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GMC	
  evolution	
  	
  
and	
  the	
  state	
  of	
  the	
  molecular	
  ISM	
  
	
  

-­‐  The	
  state	
  of	
  the	
  molecular	
  ISM	
  

-­‐  Cloud	
  evolu5on	
  from	
  spiral	
  arms	
  to	
  interarm	
  regions	
  
-­‐  CO-­‐to-­‐H2	
  conversion	
  factor	
  (Xco)	
  à	
  (“going	
  places	
  we	
  don’t	
  want	
  to	
  go”,	
  M.	
  Heyer)	
  

-­‐  Tracing	
  ISM	
  excita5on	
  
-­‐  GMC	
  velocity	
  dispersions	
  and	
  boundness	
  in	
  galac5c	
  centers	
  

-­‐  Star	
  forma5on	
  and	
  GMCs	
  (briefly)	
  

-­‐  (Correla5ng	
  offset	
  star	
  forma5on	
  with	
  GMCs)	
  
-­‐  Star	
  forma5on	
  law	
  



H2	
  proxy:	
  12CO	
  (1-­‐0)	
  
	
  •  J=1-­‐0	
  transiYon	
  at	
  115.2712	
  GHz,	
  hν/k	
  =	
  5.5	
  K	
  

•  CriYcal	
  density	
  given	
  by	
  nH2=A1-­‐0/σv	
  ~	
  3000	
  cm-­‐3	
  

•  But	
  CO	
  (1-­‐0)	
  is	
  opYcally	
  thick,	
  so	
  ncrit	
  reduced	
  by	
  τ	
  	
  
•  τCO	
  ≥	
  ~10	
  in	
  most	
  GMCs,	
  so	
  criYcal	
  density	
  for	
  CO	
  (1-­‐0)	
  ≤	
  300	
  cm-­‐3	
  
	
  

•  Required:	
  well-­‐calibrated	
  CO-­‐to-­‐H2	
  conversion	
  factor	
  (XCO	
  or	
  αCO	
  in	
  
the	
  literature)	
  
	
  



Needed:	
  
•  High	
  resoluYon	
  CO	
  maps	
  of	
  a	
  representaYve	
  sample	
  of	
  nearby	
  spiral	
  
galaxies,	
  with	
  plenty	
  of	
  available	
  mulY-­‐wavelength	
  ancillary	
  data,	
  to	
  
quanYfy:	
  

•  Conversion	
  factor	
  for	
  CO	
  luminosity	
  à	
  H2	
  mass	
  (XCO)	
  
•  Resolved	
  Kennicu6-­‐Schmidt	
  laws	
  (relaYng	
  gas	
  to	
  SF)	
  
•  ISM	
  evoluYon	
  	
  
•  Star	
  formaYon	
  efficiencies	
  
•  Gas/dust	
  raYos	
  (with	
  the	
  KINGFISH	
  team)	
  

•  29	
  nearby	
  galaxies	
  in	
  the	
  full	
  sample	
  
•  Chosen	
  from	
  SINGS	
  
•  Dec	
  >	
  0°,	
  d	
  >	
  4’,	
  SB	
  >	
  0.5	
  mJy/sq	
  ‘’	
  at	
  160	
  μm	
  

•  ObservaYons	
  
•  Combine	
  NRO	
  45m	
  and	
  CARMA	
  observaYons	
  to	
  achieve	
  high	
  image	
  fidelity	
  	
  
•  NRO	
  45m:	
  OTF	
  mapping	
  of	
  full	
  disks	
  with	
  BEARS	
  (now	
  being	
  upgraded)	
  
•  CARMA:	
  C,	
  D	
  configuraYon	
  19-­‐point	
  mosaic	
  mapping	
  of	
  the	
  central	
  regions	
  (2.3’)	
  



Sensitivity	
  matching	
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sensitivity ∆S i when t is the total integration time, i.e., tvisNvis,
where Nvis is the total number of visibilities; and pixel sensitivity
∆Sp when t is the total integration time of the pixel at (u, v),
i.e., tvisn(u, v), where n(u, v) is the number of visibilities in the
pixel. Therefore, the imaging and pixel sensitivities are related
as

∆Sp(u, v) = ∆S i

√
Nvis

n(u, v)
. (C2)

Hereafter, we derive the relation between Nvis and n(u, v).
The n(u, v) for the interferometer (e.g., CARMA) was

discussed by Kurono et al. (2009). For a target at a reasonably
high declination, synthesis interferometric observations provide
a visibility distribution of n(b) ∝ 1/b, where b is the uv distance
b =

√
u2 + v2. The visibilities (total of Nvis) are distributed

within the minimum and maximum baseline lengths, bmin and
bmax respectively. From Nvis =

∫ bmax

bmin
n(b)2πbdb, we derive

n(b) = Nvis

2π (bmax − bmin)
1
b
. (C3)

The n(u, v) for a single-dish telescope (e.g., NRO45) is
determined by the beam shape of the telescope. We assume a
Gaussian beam shape, ∝ exp[−(l2+m2)/2σ 2], in sky coordinate
(l, m). The full width half-maximum (FWHM) of the beam is
FWHM = 2

√
2 ln 2σ . The n(u, v) is proportional to the Fourier

transformation of the beam shape, ∝ exp[−(2πσ )2b2/2]. The
total of Nvis visibilities are within the uv range from zero to the
antenna diameter d. Thus,

n(b) = Nvis · 2πσ 2

1 − exp[−(2πσ )2d2/2]
e− (2πσ )2b2

2 . (C4)

Equation (C2)–(C4) give the pixel sensitivity for interfer-
ometer ∆S

p
int(b) and single dish ∆S

p
sd(b). Equalizing these two

∆S
p
int(b) = ∆S

p
sd(b) at b = boverlap where the two uv coverages

overlap leads to a relation between the image sensitivities (i.e.,
rms map noise) of the interferometer and single dish. This re-
lation is a rough measure of the matched sensitivities for the
combination of the single-dish and interferometer and would be
useful in planning observations. The sensitivity matching can
be calculated more accurately with Equation (C2), as performed
in Section 5.1.1, if we know an accurate uv coverage n(u,v) of
interferometer observations.

Figure 11 plots the pixel sensitivities ∆Sp of CARMA and
NRO45 as a function of baseline length b for fixed image
sensitivities ∆S i. We set bmin and bmax to 10 and 300 m (∼4
and 115 kλ), respectively, for CARMA C and D configurations.
The CARMA and NRO45 uv coverages overlap significantly
between 4 and 10 kλ. The NRO45 noise (sensitivity) increases
rapidly beyond the baseline length of about half the diameter
(∼8 kλ), and CARMA can complement the uv range beyond
that. The imaging sensitivities of our CARMA and NRO45
observations are 27 and 155 mJy in the velocity width of
10 km s−1, respectively. Their sensitivities match around b ∼
4–6 kλ, within the range where the uv coverages overlap.

APPENDIX D

APPLICATION TO GRID-BASED COMBINATION
SCHEME

The new combination technique discussed in this paper
converts a single-dish map to a finite number of visibilities

CARMA
NRO45

∆Simage=20 mJy

40

60

80

50100150200 mJy

Figure 11. Sensitivity distribution with baseline length for CARMA (solid
lines) and NRO45 (dashed lines). The labels are the imaging sensitivities
of CARMA and NRO45. The minimum and maximum baseline lengths of
CARMA are 10 and 300 m, respectively (for C and D configurations). The
sensitivities, pixel sensitivity ∆Sp (y-axis) and imaging sensitivity ∆Simage(=
∆Si), are calculated for the velocity channel width of ∆v = 10 km s−1.

(discrete data points in uv space). The weight of each single-
dish visibility is determined based on the rms noise of the map
(i.e., the quality of the data) using the fringe sensitivity ∆Sf

(Equation (13)). In the Fourier transformation, the visibilities
are mapped to a grid in uv space, and the pixel sensitivity ∆Sp is
calculated for each pixel of the grid by summing up the ∆Sf of
all the visibilities in the pixel. The ∆Sp for single-dish data can
be calculated directly without going through visibilities once
proper software is developed.

The pixel sensitivity ∆Sp for the single-dish data can be de-
fined with Equations (C2) (C4). The rms noise of the single-dish
map ∆S i gives the normalization of the equations. Equation (C4)
is for a Gaussian beam, and could be replaced with some other
shapes, such as a Fourier transformation of a single-dish beam or
PSF if we have better knowledge of them. The ∆Sp for the inter-
ferometer data should be calculated from the fringe sensitivities
of visibilities ∆Sf using Cij (Equations (7) and (8))—mapping
the visibilities onto a grid in uv space and summing up the fringe
sensitivities in each pixel. These ∆Sp naturally set the relative
weight of the single-dish and interferometer data.
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CARMA	
  and	
  NObeyama	
  Nearby-­‐galaxies	
  (CANON)	
  CO	
  (1-­‐0)	
  Survey	
  	
  
	
   	
  	
  

Three	
  Ymes	
  higher	
  sensiYvity	
  &	
  resoluYon	
  (2-­‐3”)	
  compared	
  to	
  BIMA-­‐SONG	
  	
  



Giant	
  Molecular	
  (H2	
  +	
  He)	
  Clouds	
  
•  GMCs:	
  104	
  –	
  106	
  solar	
  masses	
  (GMAs	
  à	
  108)	
  
•  Avg.	
  GMC	
  ~40	
  pc	
  in	
  size	
  
•  T~10-­‐20	
  K	
  
•  Average	
  surface	
  density	
  ~	
  170	
  Msun/pc2	
  

•  Self-­‐gravitaYng	
  (not	
  confined	
  by	
  external	
  
pressure)	
  
•  Turbulent	
  linewidths	
  (of	
  CO)	
  ~	
  few	
  km/s,	
  
compared	
  to	
  0.1	
  km/s	
  sound	
  speed	
  of	
  gas	
  

•  Substructure:	
  cores	
  	
  
•  Located	
  in	
  spiral	
  galaxy	
  disks	
  –	
  GMAs	
  
coincident	
  with	
  spiral	
  arms,	
  GMCs	
  in	
  arms	
  
AND	
  interarm	
  regions	
  

	
  

Cloud	
  associated	
  with	
  	
  
Carina	
  Nebula	
  



GMC	
  	
  
Distribution	
  in	
  
M51	
  
•  Giant	
  Molecular	
  Clouds	
  
•  GMC:	
  105-­‐6	
  Msun	
  

•  Both	
  in	
  spiral	
  arms	
  and	
  interarm	
  

•  Giant	
  Molecular	
  AssociaYons	
  
•  GMA:	
  107-­‐8	
  Msun	
  

•  Only	
  in	
  spiral	
  arms	
  
	
  

Koda	
  et	
  al.	
  2009	
  

GMC	
  evoluAon	
  
Large	
  (arm)	
  à	
  Small	
  (interarm)	
  



GMC	
  Distribution	
  and	
  Structure	
  
Flocculent	
  
NGC5055	
  	
   Strong	
  Bar	
  

NGC3627	
  

GMC	
  evoluAon	
  
Large	
  (arm)	
  à	
  
Small	
  (interarm)	
  



In-­‐situ	
  GMC	
  Formation	
  –	
  No!	
  

r	
  
v	
  

Converging	
  flow	
  
n	
   v:	
  converging	
  velocity	
  

n:	
  density	
  of	
  ambient	
  gas	
  
r:	
  radius	
  of	
  region	
  

� 

˙ M in = 4πr2mH nv

� 

Min = 3×103Msun
r

10pc
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
2

n
1cm−3

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

v
10km /s
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

t
107 yr
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

Very	
  difficult	
  to	
  accumulate	
  10	
  5-­‐6	
  Msun	
  in	
  a	
  small	
  volume.	
  



Milky	
  Way	
  GMC	
  population	
  

Solomon	
  et	
  al.	
  (1987)	
  



Extragalactic	
  GMC	
  populations	
  

Leroy+	
  (2011)	
  



Extragalactic	
  GMC	
  populations	
  
•  Low	
  metallicity	
  GMCs	
  have	
  
dominated	
  resolvable	
  
observaYons	
  à	
  XCO	
  
measurements	
  of	
  GalacYc	
  GMCs	
  
have	
  been	
  our	
  best	
  guess	
  for	
  
everything	
  else	
  	
  

•  How	
  similar	
  are	
  Milky	
  Way	
  
GMCs	
  to	
  other	
  galaxies’	
  GMCs?	
  

•  GMCs	
  in	
  larger	
  spirals	
  are	
  
starYng	
  to	
  appear…	
  

•  But	
  recent	
  BIMA-­‐SONG	
  survey	
  of	
  
nearby	
  spirals	
  has	
  resoluYon	
  
300-­‐400	
  pc,	
  not	
  enough	
  to	
  
resolve	
  typical	
  (or	
  large)	
  Milky	
  
Way	
  GMCs	
  	
  

IC	
  342,	
  	
  
Hirota+	
  (2011)	
  

NGC	
  6946,	
  DM+	
  (2012)	
  



NGC	
  4736	
   NGC	
  6946	
   NGC	
  4826	
  

Best	
  resolved	
  nearby	
  galaxies	
  in	
  CANON	
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Fig. 1.— Insets of the CO emission with the locations of all Clumpfind clouds remaining after resolution and flux cuts are shown with the 8µm image of each
galaxy.



GMCs	
  in	
  nearby	
  galaxies	
  

JDM+12,	
  JDM+13	
  

9

Fig. 4.— Top Row : (a) Radius vs. velocity dispersion for our 182 detected GMCs in nearby spiral galaxies. Galaxies are coded with di↵erent symbols. The
solid line shows the linear fit to the clouds in our survey galaxies (10�2.71±0.49R1.80±0.21); the fits to GMCs in the Milky Way [(0.72 ± 0.07) R(0.50±0.05), S87] and
Local Group galaxies [(0.44 ± 0.18/0.13) R0.60±0.10, B08] are also shown. (b) Our nearby galaxy GMC sample is shown with the Milky Way disk GMC sample
detected by S87. The errors to the S87 fit are shown shaded in yellow. The relation shown in Oka et al. (2001) from Oka et al. (1998) for Milky Way GMCs at
the Galactic center is added. Individual galaxy symbols are shown in blue to indicate GMCs identified within 400 pc of each galactic center. Middle Row : (c)
Velocity dispersion vs. CO luminosity for our sample of GMCs in nearby spiral galaxies. The solid line is the linear fit to all of the clouds (104.61±0.38�1.87±0.52),
and the fits to GMCs in the Milky Way (130 �5.0, S87) and Local Group galaxies (645 �3.35, B08) are also shown. (d) The Milky Way disk GMC sample (S87)
is added. Bottom Row : (e) Radius vs. CO luminosity for our sample of nearby galaxy GMCs. The solid line is again a fit to our clouds (101.54±0.88 R2.32±0.60),
while the relations for the Milky Way GMCs (25 R2.5, S87) and Local Group GMCs (7.8 R2.54, B08) are shown for reference. (f ) The Milky Way disk GMC
sample (S87) is added. In each right-hand panel, we show typical error bars for three clouds with a range of velocity dispersions as well as our sensitivity limits,
which are represented by the dotted lines; luminosity limits are estimated assuming T=10 K and the minimum cloud size obtained (R=36 pc), as discussed in
§ 4.2.



CO-­‐to-­‐H2	
  conversion	
  factors	
  12

Fig. 5.— CO luminosity vs. virial mass for our 182 detected GMCs in three nearby spiral galaxies. The solid line is the error-weighted fit to the clouds in all
three galaxies (10�0.29±1.06L1.11±0.29

CO ), and the fit to GMCs in the Milky Way (39 L0.81
CO , S87) is also shown. Our sensitivity limits are shown by the dotted lines

(assuming T=10 K for the luminosity limit, as discussed in § 4.2), and typical error bars for three clouds with a range of velocity dispersions are also plotted.
The yellow shading indicates a factor of two range in the S87 value of XCO, which encompasses most of our clouds.

those clouds with suppressed velocity dispersions are able to
collapse (and form stars). Clouds are more unstable to gravi-
tational collapse as ↵vir decreases.

We estimate individual GMC luminosity-based masses us-
ing the average values of XCO listed in Table 2. XCO is cali-
brated to yield ↵vir ⇠ 1, so only relative trends are informative;
for instance, in the upper panel of Figure 7, no correlation
is observed between the virial parameter and the luminosity-
based masses. However, our average conversion factors are all
within a factor of two of the Galactic value of XCO (as derived
from non-virial mass arguments), and the relationship that we
find between cloud mass and luminosity is linear, supporting
our assumption that our GMCs are virialized (and thus most
likely ↵vir ⇠ 1).

The colors in Figure 7 indicate an estimate of the GMC en-
vironments (described further in § 7), thus separating clouds
within 400 pc from the galactic centers (blue), interarm clouds
(red), and clouds on spiral arms (black); no correlations in ↵vir
are seen with environment. Thus, not only are our clouds most
likely bound, this “boundness” does not appear to correlate
with the spiral arm/interarm environment.

In the lower panel of Figure 7, we plot the velocity dis-
persion vs. ↵vir; our limited velocity resolution (represented
by the vertical line at �v=2.54 km s�1) produces an apparent
positive correlation between the two quantities. Such a corre-
lation is also seen in other recent studies (Hirota et al. 2011;
Rebolledo et al. 2012). This is likely an artifact due to the
resolution limits. As pointed out by Rebolledo et al. (2012),
↵vir goes as the velocity dispersion such that

↵vir /
Mvir

Mlum
/

R�2
v

T�vR2 /
�v

TR
, (6)

where, as in Eq. 1, T is the peak brightness temperature.
The essence of Equation 6 has also been predicted by, for in-
stance, S87 and Scoville & Sanders (1987), who show that the
conversion factor (↵vir in di↵erent units) should go as ⇢

1
2 /T

[since ⇢ / Mvir/R3
/ R�2

v/R
3
/ �2

v/R
2, or in other words,

↵vir / �v/TR]. R and �v are independently observable quan-
tities and individually produce artificial cuto↵s in these plots
due to their resolution limits, even though those two parame-
ters have an intrinsic correlation.

We calculate virial parameters for the S87 Milky Way disk
clouds (assuming the average value of XCO in that study, as
calculated with our Equation 5, 2.6 ⇥ 1020 cm�2 / (K km s�1))
and show them in Figure 7 as well. Due to our resolution
limits, the S87 clouds are generally smaller than the GMCs
presented here, so the population is seen to shift to systemati-
cally lower �v in Figure 7. We see no positive correlation [nor
do we see a negative correlation, as suggested by Oka et al.
(2001)] with the inclusion of the S87 data, which are sensitive
to velocity dispersions down to 1 km s�1. To guide the eye,
we include lines of constant TR, calculated from Equation 6,
in the lower panel of Figure 7.

Most of the GMCs presented in this study fall between
TR=350 and TR=1000, or GMCs with radii of R=35 pc to
R=100 pc, assuming constant T=10 K temperatures. The blue
points again indicate GMCs within 400 pc of each galactic

JDM+12,	
  JDM+13	
  

Avg.	
  Σ	
  
(Msun/pc2)	
  

NGC	
  4736	
   120	
  

NGC	
  4826	
   140	
  

NGC	
  6946	
   170	
  

Avg.	
  Xco	
  (cm-­‐2	
  /	
  
(K	
  km/s))	
  

NGC	
  4736	
   1.83	
  x	
  1020	
  

NGC	
  4826	
   1.27	
  x	
  1020	
  

NGC	
  6946	
   1.15	
  x	
  1020	
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Fig. 4.— Top Row : (a) Radius vs. velocity dispersion for our 182 detected GMCs in nearby spiral galaxies. Galaxies are coded with di↵erent symbols. The
solid line shows the linear fit to the clouds in our survey galaxies (10�2.71±0.49R1.80±0.21); the fits to GMCs in the Milky Way [(0.72 ± 0.07) R(0.50±0.05), S87] and
Local Group galaxies [(0.44 ± 0.18/0.13) R0.60±0.10, B08] are also shown. (b) Our nearby galaxy GMC sample is shown with the Milky Way disk GMC sample
detected by S87. The errors to the S87 fit are shown shaded in yellow. The relation shown in Oka et al. (2001) from Oka et al. (1998) for Milky Way GMCs at
the Galactic center is added. Individual galaxy symbols are shown in blue to indicate GMCs identified within 400 pc of each galactic center. Middle Row : (c)
Velocity dispersion vs. CO luminosity for our sample of GMCs in nearby spiral galaxies. The solid line is the linear fit to all of the clouds (104.61±0.38�1.87±0.52),
and the fits to GMCs in the Milky Way (130 �5.0, S87) and Local Group galaxies (645 �3.35, B08) are also shown. (d) The Milky Way disk GMC sample (S87)
is added. Bottom Row : (e) Radius vs. CO luminosity for our sample of nearby galaxy GMCs. The solid line is again a fit to our clouds (101.54±0.88 R2.32±0.60),
while the relations for the Milky Way GMCs (25 R2.5, S87) and Local Group GMCs (7.8 R2.54, B08) are shown for reference. (f ) The Milky Way disk GMC
sample (S87) is added. In each right-hand panel, we show typical error bars for three clouds with a range of velocity dispersions as well as our sensitivity limits,
which are represented by the dotted lines; luminosity limits are estimated assuming T=10 K and the minimum cloud size obtained (R=36 pc), as discussed in
§ 4.2. A color version of this figure is available online.
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Fig. 7.— Virial parameter correlated with luminous GMC masses and cloud
velocity dispersions. In the top panel, blue points indicate GMCs in central
regions (within 400 pc of each galactic center), black symbols indicate clouds
located on spiral arms, and red points are clouds in interarm regions (see the
text in § 7 for a description of how cloud locations are established). The
specific symbols are the same as in Figure 2. In the lower panel, blue points
are again shown to indicate the central clouds, and the specific symbols are
repeated from Figure 2. The small open circles indicate Milky Way clouds
(S87). A color version of this figure is available online.

center; their distribution is well mixed with that of the in-
ner disk clouds with the exception of the central NGC 6946
clouds, which tend to exhibit higher velocity dispersions for a
given value of ↵vir. The relative distribution of virial parame-
ters at the galactic centers indicates that GMCs exhibit simi-
lar gravitational stability in these regions compared to GMCs
in the inner disks. Varying physical conditions, producing a
range of values of �v and TR, can still return the same (nar-
row) range of virial parameters, as indicated in Figure 7.

7. METALLICITY

We address the potential metallicity dependence of the con-
version factor at the high metallicity end of such relations in
two ways: first, we compare the central, or “nuclear”, metal-
licities of the galaxies (measured by Moustakas et al. 2010) to
our measured average conversion factors. Second, we can ad-
dress the metallicity question within individual galaxies and
investigate whether metallicity-based predictions of the con-
version factor agree with our observations in a more resolved
(radial) sense. The range of central galaxy metallicities pre-
sented in this paper is narrow and their gradients (as measured
by Moustakas et al. 2010) are fairly shallow, so any correla-
tions between metallicity and the conversion factor are un-
likely to have much dynamic range. Yet, as most previous
studies deriving the conversion factor by resolving individual
GMCs have been limited to nearby, more metal-poor systems
(i.e., Wilson 1995; Arimoto et al. 1996; Israel 1997; Boselli
et al. 2002; Leroy et al. 2011), our observations yield a sense
of the scatter at the opposite end of the metallicity-XCO rela-

Fig. 8.— The average conversion factors measured in the galaxies in this
study are shown as a function of the metallicity of each galaxy from Mous-
takas et al. (2010) (see the discussion in the text for the metallicity def-
initions). Generally lower metallicity galaxies from B08, as well as the
metallicity-XCO relations of Wilson (1995) and Arimoto et al. (1996), are
shown for context. We show the relation of Wilson (1995) scaled for a Galac-
tic conversion factor of 2 ⇥1020. A color version of this figure is available
online.

tion.
In Figure 8, we show the average conversion factor as a

function of the galaxy metallicity (Moustakas et al. 2010).
We show the central metallicities for NGC 4826 and NGC
6946, for which we detect central GMCs, and the character-
istic metallicity for NGC 4736, where we detect only non-
central GMCs. We show the values derived with the theoreti-
cal strong line calibration of Kobulnicky & Kewley (2004) to
be consistent with the metallicities derived from bright oxy-
gen lines used in B08. We also show the lower-metallicity
systems resolved by B08 and two metallicity-XCO relations
from the literature (Wilson 1995; Arimoto et al. 1996) derived
using virial measurements and calibrated using oxygen abun-
dances in HII regions in lower metallicity galaxies and M31
(as well as the Milky Way and M51 in Arimoto et al. 1996).
The predictions describe well the average conversion factors
and metallicities of our galaxies (as well as those of B08) and
are also consistent with each other at the high metallicities
of our galaxies. The metallicity values themselves, though,
are a large source of uncertainty; changing the calibration to
the Pilyugin & Thuan (2005) empirical calibration quoted in
Moustakas et al. (2010) results in a di↵erence of ⇠0.6 dex in
the metallicities shown.

In Figure 9, we show radial “profiles” of the conversion
factor measured in individual clouds, our average (constant)
conversion factor values, as well as the predictions for the
conversion factor from Wilson (1995) (scaled for a Galactic
conversion factor of 2 ⇥ 1020) assuming the central metal-
licities and gradients published by Moustakas et al. (2010).
The shading indicates a range in XCO of a factor of two from
our derived values. For NGC 4736 and NGC 6946, we also
identify the brightest regions of the spiral arms using Spitzer
IRAC 8µm imaging (i.e., Figure 6); by comparing these re-
gions to our GMC central positions, we can estimate roughly
which clouds are located on spiral arms and which are located
in interarm regions. We include our arm classifications in Ta-
ble 3 for reference. NGC 4826 is a flocculent galaxy, so we
make no assumptions about the arm and interarm regions and
simply present XCO as a function of radius. Additionally, no
metallicity gradient is published in Moustakas et al. (2010) for
this galaxy, and so no corresponding radial prediction for the
conversion factor is made. Galactocentric distances have been
corrected with the inclination angles published in Moustakas
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Fig. 9.— Radial profiles of XCO for each of the galaxies in this study. In
NGC 4736 and NGC 6946, GMCs are separated into arm (black symbols) and
interarm (red symbols) clouds. Blue points are central points, as in Figures 4
and 7. Predictions for the conversion factor from the metallicity-XCO relation
of Wilson (1995) (dashed lines), derived using the central metallicities and
radial gradients from Moustakas et al. (2010) with the Kobulnicky & Kewley
(2004) values (where they are available), are also shown. Galactocentric
distances are corrected for the inclination angles published in Moustakas et al.
(2010). Average (constant) values of the conversion factor in each galaxy are
indicated by the solid lines, and the yellow shading in each panel indicates a
factor of two change in XCO.

Moustakas et al. (2010).
Recent studies using dust maps derived from mid- and far-

infrared emission and CO (2-1) maps suggest that a significant
drop in the conversion factor is found in the central regions of
some nearby galaxies (Sandstrom et al. 2012, in preparation).
However, regardless of the environment, no significant radial
trends in the virial mass-based XCO values are apparent in the
central kiloparsecs of these galaxies. If anything, XCO may
actually tend to decrease in NGC 6946 beyond a radius of
2 kpc. Note that CO (2-1) can be enhanced by slight increases
in gas temperature and/or density (Koda et al. 2012) and is not
as pure a tracer of gas surface density as CO (1-0).

8. SUMMARY AND CONCLUSIONS

Using high resolution observations of the 12CO (J=1-0)
transition, we map the bulk molecular gas in five substantial
nearby spiral galaxies. Using the Clumpfind algorithm
(Williams et al. 1994), we resolve 182 individual GMCs
within the central kiloparsecs of three galaxies; this is the
largest such sample of clouds within galaxies analogous to
the Milky Way. In addition, we detect GMCs within both
the galactic centers and the inner disks of these galaxies,
enabling comparisons of clouds in both environments with
the corresponding cloud populations in the Milky Way. In
general, we find good consistency between GMCs in the disk
of the Milky Way as studied by S87 and GMCs in the central
few kiloparsecs of the galaxies presented here even though
we are only sensitive to analogs of the largest Galactic clouds
due to our resolution limits. Specifically:
• The sizes and velocity dispersions of the GMCs in nearby

spirals are generally consistent with the trend exhibited by
Milky Way disk GMCs.
• Plotting GMC velocity dispersions against their CO

luminosities also reveals behavior consistent with the Milky
Way trend over the range in �v in which Galactic GMCs are
detected. The trend in CO luminosity and cloud size that we
detect is indistinguishable from that seen in the Milky Way
over more than four orders of magnitude in luminosity.
• We do not detect a significant component of clouds with

elevated velocity dispersions for a given size as observed
by Oka et al. (2001) at the Galactic Center. We find only a
handful of such clouds, and these have luminosities consistent
with the predictions from measurements of resolved GMCs
in Local Group dwarfs and spirals (B08).
•We find a linear relationship between GMC virial masses

and CO luminosities, implying a constant value of XCO in
each galaxy and supporting our assumption of virialization.
The dominant source of the factor-of-two scatter between
GMCs is intrinsic, leading to an average conversion factor
in each galaxy within a factor of two of the value determined
for the Milky Way at similar GMC masses.

No radial trends in XCO are apparent in the central kilo-
parsecs of each individual galaxy. If XCO is correlated with
metallicity, even in the metal-rich centers of galaxies, then
this finding is consistent with the shallow metallicity gradients
in these regions and corresponding XCO predictions over the
same areas (Wilson 1995; Arimoto et al. 1996). In any event,
our measurements help to anchor the metal-rich end of the
purported relationship between metallicity and average con-
version factor, which until now has relied largely on Galactic
measurements.

We estimate virial parameters for our clouds under the as-
sumption that they are gravitationally bound (i.e., ↵vir ⇠ 1), as
is supported by the linear relationship between cloud masses
and luminosities. We calculate a very similar range of virial
parameters for the Milky Way disk clouds in S87. GMCs in
the galactic centers and inner disks, where physical conditions
can vary, exhibit similar gravitational stability (as expressed
by the virial parameter).

Comparing our population of clouds allows us to determine
how appropriate the Galactic conversion factor typically as-
sumed is for all such systems. The CO luminosities and virial
masses measured for our resolved GMC sample indicate that,
on average, XCO is within a factor of two of the typically as-
sumed Galactic value of the conversion factor (2 ⇥ 1020 cm�2
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Fig. 9.— Radial profiles of XCO for each of the galaxies in this study. In
NGC 4736 and NGC 6946, GMCs are separated into arm (black symbols) and
interarm (red symbols) clouds. Blue points are central points, as in Figures 4
and 7. Predictions for the conversion factor from the metallicity-XCO relation
of Wilson (1995) (dashed lines), derived using the central metallicities and
radial gradients from Moustakas et al. (2010) with the Kobulnicky & Kewley
(2004) values (where they are available), are also shown. Galactocentric
distances are corrected for the inclination angles published in Moustakas et al.
(2010). Average (constant) values of the conversion factor in each galaxy are
indicated by the solid lines, and the yellow shading in each panel indicates a
factor of two change in XCO.
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infrared emission and CO (2-1) maps suggest that a significant
drop in the conversion factor is found in the central regions of
some nearby galaxies (Sandstrom et al. 2012, in preparation).
However, regardless of the environment, no significant radial
trends in the virial mass-based XCO values are apparent in the
central kiloparsecs of these galaxies. If anything, XCO may
actually tend to decrease in NGC 6946 beyond a radius of
2 kpc. Note that CO (2-1) can be enhanced by slight increases
in gas temperature and/or density (Koda et al. 2012) and is not
as pure a tracer of gas surface density as CO (1-0).
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Using high resolution observations of the 12CO (J=1-0)
transition, we map the bulk molecular gas in five substantial
nearby spiral galaxies. Using the Clumpfind algorithm
(Williams et al. 1994), we resolve 182 individual GMCs
within the central kiloparsecs of three galaxies; this is the
largest such sample of clouds within galaxies analogous to
the Milky Way. In addition, we detect GMCs within both
the galactic centers and the inner disks of these galaxies,
enabling comparisons of clouds in both environments with
the corresponding cloud populations in the Milky Way. In
general, we find good consistency between GMCs in the disk
of the Milky Way as studied by S87 and GMCs in the central
few kiloparsecs of the galaxies presented here even though
we are only sensitive to analogs of the largest Galactic clouds
due to our resolution limits. Specifically:
• The sizes and velocity dispersions of the GMCs in nearby

spirals are generally consistent with the trend exhibited by
Milky Way disk GMCs.
• Plotting GMC velocity dispersions against their CO

luminosities also reveals behavior consistent with the Milky
Way trend over the range in �v in which Galactic GMCs are
detected. The trend in CO luminosity and cloud size that we
detect is indistinguishable from that seen in the Milky Way
over more than four orders of magnitude in luminosity.
• We do not detect a significant component of clouds with

elevated velocity dispersions for a given size as observed
by Oka et al. (2001) at the Galactic Center. We find only a
handful of such clouds, and these have luminosities consistent
with the predictions from measurements of resolved GMCs
in Local Group dwarfs and spirals (B08).
•We find a linear relationship between GMC virial masses

and CO luminosities, implying a constant value of XCO in
each galaxy and supporting our assumption of virialization.
The dominant source of the factor-of-two scatter between
GMCs is intrinsic, leading to an average conversion factor
in each galaxy within a factor of two of the value determined
for the Milky Way at similar GMC masses.

No radial trends in XCO are apparent in the central kilo-
parsecs of each individual galaxy. If XCO is correlated with
metallicity, even in the metal-rich centers of galaxies, then
this finding is consistent with the shallow metallicity gradients
in these regions and corresponding XCO predictions over the
same areas (Wilson 1995; Arimoto et al. 1996). In any event,
our measurements help to anchor the metal-rich end of the
purported relationship between metallicity and average con-
version factor, which until now has relied largely on Galactic
measurements.

We estimate virial parameters for our clouds under the as-
sumption that they are gravitationally bound (i.e., ↵vir ⇠ 1), as
is supported by the linear relationship between cloud masses
and luminosities. We calculate a very similar range of virial
parameters for the Milky Way disk clouds in S87. GMCs in
the galactic centers and inner disks, where physical conditions
can vary, exhibit similar gravitational stability (as expressed
by the virial parameter).

Comparing our population of clouds allows us to determine
how appropriate the Galactic conversion factor typically as-
sumed is for all such systems. The CO luminosities and virial
masses measured for our resolved GMC sample indicate that,
on average, XCO is within a factor of two of the typically as-
sumed Galactic value of the conversion factor (2 ⇥ 1020 cm�2
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Fig. 9.— Radial profiles of XCO for each of the galaxies in this study. In
NGC 4736 and NGC 6946, GMCs are separated into arm (black symbols) and
interarm (red symbols) clouds. Blue points are central points, as in Figures 4
and 7. Predictions for the conversion factor from the metallicity-XCO relation
of Wilson (1995) (dashed lines), derived using the central metallicities and
radial gradients from Moustakas et al. (2010) with the Kobulnicky & Kewley
(2004) values (where they are available), are also shown. Galactocentric
distances are corrected for the inclination angles published in Moustakas et al.
(2010). Average (constant) values of the conversion factor in each galaxy are
indicated by the solid lines, and the yellow shading in each panel indicates a
factor of two change in XCO.
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infrared emission and CO (2-1) maps suggest that a significant
drop in the conversion factor is found in the central regions of
some nearby galaxies (Sandstrom et al. 2012, in preparation).
However, regardless of the environment, no significant radial
trends in the virial mass-based XCO values are apparent in the
central kiloparsecs of these galaxies. If anything, XCO may
actually tend to decrease in NGC 6946 beyond a radius of
2 kpc. Note that CO (2-1) can be enhanced by slight increases
in gas temperature and/or density (Koda et al. 2012) and is not
as pure a tracer of gas surface density as CO (1-0).
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Using high resolution observations of the 12CO (J=1-0)
transition, we map the bulk molecular gas in five substantial
nearby spiral galaxies. Using the Clumpfind algorithm
(Williams et al. 1994), we resolve 182 individual GMCs
within the central kiloparsecs of three galaxies; this is the
largest such sample of clouds within galaxies analogous to
the Milky Way. In addition, we detect GMCs within both
the galactic centers and the inner disks of these galaxies,
enabling comparisons of clouds in both environments with
the corresponding cloud populations in the Milky Way. In
general, we find good consistency between GMCs in the disk
of the Milky Way as studied by S87 and GMCs in the central
few kiloparsecs of the galaxies presented here even though
we are only sensitive to analogs of the largest Galactic clouds
due to our resolution limits. Specifically:
• The sizes and velocity dispersions of the GMCs in nearby

spirals are generally consistent with the trend exhibited by
Milky Way disk GMCs.
• Plotting GMC velocity dispersions against their CO

luminosities also reveals behavior consistent with the Milky
Way trend over the range in �v in which Galactic GMCs are
detected. The trend in CO luminosity and cloud size that we
detect is indistinguishable from that seen in the Milky Way
over more than four orders of magnitude in luminosity.
• We do not detect a significant component of clouds with

elevated velocity dispersions for a given size as observed
by Oka et al. (2001) at the Galactic Center. We find only a
handful of such clouds, and these have luminosities consistent
with the predictions from measurements of resolved GMCs
in Local Group dwarfs and spirals (B08).
•We find a linear relationship between GMC virial masses

and CO luminosities, implying a constant value of XCO in
each galaxy and supporting our assumption of virialization.
The dominant source of the factor-of-two scatter between
GMCs is intrinsic, leading to an average conversion factor
in each galaxy within a factor of two of the value determined
for the Milky Way at similar GMC masses.

No radial trends in XCO are apparent in the central kilo-
parsecs of each individual galaxy. If XCO is correlated with
metallicity, even in the metal-rich centers of galaxies, then
this finding is consistent with the shallow metallicity gradients
in these regions and corresponding XCO predictions over the
same areas (Wilson 1995; Arimoto et al. 1996). In any event,
our measurements help to anchor the metal-rich end of the
purported relationship between metallicity and average con-
version factor, which until now has relied largely on Galactic
measurements.

We estimate virial parameters for our clouds under the as-
sumption that they are gravitationally bound (i.e., ↵vir ⇠ 1), as
is supported by the linear relationship between cloud masses
and luminosities. We calculate a very similar range of virial
parameters for the Milky Way disk clouds in S87. GMCs in
the galactic centers and inner disks, where physical conditions
can vary, exhibit similar gravitational stability (as expressed
by the virial parameter).
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how appropriate the Galactic conversion factor typically as-
sumed is for all such systems. The CO luminosities and virial
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sumed Galactic value of the conversion factor (2 ⇥ 1020 cm�2

15
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NGC 4736 and NGC 6946, GMCs are separated into arm (black symbols) and
interarm (red symbols) clouds. Blue points are central points, as in Figures 4
and 7. Predictions for the conversion factor from the metallicity-XCO relation
of Wilson (1995) (dashed lines), derived using the central metallicities and
radial gradients from Moustakas et al. (2010) with the Kobulnicky & Kewley
(2004) values (where they are available), are also shown. Galactocentric
distances are corrected for the inclination angles published in Moustakas et al.
(2010). Average (constant) values of the conversion factor in each galaxy are
indicated by the solid lines, and the yellow shading in each panel indicates a
factor of two change in XCO.
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trends in the virial mass-based XCO values are apparent in the
central kiloparsecs of these galaxies. If anything, XCO may
actually tend to decrease in NGC 6946 beyond a radius of
2 kpc. Note that CO (2-1) can be enhanced by slight increases
in gas temperature and/or density (Koda et al. 2012) and is not
as pure a tracer of gas surface density as CO (1-0).
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nearby spiral galaxies. Using the Clumpfind algorithm
(Williams et al. 1994), we resolve 182 individual GMCs
within the central kiloparsecs of three galaxies; this is the
largest such sample of clouds within galaxies analogous to
the Milky Way. In addition, we detect GMCs within both
the galactic centers and the inner disks of these galaxies,
enabling comparisons of clouds in both environments with
the corresponding cloud populations in the Milky Way. In
general, we find good consistency between GMCs in the disk
of the Milky Way as studied by S87 and GMCs in the central
few kiloparsecs of the galaxies presented here even though
we are only sensitive to analogs of the largest Galactic clouds
due to our resolution limits. Specifically:
• The sizes and velocity dispersions of the GMCs in nearby

spirals are generally consistent with the trend exhibited by
Milky Way disk GMCs.
• Plotting GMC velocity dispersions against their CO

luminosities also reveals behavior consistent with the Milky
Way trend over the range in �v in which Galactic GMCs are
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detect is indistinguishable from that seen in the Milky Way
over more than four orders of magnitude in luminosity.
• We do not detect a significant component of clouds with

elevated velocity dispersions for a given size as observed
by Oka et al. (2001) at the Galactic Center. We find only a
handful of such clouds, and these have luminosities consistent
with the predictions from measurements of resolved GMCs
in Local Group dwarfs and spirals (B08).
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and CO luminosities, implying a constant value of XCO in
each galaxy and supporting our assumption of virialization.
The dominant source of the factor-of-two scatter between
GMCs is intrinsic, leading to an average conversion factor
in each galaxy within a factor of two of the value determined
for the Milky Way at similar GMC masses.

No radial trends in XCO are apparent in the central kilo-
parsecs of each individual galaxy. If XCO is correlated with
metallicity, even in the metal-rich centers of galaxies, then
this finding is consistent with the shallow metallicity gradients
in these regions and corresponding XCO predictions over the
same areas (Wilson 1995; Arimoto et al. 1996). In any event,
our measurements help to anchor the metal-rich end of the
purported relationship between metallicity and average con-
version factor, which until now has relied largely on Galactic
measurements.

We estimate virial parameters for our clouds under the as-
sumption that they are gravitationally bound (i.e., ↵vir ⇠ 1), as
is supported by the linear relationship between cloud masses
and luminosities. We calculate a very similar range of virial
parameters for the Milky Way disk clouds in S87. GMCs in
the galactic centers and inner disks, where physical conditions
can vary, exhibit similar gravitational stability (as expressed
by the virial parameter).

Comparing our population of clouds allows us to determine
how appropriate the Galactic conversion factor typically as-
sumed is for all such systems. The CO luminosities and virial
masses measured for our resolved GMC sample indicate that,
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Figure 5. Scaling relations for the corrected properties of the complexes and clouds in our sample. After correction, we have 23 CO(1 → 0) complexes and 25
CO(2 → 1) clouds in our sample. As in Figure 4, CO(1 → 0) complexes and CO(2 → 1) clouds are illustrated with black and red circles, respectively. The black solid
line represents the bisector fit for the CO(2 → 1) clouds, while the red solid line represents the bisector fit for the CO(1 → 0) complexes. The dashed line illustrates
the relation found by S87, and the dashed dotted line represents the fit found by B08. Red open squares show the values reported by DM12 in the central region of
NGC 6946. (a) Size–line width relation. (b) Luminosity–line width relation. (c) Virial mass–luminosity relation. Solid blue lines show different XCO values.
(A color version of this figure is available in the online journal.)

galaxy. Similar behavior is observed for clouds near the Galactic
center (Oka et al. 2001).

4.2.2. Luminosity–Line Width Relation

Figure 5(b) shows the LCO–σv relation for the clouds in
our sample. This figure reveals that in NGC 6946, clouds are
generally located above the relation found by B08, i.e., they
are overluminous for their velocity dispersion. Nevertheless,
this trend breaks down for clouds with luminosity smaller than
∼3 × 105 K km s−1 pc2, where the velocity dispersion spreads
over a wide range. The best-fit relation for CO(2 → 1) clouds
yields

LCO

K km s−1 pc2 = ((4.99 ± 2.99) × 103)σ 2.66 ± 0.33
v , (14)

where σv is in km s−1. The best-fit luminosity–line width
relation for emitting complexes derived from CO(1 → 0) is
given by

LCO

K km s−1 pc2 = ((1.91 ± 1.15) × 104)σ 2.41 ± 0.32
v . (15)

Our results for CO(1 → 0) complexes are consistent with
the values presented by DM12 for the central region of
NGC 6946. CO(2 → 1) clouds, and on the other hand they
show higher velocity dispersions for luminosities below ∼3 ×
105 K km s−1 pc2.

4.2.3. Mass Estimates of the Observed Molecular Gas

According to the conceptual model provided by S87, a
mass–luminosity relation is a natural consequence of the internal
structure and gravitational equilibrium of the observed clouds.
The empirical relation found by them (Mvir = 39 L0.81

CO ) can be
explained by combining the size–line width relation with the
assumption of virial equilibrium, plus assuming similar kinetic
temperatures and area filling factors for the clouds. This provides
a framework for using the optically thick CO emission as a
tracer of the molecular mass, in which the virial masses and
CO luminosities of clouds are used to solve for the CO-to-
H2 conversion factor XCO. Nevertheless, they emphasized that

this relation depends on the temperature of cloud, and may be
different in extragalactic sources, particularly at the centers of
galaxies where temperatures and densities may deviate from
values for molecular clouds in the disk of the Milky Way.
Surprisingly, recent extragalactic studies have found that values
of the conversion factor are relatively close to those derived
from Galactic studies. For instance, for a sample of disk and
dwarf galaxies in the Local Group, B08 found an XCO consistent
within a factor of two with the value derived for Galactic clouds.
Moreover, using high-resolution observations of GMCs within
the central 5 kpc of NGC 6946, DM12 found an XCO average
value of 1.2 × 1020 cm−2 (K km s−1)−1, just a factor of two
below the value derived from S87.

The virial mass–luminosity relation for our observations is
shown in Figure 5(c). This figure shows that Mvir values are well
predicted by the CO luminosity, supporting the use of a relatively
constant CO-to-H2 factor XCO = 2 × 1020 cm−2 (K km s−1)−1

adopted in Equation (2). The best-fit relation for CO(2 → 1)
clouds yields

Mvir

M%
= (32.2 ± 64.7)L0.87 ± 0.15

CO , (16)

where LCO is in K km s−1 pc2. On the other hand, the best-fit
relation for CO(1 → 0) emitting complexes is given by

Mvir

M%
= (0.12 ± 0.26)L1.24 ± 0.14

CO . (17)

Once again, we have compared the values found in this paper
to the values found by previous works. The structures identified
in this paper are located in the Mvir–LCO relation found by
B08, but are systematically above the relation found by S87 for
Galactic clouds, and the values found in the center of NGC 6946
by DM12.

In order to further test the feasibility of using CO luminosity
to trace the molecular mass, we have taken advantage of our
observations of 13CO(1 → 0). We have detected 6 clouds in the
13CO(1 → 0) intensity map, and their properties are calculated
as we did for CO(1 → 0) and CO(2 → 1) clouds. We have cal-
culated their LTE masses (MLTE) using the approach explained in
Section 3.4. The left panel of Figure 6 shows the histogram of the
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siderable uncertainties and suggest that the combination
of the two can synergetically solve this degeneracy (§4).
This type of combined analysis has been widely used in
other fields (e.g., Suzuki et al. 2012) but has not been
applied in deriving DGR and XCO. We do not discuss
systematic errors associated with the assumptions of the
two methods: e.g., whether GMCs are virialized and
whether the dust-to-gas ratio is constant. We account
for random errors and their systematic degeneracies in
the XCO (↵CO) and DGR space.

2. DATA

We analyze the central 1.250 (⇠ 2.5 kpc) region of the
galaxy NGC 6946, where GMCs have been resolved by
high-resolution CO(1-0) observations (Donovan Meyer
et al. 2012, 2013 submitted). The DGR method needs
images of CO(1-0), HI, and dust.
The CO J =1-0 line emission is the most widely-used

tracer of molecular gas mass. CO(1-0) data are taken
as a part of the CARMA & Nobeyama Nearby-galaxies
(CANON) CO(1-0) survey. This survey combines high-
resolution interferometer data from the Combined Ar-
ray for Research in Millimeter Astronomy (CARMA)
and single-dish data from the Nobeyama Radio Obser-
vatory 45m telescope (NRO45). The data are free from
the missing flux problem from which interferometer-only
data inevitably su↵er, and the large number of anten-
nas of CARMA (N = 15 compared to the traditional
N = 6) and full synthesis observations ensure a high im-
age quality, allowing identification of small structures,
such as GMCs. Observations and data reduction are dis-
cussed in Donovan Meyer et al. (2012, 2013 submitted)
and Koda et al. (2009, 2011). For comparison (§5.2), we
also analyze the CO J=2-1 data from the HERACLES
survey (Leroy et al. 2009).
The high spatial resolution (200) and high image quality

of the CO(1-0) data are essential to measure virial masses
of GMCs. In our earlier papers, Donovan Meyer et al.
(2012, 2013 submitted) resolved GMCs in the central re-
gion of NGC 6946 and measured their virial masses. We
adopt the catalog of these GMCs for the Virial analysis.
The HI 21cm data are from The HI Nearby Galaxy

Survey (THINGS; Walter et al. 2008). The data were
obtained with the Very Large Array (VLA). The data
cube is made with natural weighting and has a beam
size of 6.0400 ⇥ 5.6100 with a position angle of 6.6 deg.
The data do not include zero-spacing information (single
dish data), and therefore, they have some uncertainty
in flux measurement. However, we assume that the flux
recovery is adequate, since the shortest baselines (i.e.,
largest angular scale) of the VLA cover the whole extent
of the HI disk.
A dust surface density map (⌃dust) is taken from Ani-

ano et al. (2012). They obtained the map from pixel-
by-pixel modeling of the infrared spectral energy distri-
bution (SED) from Spitzer and Herschel using the mod-
els developed by Draine & Li (2007). The SED data
are from “The Spitzer Infrared Nearby Galaxies Survey”
(SINGS: Kennicutt et al. 2003) and Key Insights into
Nearby Galaxies: A Far-Infrared Survey with Herschel
(KINGFISH: Kennicutt et al. 2011). We adopt the map
including the wavelengths up to 350µm. Aniano et al.
(2012) also provide a corresponding uncertainty map.
The resolution is 24.900, and the pixel scale is 1000.

For the DGR analysis (§3.1), the CO(1-0) and HI data
cubes are smoothed spatially to the resolution of the dust
map (24.900, 820 pc) by using a Gaussian smoothing func-
tion and re-gridded to the pixel scale of the dust map.
We then make a mask for the emission using the CO and
HI data cubes by smoothing the cubes further with a
10 Gaussian and pulling out only pixels with significant
emission in the smoothed 3-d data cubes. We apply the
same mask to both CO and HI, integrating the masked
cubes along velocity to obtain integrated intensity maps.
We also construct uncertainty maps using the root-mean-
square noise per velocity channel (1.64 K and 5.98 mK
in the 5.2 km s�1 width for HI and CO, respectively) and
the number of velocity channels in the mask. The CO(2-
1) data are analyzed in the same way for a comparison
(§5.2).
Figure 1a shows the CO(1-0) integrated intensity map

(ICO). The HI integrated intensity is further converted
to the HI surface density (⌃HI) in a standard way (e.g.,
Dickey & Lockman 1990) and is shown in Figure 1b.
Figure 1c is the dust surface density map (M� pc�2) from
Aniano et al. (2012). We use the units of M� pc�2 for
⌃dust and ⌃HI, and K · km s�1 for ICO.

3. METHOD

We demonstrate the combined method to derive XCO
(↵CO) and DGR. To simplify discussion, we adopt the
definition of the conversion factor ↵CO (M� pc�2[K ·

km s�1]�1) and DGR, instead of the more widely-used
XCO (cm�2[K · km s�1]�1) and gas-to-dust ratio. We
omit the units of “M� pc�2[K· km s�1]�1” and “cm�2[K·

km s�1]�1” in the text below for simplicity. The Galactic
conversion factor of XCO = 2.0⇥1020 cm�2[K· km s�1]�1

corresponds to ↵CO = 4.3M� pc�2[K · km s�1]�1. Note
↵CO includes the factor of 1.36 to account for helium,
while XCO does not. We analyze primarily the central
1.250 region (circles in Figure 1), the same central 37
pixels where Sandstrom et al. (2012) found an order of
magnitude smaller ↵CO. We will also analyze the whole
disk in §5 although the assumptions of constant ↵CO and
DGR may not be warranted for the large region.

3.1. The Constant Dust-to-Gas Ratio Method

The DGR method assumes a constant DGR over the
area of interest independent of gas phase (atomic or
molecular). The dust surface density is assumed to be
proportional to the total atomic+molecular gas surface
density. Therefore,

⌃dust = DGR(1.36⌃HI + ↵COICO) , (1)

where the factor of 1.36 accounts for the presence of
atomic helium. The CO, HI, and dust maps provide sets
of (⌃dust, ⌃HI, ICO). A simple fitting with a sample of
pixels over a su�ciently large area can determine ↵CO
and DGR simultaneously (Leroy et al. 2011; Sandstrom
et al. 2012). We apply the same method to the same cen-
tral 1.250 region (37 pixels of half-beam spaced sampling
grid) as in Sandstrom et al. (2012), but we use CO(1-0)
data.
We obtain the solution and confidence intervals using

the standard �

2 analysis in the ↵CO-DGR plane. The �2
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Figure 3. Phase diagrams of the CO(1–0) integrated intensity (top panel) and R2–1/1–0 with CO(1–0) contours (bottom). The azimuthal angle (phase) is defined
counterclockwise from the west. The plot spans over the full 360 deg, starting from 60 deg to cover the two spiral arms without phase wraps. The counterclockwise gas
flow in Figure 1 is toward the right in these diagrams. The gas with high R2–1/1–0 appears predominantly at the downstream edge/side of the molecular spiral arms.
(A color version of this figure is available in the online journal.)

The spatial variations of R2–1/1–0 across spiral arms are also
confirmed in Figure 4. We adopt a simple logarithmic spiral
pattern with a pitch angle of 20 deg and measure statistical
quantities around the spiral curves over 40 deg segments (20 deg
increment). The average R2–1/1–0 increases to >0.7 in the
molecular spiral arms (blue), especially on/near their leading
edges (red), and decreases to <0.7 in the interarm regions. The
areal fraction of high-ratio gas (0.8–1.0) is high in the spiral
arms and their leading edges, but low in the interarm regions.
The fraction of low-ratio gas (0.4–0.6) is low in the arms, but
high in the interarm regions. The central region also shows a
high ratio. The average is 0.78 within the central 90′′ (∼3.6 kpc)
region and 0.82 within 70′′ (∼2.8 kpc). (Example histograms of
R2–1/1–0 in the regions are presented in Appendix A and confirm
the significant difference among the regions.)

Figure 2(a) shows the distribution of gas with low (R2–1/1–0 =
0.4–0.6), medium (0.6–0.8), and high ratios (0.8–1.0) with
respect to the molecular spiral arms (contours). Figure 2(b)

highlights the distribution of the high ratios (0.8–1.0). For
reference, this figure includes the outer areas where a large
number of pixels (>10) need to be averaged. The variations
of R2–1/1–0 on large scales are evident: high ratios around the
molecular spiral arms (contours), as well as in the center, and
lower ratios in the interarm regions. The high ratios appear
mostly at the leading edge/side of the molecular spiral arms,
where OB stars are predominantly located (Figures 2(c) and (d)).

3.2. Correlations

Figure 5 shows pixel-by-pixel correlations of R2–1/1–0 with
three parameters (for the pixels in Figure 1). The 24 µm surface
brightness f24 µm is roughly proportional to the star formation
rate surface density (Calzetti et al. 2007), and the CO(1–0)
integrated intensity ICO(1–0) is proportional to the molecular
gas surface density. Their ratio f24 µm/ICO(1–0) is a measure of
the star formation efficiency. Note that Calzetti et al. (2007)
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Figure 1. K-S plots, without BG subtraction, on 750 pc scale. Data above 3σ (yellow points) in our 10 sample galaxies are included (a),
and on the same dynamical ranges of B08 (b) and K98a,b (c). White boxes and stars in (c) show the location of normal disk and nuclear
starburst in K98a,b, respectively. Dot-dashed lines are SFE of 10−8, 10−9 and 10−10 yr−1 from top to bottom. Green and blue lines are
the best fit of B08 and K98a,b, respectively. The light purple straight line is best fit through our data. Overlaid black contours are density
distributions of the data points. Figures in color can be found in the on-line edition.
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Figure 2. K-S plot on 500 pc scale, (a) without and (b) with BG subtraction, for our 10 sample galaxies. Dot-dashed lines are SFEs of
10−8, 10−9 and 10−10 yr−1, from top to bottom. Green and blue lines are the best fit of B08 and K98a,b, respectively. Light purple lines
are the best fit linear regressions through our data, yielding slopes of 1.3 (a) and 1.8 (b), respectively. Overlaid black contours are density
distributions of the data points. We also plot all data points below 3σ as black dots. Figures in color can be found in the on-line edition.
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Figure 10. Left: star formation rate vs. molecular gas surface density for CO(1 → 0) complexes. The SFR is calculated from the FUV + 24 µm maps. The black solid
line illustrates the best-fit relation found for the complexes, while the black dotted line represents the relation found by Bigiel et al. (2008). The vertical dashed line
illustrates the sensitivity limit of our map, ∼10 M# pc2. Open red squares denote values calculated over 15′′ (400 pc) apertures centered on the molecular complexes.
Black dot-dashed lines show constant molecular gas depletion times (SFE−1) of 0.1, 1 and 10 Gyr. Right: star formation rate vs. molecular gas surface density for
CO(2 → 1) clouds. In this case, we have used Hα to estimate the SFR, corrected by 1 mag as is suggested by the right panel of Figure 9. Open red squares show
the values calculated over apertures centered at the locations of CO(2 → 1) pointings. The other lines are the same as in the left panel, except the sensitivity limit is
∼15 M# pc2. The fitted slope is steeper than that found for CO(1 → 0) complexes.
(A color version of this figure is available in the online journal.)

The relationship between SFR surface density and molecular
gas surface density for CO(1 → 0) complexes is shown in the
left panel of Figure 10. We see a clear correlation toward higher
star formation activity for higher molecular gas surface density.
To find the best-fit relation between ΣSFR and ΣH2 we used the
bisector linear regression method as we did for Larson’s scaling
laws. The best-fit relation is given by

ΣSFR

M# yr−1 kpc−2 = ((1.3 ± 0.6) × 10−4)Σ1.43±0.11
H2 , (18)

where ΣH2 is in M# pc−2. This slope is similar to the value
found by Bigiel et al. (2008) (N = 1.46) for NGC 6946 at
750 pc resolution for the relation between SFR and the total
gas component (H i+H2), but is steeper than the relation found
for H2 (N = 0.92). In Figure 10, we have included lines of
constant molecular gas depletion time. Molecular gas complexes
are consistent with a depletion time of ∼1 Gyr, close to the value
found by Bigiel et al. (2008).

The right panel of Figure 10 shows the correlation between
SFR and ΣH2 for CO(2 → 1) clouds. The best-fit relation is
given by

ΣSFR

M# yr−1 kpc−2 = ((1.6 ± 1.1) × 10−5)Σ1.96±0.18
H2 , (19)

which is steeper than the relation found for CO(1 → 0) com-
plexes. At these smaller scales, the ΣSFR–ΣH2 relation shows
higher scatter due to local variations of the SFR and molecular
gas densities. The distribution of points is centered on a molec-
ular gas depletion time ∼1 Gyr, and shows differences of more
than two orders of magnitude in ΣSFR between the lowest and
highest gas surface density extremes.

4.5.2. ΣSFR versus ΣH2 Using Apertures

By calculating the SFR inside the complexes or clouds, we
are estimating the star formation activity directly associated with
these structures. Thus, we may be missing some SFR activity
nearby to the molecular gas considered in our calculations. In
order to estimate how the relation between ΣSFR and ΣH2 changes
when we use larger areas than individual clouds or complexes,
we have taken an aperture like approach. The idea is to obtain
the enhancement in star formation activity associated to the
region surrounding the molecular gas clouds or complexes, in
contrast to the SFR estimated inside the clouds calculated in
Section 4.5.1.

Along with the SFR and molecular gas surface densities
calculated inside the structures identified by CPROPS, Figure 10
shows the ΣSFR and ΣH2 values calculated over circular apertures.
These apertures have a radius of 15′′ (400 pc), and are centered
on the centroids of the CO(1 → 0) complexes, or at the pointing
center of the fields observed for CO(2 → 1) (red squares). We
observe that using 400 pc apertures, the ΣSFR–ΣH2 relation does
not change significantly with respect to the relation found for
individual clouds or complexes. In the case of apertures in the
CO(1 → 0) map, there are a few points with ΣH2 ∼ 10 M# pc−2,
but with SFR comparable to other regions with molecular gas
several times larger. Those regions correspond to complexes
relatively isolated from the main spiral arm structures, with
moderate star formation activity, and less extended molecular
gas than SFR tracers. By taking averages over large scales, while
the molecular gas surface density decreases, the ΣSFR remains
roughly constant. On the other hand, apertures calculated over
CO(2 → 1) fields (11 in total) roughly follow the relation found
for individual clouds, although the points tend to lie to the left
of the best-fitting relation.
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Summary	
  
•  Our	
  CARMA+NRO	
  survey	
  of	
  nearby	
  galaxies	
  enables	
  resolved	
  
measurements	
  of	
  GMCs	
  in	
  galaxies	
  outside	
  of	
  the	
  Local	
  Group	
  	
  
•  GMCs	
  are	
  similar	
  with	
  Xco	
  within	
  a	
  factor	
  of	
  2	
  of	
  the	
  MW	
  value	
  
•  No	
  dependence	
  on	
  environment	
  or	
  radius	
  is	
  observed	
  	
  

	
  
•  The	
  excitaYon	
  state	
  of	
  the	
  gas,	
  traced	
  by	
  CO(2-­‐1)/CO(1-­‐0)	
  
raYo,	
  is	
  higher	
  on	
  the	
  leading	
  edges	
  of	
  spiral	
  arms	
  (0.8-­‐1.0)	
  
than	
  in	
  the	
  interarm	
  regions	
  (0.4-­‐0.6)	
  in	
  M51	
  
•  Average	
  over	
  whole	
  disks	
  is	
  ~0.7,	
  but	
  varies	
  with	
  environment	
  
•  Has	
  implicaYons	
  for	
  constraints	
  of	
  Xco	
  and	
  DGR	
  using	
  CO(2-­‐1)	
  

•  Star	
  formaYon	
  law	
  consistent	
  with	
  slope	
  N	
  =	
  1.3	
  


