CO/C!80 ratio of 3.6. Also, similar *CO/C!80 ratio values have been found in some starburst
galaxies (e.g., Sage et al. 1991; Aalto et al. 1995). In addition, our detection of C*80O in the off-center
regions of M51 represents the first report of such detection for this object so far.

Ongoing observations of emission lines HCO' and CS, which are the tracers of dense molecular
gas towards the nuclear regions of NGC 4736, M82, NGC 3628 and M51 have so far only yielded
detection in the latter three galaxies. Here, we also use these limited dense gas observations, along
with the literature data of dense gas observations, to help further analyze the CO isotopic results. The
intensity ratios of 13CO to HCO™ and '3CO to CS are found to show little variation between star-
burst and normal galaxies, with average values of 1.340.3 and 3.2+1.4, respectively. The observed
integrated intensity and line ratios and the literature data used are listed in Table 3.

3.4 Kinematics of CO

Figure 4 shows the CO position-velocity (P — V') diagrams along the major axes of the galaxies
NGC 3627, NGC 3628, NGC 4631 and M51, and the P — V diagrams with position angles of 0°
and 90° in M82 as well. It can be seen in Figure 4 that P — V' diagrams along the major axes tend to
show a gradual increase of rotation velocity in the inner regions (rigid rotation) and a nearly constant
velocity in the outer regions (differential rotation).

For NGC 3627 and M51, the P — V spatial velocity maps of *CO are also shown in Figure 4.
Obviously, both 2CO and '3CO show essentially similar kinematics and distributional characteris-
tics. At each position where observations were made, the distribution of line intensity and the veloc-
ity range for 2CO and '3CO emission are in good agreement. Accordingly, it could also indicate
that the line ratios at each position derived from our observations are reliable.

Figure 5 shows the CO rotation curve and the variation in line width along the major axis. Using
the mean velocity, inclination, systemic velocity and position angle of the major axis that are listed
in Table 1, and by the assumption that the observed velocity reflects only the systemic motion of the
whole galaxy and circular rotation, the rotation velocity Vi can be derived via

Ve = (Vobs — Viys)/sini cosf , (8)

where V¢ is an observed velocity of 12CO, Viys 1s the systemic velocity of the galaxy, 7 is the
inclination angle and 6 is the azimuth measured in the disk plane. The peak velocity, Vi,ax, in the
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Fig.4 Position-velocity diagram of *>CO and '*CO (only for NGC 3627 and M51) emission along
the major axes of galaxies. For M82, the P — V diagrams with position angles of 0° and 90° are
shown. All the spectra were smoothed to have a velocity resolution of ~20km s~ '. The dashed
contour on the '*CO panel represents the lowest '2CO contour for comparison.

rotation curve of our sample galaxies, ranges from 120 to 240km s~ (Vi,.x values in spiral galaxies
are usually between 150 and 300 km s~!, Sparke & Gallagher 2000).

4 DISCUSSION
4.1 Radial Distribution of Molecular Gas

In Section 3.3, we show that the surface density of the molecular gas in the galaxies observed in our
sample can be well fitted both by an exponential and a power-law function. The x? values indicate
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Fig.5 Rotation velocity derived from the ?CO emission line using Equation (8) and line width
measured at each position along the major axis. The different symbols represent the same as in Fig. 3.

that the data are fitted at about 85% and 90% confidence level by the exponential and power-law
fit, respectively. We are therefore unable to distinguish clearly between an exponential and a power-
law radial distribution over the regions observed here with limited sampling and low resolution.
A similar conclusion has been pointed out in both Young & Scoville (1982) and Nishiyama et al.
(2001). However, Scoville & Young (1983) considered that the exponential distribution was more
suitable than that of a power-law for M51. The region in M51 observed by Scoville & Young (1983)
is more extended (~ 8.5") than the region (~ 7’) observed here, and thus the exponential functional
form seems to be better for describing the distribution of molecular gas in the whole galaxy. In
NGC 3627 and M51, the scale lengths Ry of the 12CO profiles agree well with the optical K-
band scale lengths of 3.5 and 3.2 kpc (Regan et al. 2001), respectively. The results are in line with
the finding first noted by Young & Scoville (1982) that the large-scale radial distribution of the
12CO gas follows the light of the stellar disk. In fact, some recent high resolution observations
also reveal that the '2CO profiles in a majority of galaxies follow the two-component (bulge and
disk) stellar brightness distribution quite well (Regan et al. 2001). The 3CO profiles detected in our
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observations are in good agreement with those in Paglione et al. (2001). In NGC 3627 and M51, the
13CO profiles follow similar exponential distributions as 12CO. Because of insufficient data points
with significantly high signal-to-noise, however, the detected '*CO data in other galaxies are too
limited to reliably present more useful information on their distributions.

Comparing the radial distribution of CO integrated intensities in Figure 3 with the P — V map
of CO emission intensities in Figure 4, it is found that the intensities are deficient in the center of
NGC 3627, NGC 4631 and M51. However, the centrally deficient feature in molecular ring emission
is apparent in NGC 3627 and NGC 4631, but not in M51. So combining the variations in line width
shown in Figure 5, we believe the decrement of CO intensity in the central region of M51 is likely to
be a result of the dilution in velocity with much wider line width in the center than that in the outer
regions of the central disk. On the contrary, the molecular ring emission features with little variations
in line width within the bar region in NGC 3627 and NGC 4631 are probably either due to orbital
disruption at the inner Lindblad resonance or the central holes with gas exhausted by star formation
in the nuclei. Sakamoto et al. (1999) modeled the P — V' diagrams to analyze gas distributions and
found that the central gas hole is easier to find from P — V' diagrams than from integrated intensity
maps due to the velocity information.

4.2 Variations in the Intensity Ratio of '2CO to '>CO

Previous studies on the variations of R in external galaxies have pointed out that some mergers,
(U)LIRGs and the central regions of circumnuclear starburst galaxies tend to have higher values
of R than that in normal spiral galaxies (Aalto et al. 1991, 1995; Casoli et al. 1992; Greve et al.
2009; Sage & Isbell 1991), which is similar to that in giant molecular clouds of our Galaxy. Besides
the enhancement of '2C caused by nucleosynthesis from type-II SN of massive stars, the deficiency
of 13CO caused by isotope-selective photodissociation and the different distributions of '2CO and
13CO were disputed to be alternative reasons for the high R value for a long time (Aalto et al.
1995; Casoli et al. 1992; Sage et al. 1991; Taniguchi et al. 1999). However, the single-component
model calculation of non-LTE CO excitation in Paglione et al. (2001) suggested that the variations
of kinetic temperature, cloud column and volume density, as well as starburst superwinds might all
contribute to the explanations for the variation in R. Here, we explore the possible causes of the
observed variations in R.

4.2.1 Possible causes of variations in R

Our results show that R varies not only in the nuclei of various types of galaxies, but also within
galaxies between nuclear regions and outer disks. The Galactic 12C/*2C abundance ratio was found
to range from ~30 at Skpc in the Galactic center to ~70 at 12kpc (Langer & Penzias 1990).
However, this isotopic gradient is opposite to the gradient in the molecular abundance ratio R
(Fig. 3). Therefore, the enhancement of '2C in starburst regions is unlikely to be a correct expla-
nation for the high measured R.

Some authors argue that the selective dissociation of '*CO caused by ultraviolet (UV) fields in
massive star formation regions can increase the ratio of R, since the rarer isotope is less shielded
from photodissociation (van Dishoeck & Black 1988). Consequently, C'#0 should be even more dis-
sociated by UV photons than '3CO due to its lower abundance and a positive correlation between R
and the '3CO/C'®0 intensity ratio would be expected to exist if this is available. However, Figure 6b
shows a very marginal anti-correlation between R and *CO/C'®0 with a correlation coefficient
R = —0.34. Contrary to the expectation, our results reveal a weak anti-correlation, and therefore the
deficiency of 13CO caused by isotope-selective photodissociation can be ruled out.

In addition to the high R measured in M82, the integrated .J=2—1/J=1-0 line ratio was found
to range between 1.0 and 1.4 (Mao et al. 2000), revealing the existence of highly excited molecular
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Fig. 6 Relationship for the normal spiral and starburst galaxies between the integrated intensity ratio
of >CO/**CO. (a) '*CO/C™O, (b) *CO/C™®O, (c) "*CO/HCO™, and (d) "*CO/CS. The black
symbols represent the emission of 12CO, *3CO, and C*®0 in M82 and M51 (in addition to some
new detections in IC 342 and NGC 6949) and HCO™ and CS in M82, NGC 3628 and M51. Lower
limits (20) of the ratio values are denoted with right-pointing arrows for some non-detection of
C'80 emission. The triangle symbol represents the data taken from literature (see Table 4), the red
triangles: NGC 3256, NGC 6240 and Arp 220; the blue triangles: NGC 253, NGC 1808, NGC 2146,
NGC 4826 and Circinus. Note that all the ratios have been corrected according to the different beam
sizes.

gas. In the PDR model of Mao et al. (2000), it was suggested that the bulk of 1?CO emission arises
from a warm diffuse interclumpy medium whereas '3*CO emission originates in denser cores. In the
warm PDRs, the optical depth of 12CO emission from the envelope gas could decrease to a moderate
value of 7 ~ 1, resulting in the corresponding 7(13CO) < 1. Moreover, the large concentrations
of molecular gas in the nuclear starburst with high 7k can be excited by strong UV emission from
young massive stars, shocks and turbulence caused by supernova remnants, and cosmic rays (Pineda
et al. 2008; Zhang et al. 2010). The most recent Herschel observations of M82 also suggested that
turbulence from stellar winds and supernovae may dominate the heating of warm molecular gas in
the central region (Panuzzo et al. 2010). Therefore, it is implied that nonthermal motions produced
by the stellar superwinds can broaden *2CO lines, thus enhancing 12CO emission as more photons
located deeper in the clouds are allowed to escape. Furthermore, the significantly-high value of R
observed in the spiral arms of M51 also demonstrates that 2CO emission can be enhanced in active
star-forming regions compared with that in inter-arm regions.

4.2.2 X -factor and dense gas ratio in extreme starburst

Both theoretical and observational investigations have revealed that >2CO emission is influenced by
the intrinsic properties of a molecular cloud (e.g., Pineda et al. 2008; Goodman et al. 2009; Shetty
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Table 4 Line Intensity Ratios

Source Aa  AS  TLa2co/lgiso  Tsco/Iciso  Tisco/Imco+ Tisco/Ics — Reference
") ")
MS82 0.0 0.0 53.5+13.0 2.74+0.9 1.440.2 2.14+0.5 This work
0.0 0.5 >353 >2.8 0.940.1 This work
0.0 -05 40.5+20.6 22+14 0.540.1 This work
0.5 0.0 82.3£19.5 3.7£1.2 1.2+0.2 3.0+0.9 This work
0.5 0.5 76.54+18.0 34+1.1 0.9+0.1 4.0+1.4 This work
0.5 -05 >29.8 >1.4 1.6+0.7 This work
1.0 0.0 49.5+14.5 2.7+1.1 1.8+0.4 3.3+1.0 This work
1.0 0.5 63.24+37.5 2.0+1.4 1.9+0.4 This work
NGC 3628 0.0 0.0 0.540.1 This work
NGC 4631 0.0 0.0 >22.8 >2.4 e o This work
M51 0.0 0.0 29.1£10.3 3.7£1.6 0.9+0.2 2.6+0.9 This work
0.0 0.5 28.6+15.8 33423 1.8+0.7 2.4+40.8 This work
0.0 1.0 34.9413.7 5.34+2.8 1.34+0.7 This work
0.0 1.5 9.44+5.6 1.34+1.1 This work
0.0 2.0 >7.6 >1.7 This work
0.0 2.5 7.1£34 0.9+0.7 .. o This work
0.0 -0.5 26.0£5.2 2.4+0.9 1.5+£0.5 5.1+2.1 This work
0.0 -1.0 27.0£7.1 3.5+1.6 This work
0.0 -15 >8.7 >1.3 .. ... This work
0.0 -2.0 >8.6 >2.0 .. ... This work
MS51 disk . . 16.4+7.4 2.6+1.7 .. .. This work
NGC 253 0.0 0.0 61.0£6.2 4.940.7 1.8+0.1 2.5+0.4 [1,2,3]
NGC 891 0.0 0.0 4.5+1.4 [3,4]
NGC 1068 0.0 0.0 1.740.5 [3,5]
NGC 1808 0.0 0.0 48.9+5.4 3.3+£0.6 [6,7]
NGC 2146 0.0 0.0 32.749.1 3.0+1.1 [6,7]
NGC 2903 0.0 0.0 4.5+1.5 [3, 4]
NGC 3256 0.0 0.0 91.6428.1 29+1.5 0.8+0.3 1.8+1.1 [8]
NGC 4736 0.0 0.0 4.5+1.5 [3,4]
NGC 4826 0.0 0.0 19.042.7 4.141.1 [6,7]
NGC 5457 0.0 0.0 2.940.8 [3, 4]
NGC 6240 0.0 0.0 0.240.1 [9]
Maffei2 0.0 0.0 5.240.8 [3,4]
IC 342 0.0 0.0 35.1£3.0 3.9+0.3 2.1+0.4 [1,3,4]
Circinus 0.0 0.0 544454 5.7+0.7 [6,7]
Arp 220 0.0 0.0 49.44+19.9 1.0+0.4 0.340.1 0.6+0.3 [9]

All the ratios of integrated intensity have been corrected according to the different beam sizes. [1] Sage et al. (1991);
[2] Henkel et al. (1993); [3] Sage et al. (1990); [4] Sage & Isbell (1991); [5] Young & Sanders (1986); [6] Aalto et al.
(1991); [7] Aalto et al. (1995); [8] Casoli et al. (1992); [9] Greve et al. (2009).

et al. 2011). In the magneto-hydrodynamic models of Shetty et al. (2011), 12CO integrated intensity
is found not to be an accurate measure of the amount of molecular gas, even for *CO, which may
also not be an ideal tracer in some regions. In this case, the much lower opacity C'#O can give much
more reliable constraints on Hy column density than optically thick 12CO isotopes. Comparing the
Hy column density derived from 12C0 with that from C*80 listed in Tables 2 and 3, we find that the
amount of molecular gas estimated by the standard Galactic X -factor is consistent with that derived
from C80 in M51, whereas it is overestimated in M82 by a factor of 2.5, equal to the ratio of R
between M82 and M51. Consequently, our results confirm that the X -factor adopted in starburst
active regions should be lower than that in normal star-forming regions and the gradient in R can
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trace the variations in X -factor. However, surveys of C*80 in a larger sample are required to further
confirm the relation between the variations in R and X -factor found in this study.

The average ratio of 13CO to C'80 (~2.9+1.4) derived from our observations in M51 and M82
indicates that a portion of '3CO emission has a moderate optical depth, since the ratio of 13CO to
C'80 should be ~7 if both *CO and C'®0 lines are optically thin (Penzias 1981). This result is in
line with the two-type cloud model suggested in Aalto et al. (1995), in which a large fraction of 13CO
emission might originate from a denser gas component. Some previous surveys of dense molecules
have provided support for the presence of such dense gas (e.g., Sage et al. 1990; Nguyen et al. 1992;
Gao & Solomon 2004a). Our detection of HCO™ and CS in M82 and M51 is consistent with that
in both Sage et al. (1990) and Naylor et al. (2010). The ratios of '3CO to HCO* and '3CO to CS
in (U)LIRGs NGC 3256, NGC 6240 and Arp 220 (Casoli et al. 1992; Greve et al. 2009) are found
to be lower than those in the nuclear regions of normal spirals and M82 (Fig. 6), which probably
indicate that the dense gas fraction is higher for these (U)LIRGs, since *CO can be considered as
a relatively reliable tracer of total molecular gas due to its low abundance. This result agrees well
with the conclusion in Gao & Solomon (2004b) that galaxies with high star formation efficiency
(SFE) tend to have higher dense gas fraction. Moreover, the ratio R values measured in NGC 3256,
NGC 6240 and Arp 220 are found to be much higher than those in M82 (Fig. 6), which is likely to
imply that the bulk of 12CO emission arising from warm diffuse gas is enhanced in conditions of
extreme starburst.

Summarizing the above analysis, the systematical gradient in R can be explained by the vari-
ations in the physical conditions of molecular gas. The standard Galactic X -factor used in M8&2
overestimates the amount of molecular gas by a factor of 2.5, and the variations in X -factor can be
well traced by the gradient in R. Nevertheless, additional observations of both 12CO and 3CO lines
at J > 2 and C'80 emission are required to better constrain the physical conditions of the molecular
gas in external galaxies.

5 SUMMARY

We simultaneously observed the 2CO, *CO and C'®O emission lines in 11 nearby brightest in-
frared galaxies, of which four (NGC 3627, NGC 3628, NGC 4631 and M51) were mapped with
half-beam spacing along the major axes and M82 was fully mapped in an area of 4’ x 2.5’. These
are the first systematic extragalactic observations for the PMO 14 m telescope and the main results
are summarized as following:

(1) We detected the '2CO emission towards 99 of the positions observed, with the '3CO seen to-
wards 51 of these. C'®0 was detected at 13 positions close to the nuclear regions in M51 and
M82, among which the off-center positions in M51 reported here were the first C'*O detection.

(2) In the four galaxies with major axes being mapped, the '>CO line intensity decreases from the
center to the outer disk, similar to that of ">CO. In NGC 3627, NGC 3628 and M51, the radial
distribution of both 12CO and '3CO can be well fitted by an exponential function, whereas
the '2CO distribution in NGC 4631 is better fitted by a power-law. The scale length of 2CO
emission is about 0.2 Ry5 with a mean value of ~3kpc. Moreover, the 2CO scale lengths in
NGC 3627 and M51 are in good agreement with the optical scale lengths.

(3) The peak velocity of '2CO rotation curves ranges from 120 to 240km s~ !, and the line widths
of 2CO lines tend to drop with radius from center to outer disk in all mapped galaxies. Of all
positions observed, the distribution of both line intensity and profiles of '2CO and '*CO have
good agreement, as expected with simultaneous '>CO and '3*CO observations.

(4) A decreasing tendency of R with radius from center to outer disk is found in mapped galaxies. R
varies from 3.340.7 to 24.84+2.5 in positions with both 2CO and '3CO detected. The average
R values are 9.9£3.0 and 5.61+1.9 in the center and disk regions of normal spiral galaxies,
respectively.
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(5) The high R measured in M82 is likely to be caused by enhanced '2CO emission from deeper
cloud regions with the broad '2CO line produced by the stellar winds and supernovae. The
low values of *CO/C'80 (~2.841.2) found in M82 support the suggestion that a consider-
able fraction of 13CO emission originates in a denser gas component. Comparing the ratios of
13CO/HCO™ and '>CO/CS in normal galaxies with those in U/LIRGs, the lower values found
in U/LIRGs agree with the notion that the galaxies with high SFEs tend to have a higher dense
gas fraction.

Comparing with the Hy column density derived from C'®0, the standard Galactic X -factor is
found to overestimate the amount of molecular gas in M82 by a factor of ~2.5. This confirms the
assertion that a lower X -factor should be adopted in active starburst regions than that in normal
star-forming disks, and moreover, the gradient in R can be used to reliably trace the variations
of the X -factor.

(6)

Appendix A: THE STABILITY OF THE DELINGHA RADIO TELESCOPE

Figure A.1 is an Allan Variance Plot, which is often the ultimate way to measure stability but requires
an enormous amount of observation time. There are three main contributions to be aware of in the
Allan plot, including the white noise, the 1/f-noise and low frequency drift noise.

The upper panel of Figure A.1(a) shows how the squared RMS noise of 12CO spectra with
velocity resolution of ~0.16 km s~! varied with the integration time on source, while the lower
panel shows the relative error deviations from the radiometer equation. The radiometer equation, as
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Fig. A.1 Allan Variance and the relative error from the radiometer equation as a function of in-
tegration time on the source (see Appendix A). In the upper panel of each figure, the dashed line
represents what is expected from the radiometer equation with a slope of —1. In the lower panel,
each point represents the relative error between the value that is measured and expected from the
radiometer equation. (a) The data taken from the observing semester of 2008 to 2009. (b) The data

taken from the observing semester of 2009 to 2010.
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well as the limiting sensitivity of the spectrometer, is given by

AT, K
rms — , A_]_
Ti@ys A% Avt ( )

where Ty is system temperature, 7 is the sum of the integration time on the source and in the off po-
sition, K is a factor accounting for data acquisition procedures, and AT,,,5 is rms noise temperature
of the spectra for a given frequency resolution Av.

Figure A.1(a) and (b) show the data obtained from the observing semesters of 2008 to 2009 and
of 2009 to 2010, respectively. It can be seen in Figure A.1(a) that the Allan plot begins to deviate
from the radiometer equation when integrating about 10 minutes on the source, and the relative
error increases to 80% when integrating 100 minutes, however, it is shown in Figure A.1(b) that
the relative error increases to only 10% with the same integration time. Therefore, both the stability
and the sensitivity of the telescope have been greatly improved after the system maintenance in
the summer of 2009. The average noise level on the temperature scale of 7y would be 0.020K
and 0.018 K when integrating 100 and 200 minutes on source respectively, with a spectral velocity
resolution of ~10 km s~*. Therefore, this plot can be used to estimate observation time according
to the sensitivity that we required. However, an important thing to note in this Allan Variance Plot is
that the data we used are the raw data, that is to say, we did not perform any data processing, such
as rejecting the spectra with distorted baseline or abnormal rms noise level. Consequently, we could
get even better sensitivity if we just co-added the spectra that were found to be consistent within the
normal rms noise level. Based on these analyses, it seems that the telescope still has the capability
to detect an even weaker emission signal than what has been detected, since the effective integration
time of most of our observations has not reached the limit.
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