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ABSTRACT

We present ‘‘ on-the-fly ’’ maps of CO (1–0) and CO (2–1) in the barred spiral galaxy M83. The entire opti-
cal disk is filled with CO emission in both lines, including interarm regions. For a ‘‘ standard ’’ conversion fac-
tor the total molecular mass is 2:5� 109 M�, 4% of the total dynamical mass. Molecular gas constitutes 80%
of total gas mass within the inner 100 and 30% overall. CO (1–0) emission and 21 cm continuum emission are
extremely well correlated spatially in regions where H2 dominates the gas surface density. The spatial correla-
tion between CO (1–0) and 100 lm emission is not as good. While the kinematics of the outer H i disk is
severely nonaxisymmetrically perturbed, the kinematics of the CO disk and inner H i disk is well behaved and
circular. The molecular disk appears to have a distinct hard edge at 50. The hard edge is accompanied by a
steep decline in the total gas surface density at that radius, although the H i does continue outward at a lower
level. This edge is coincident with the onset of strong warping of the outer disk. The mean ratio of CO (2–1)/
CO (1–0) emission is �1, high by Galactic standards. Peaks in this ratio in interarm regions suggest that the
CO emission is optically thin there, among other possibilities. Thus, M83 is unusual in that it has a relatively
axisymmetric, almost entirely molecular, inner 100 gas disk surrounded by a warped, entirely atomic, outer
gas disk. A sharp discontinuity separates the inner and outer gas disks. This kind of gas distribution is not
seen in other late-type, gas-rich spirals.

Key words: galaxies: individual (M83, NGC 5236) — galaxies: ISM — galaxies: spiral —
galaxies: structure — ISM: molecules

1. INTRODUCTION

Study of molecular gas in galaxies is difficult since one
cannot detect cold H2 directly. Instead, the brightest molec-
ular lines of CO are used as a proxy. CO emission is weak in
other galaxies, and few fully sampled images of CO emission
in galaxies exist. Early studies established that CO emission
is strongest in the central regions of spiral galaxies (Young
& Scoville 1991 and references therein); that it falls off, as
does blue light, in a near exponential manner with galacto-
centric distance (Young & Scoville 1982); that it is present in
early- as well as late-type spirals (Young et al. 1995); and
that it is less abundant in dwarf or low-metallicity galaxies
(Sage et al. 1992). Similar behavior is inferred for H2. While
the general radial dependence is well studied, the lack of
fully sampled images means that the axisymmetric distribu-
tion of H2 is poorly known, as is its relation to the atomic
component.

As part of a program of deep mapping of CO in
nearby galaxies, we have observed the nearby galaxy
M83 (4 Mpc; de Vaucouleurs 1979). M83 is a nearly
face-on, gas-rich SBc spiral galaxy with a starburst
nucleus (Rieke 1976; Bohlin et al. 1983; Trinchieri, Fab-
biano, & Paulumbo 1985; Turner, Ho, & Beck 1987; Tel-
esco, Wolstencroft, & Done 1988; Turner & Ho 1994). It
has a pronounced bar and thick spiral arms with well-
defined dust lanes and vigorous star formation (Rumstay
& Kaufman 1983; Handa et al. 1990; Wiklind et al. 1990;
Lord & Kenney 1991; Kenney & Lord 1991; Tilanus &

Allen 1993; Deutsch & Allen 1993; Rand, Lord, & Hig-
don 1999). The atomic hydrogen (H i) gas disk of M83 is
over 1� in diameter (Huchtmeier & Bohnenstengel 1981).
The H i velocity field indicates a severe warping of the
outer gas disk, possibly due to an interaction with the
dwarf galaxy NGC 5253 (Rogstad, Lockhart, & Wright
1974) located at a projected distance of 200 kpc. The cen-
tral 100 of the H i disk shows spiral arms coincident with
the optical pattern and a central depression within the
inner 20 (Tilanus & Allen 1993).

Numerous studies have covered specific aspects of the CO
in M83: arm and interarm molecular clouds in the south-
eastern portion of the optical disk (Wiklind et al. 1990);
molecular gas in the eastern arm (Lord & Kenney 1991;
Rand et al. 1999); molecular gas at the bar–spiral arm tran-
sition (Kenney & Lord 1991); the bar and nucleus (Handa et
al. 1990); the nucleus (Combes et al. 1978; Petitpas &Wilson
1998). However, M83 has never been fully mapped in CO,
perhaps because of its southerly location. While a piecewise
picture of CO inM83 has emerged, the overall COmorphol-
ogy ofM83 is not well known.

We present maps of CO (1–0) and CO (2–1) covering the
140 � 140 optical disk of M83. We have taken advantage of
the ‘‘ on-the-fly ’’ (OTF) observing mode at the NRAO1

1 The National Radio Astronomy Observatory is a facility of the
National Science Foundation operated under cooperative agreement by
Associated Universities, Inc.
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12m telescope, where the telescope smoothly and repeatedly
scans a large field. This mode is well suited to the imaging of
extended cold, CO gas. The maps are deep enough to detect
cold, extended interarm CO (1–0) to levels of ICO � 1 K km
s�1 and NH2

� 2� 1020 cm�2. Observations of CO (2–1)
allow us to study the excitation of the gas.We combine these
maps with archival data in order to study the total neutral
gas distribution across the disk and its relation to the stellar
disk.

2. OBSERVATIONS AND DATA REDUCTION

2.1. 12mCOObservations

Observations of CO (1–0) at 115 GHz and CO (2–1) at
230 GHz were made at the former NRAO 12 m telescope at
Kitt Peak, on separate observing runs between 1995 Febru-
ary and 1998 March. An equivalent of �40 hr of on-source
observing was accumulated for each CO line. Calibration
was done by the chopper wheel method (Ulich & Hass
1976). We convert the recorded T�

r values (Kutner & Ulich
1981) to main-beam temperature, Tmb ¼ T�

r =��m, using cor-
rected main-beam efficiency, ��m ¼ 0:88� 0:04 at 115 GHz
and ��m ¼ 0:56� 0:06 at 230 GHz (Mangum 1996b, 1997).2

We report TCO ¼ Tmb throughout this paper. The filter-
bank spectrometer was configured for 2 MHz channel
widths with 256 total channels, producing spectral channels
of a 5.2 km s�1 width at 115 GHz and 2.6 km s�1 at 230
GHz. The total bandwidth of 512 MHz was tuned to a sys-
temic velocity (LSR) of 510 km s�1.

The OTF observing mode was used (Mangum 1996a).3

Scanning rates between 3000 and 4000 s�1 and scan row spac-
ings of 1800 at 115 GHz and 800 at 230 GHz were selected to
ensure better than Nyquist sampling over the 180 � 180

region. The beam size (FWHM) of the 12 m telescope is 5500

at 115 GHz and 27>5 at 230 GHz. Chopper wheel calibra-
tion and sky-offs were made every two rows. The initial 16
individual 115 GHz OTF maps covered a 100 � 100 region
centered on the nucleus. The initial map was supplemented
by 10 OTF maps of strips extending the mapped region out
another 40 along each side. The strips were mosaicked along
with the interior map to form the final 180 � 180 and com-
bined with an additional 11 OTF maps made of the larger
region to form the 115 GHz maps presented here. The rms
noise level was reduced by averaging the individual OTF
maps made at 115 GHz. The 230 GHz OTF maps were all
made at the larger mapped region size, and 15 were aver-
aged to reduce the rms noise level.

The OTF data were reduced using the NRAOAIPS pack-
age. A linear spectral baseline was removed in each spec-
trum. A linear baseline was removed from each row of the
channel maps (assuming that there is no CO emission
present in the first and last few pixels of a scanned row) to
reduce the ‘‘ striping ’’ effect in the scan direction due to sky
brightness fluctuations between successive off positions,
typically 1 minute apart. Sky brightness fluctuations on
timescales shorter than the chopper wheel calibration are
not calibrated and are thus present in point-by-point, sin-
gle-dish maps. However, OTF data, which contain images
of sky regions, allow us to estimate the scale of these fluctua-

tions and partially correct for them. To quantify the magni-
tude of the sky brightness variations, we measured the rms
variation in the channel maps before and after ‘‘ destriping.’’
Destriping improved the rms noise by 7 mK at 115 GHz and
22 mK at 230 GHz. Destriping may also remove some
extended low-level emission, but this consequence is
unavoidable with the present data. The mean rms noise
from fully reduced, line-free channels is Tmb ¼ 46 and 172
mK for CO (1–0) and CO (2–1), respectively. Sky brightness
fluctuations appear to be�10%–15% of the rms noise value.
The CO (2–1) channels were averaged to a 5.2 km s�1 chan-
nel width to improve the signal-to-noise ratio. The mean
rms noise in the averaged channels is Tmb ¼ 133 mK. The
estimated uncertainty due to uncertainties in the corrected
main-beam efficiency and sky brightness fluctuations gives
an overall uncertainty of�15% in Tmb.

While the main-beam efficiency at 115 GHz is high
enough to allow us to neglect the contribution from the
error beam, it is not obvious that the same can be said for
the CO (2–1) data. At 230 GHz, ��m � 0:56 and the peak
amplitude of the error beam is 0.3% of the main-beam peak
amplitude. Because the FWHM �8<5 of the error beam is
comparable in extent to the CO (2–1) emission, there is a
possibility of a significant contribution to the main-beam
temperatures from the error beam. We created a model of
several frames of the CO (2–1) emission ‘‘ butterfly ’’ pat-
tern, a model main-beam plus error-beam pattern, and con-
volved the two patterns. We found that the error beam can
contribute 0.1%–0.5% of the peak channel emission, 12 mK,
less than 10% of the rms noise in a CO (2–1) channel. The
contribution of the error beam is small because of the spatial
localization of signal in each spectral channel. The same
could not be said if this were a continuum map. We can
therefore safely ignore the contribution of the 230 GHz
error beam.

All of the detected CO emission was contained within a
120 diameter. While larger 180 � 180 regions were mapped,
the channel maps presented here were reduced in size to
focus on the detected emission.

The quality of the moment maps (integrated intensity
and intensity-weighted mean velocity) was improved by
using a mask to identify regions of noise within individ-
ual channel maps before the sum. We convolved the cube
to twice the nominal beam size and used emission greater
than 2 � in the convolved cube to construct a mask to
clip out regions of noise in the unconvolved cube. This
removes isolated, single-pixel noise spikes (less than 3 �)
in the unconvolved cube that might dilute the signal in
the integrated intensity and velocity maps. Peak intensity
(TCO) and integrated intensity (ICO) maps were made
from CO emission above 1 � in the masked, clipped,
channel cubes. A 1.2 � cut was used for mean velocity
and velocity dispersion maps.

The objective of these OTF observations was to map the
extent and structure of the H2 gas in M83. To do so we con-
vert from ICO toNH2

. We use the ‘‘ standard conversion fac-
tor,’’ XCO (Scoville & Sanders 1987; Young & Scoville
1991). This XCO is estimated to be accurate to a factor of 2
in the Milky Way disk (Solomon et al. 1987 and references
therein). XCO appears to underpredict NH2

in low-metallic-
ity galaxies (Verter &Hodge 1995; Arimoto, Sofue, & Tsuji-
moto 1996; Wilson 1995) and may overpredict NH2

in
galactic centers (Dahmen et al. 1998; Meier & Turner 2001).
Our derivedNH2

values within the disk ofM83 are estimated
2 Available at http://www.tuc.nrao.edu/12meter/obsinfo.html.
3 See note 2.
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to be accurate to within a factor of 2 in the disk, with higher
internal relative accuracy. The areas that are most uncertain
as a result of XCO are the central beam on the nucleus and
the outer edges of the map, which we discuss later. We will
adopt the standard conversion factor, XCO ¼ NH2

=
ICO ¼ 2� 1020 cm�2 (K km s�1)�1, of Strong et al. (1988)
throughout the remainder of the paper [although we note
that the most recent calibration by Hunter et al. 1997 finds a
mean XCO ¼ 1:6� 1020 cm�2 (K km s�1)�1 for the entire
Milky Way disk and XCO ¼ 2:7� 1020 cm�2 (K km s�1)�1

for the outer disk, R > R�]. Using this conversion factor,
ICO can be converted into molecular gas surface densities
via the standard conversion factor using �H2

M� pc�2ð Þ ¼
3:3ICO (K km s�1) including a correction for inclination,
with a systematic uncertainty of a about a factor of 2 in the
conversion to H2.

2.2. VLAH i, 21 cmContinuum, and IRAS Far-Infrared
Observations

We obtained archival VLAD and C array 21 cm observa-
tions of M83 (originally by Ondrechen & van der Hulst),
used in the H i study of M83 by Tilanus & Allen (1993). The
naturally weighted cube was corrected for primary beam
attenuation. The 4600 � 2600 VLA beam was convolved to a
5000 circular beam for comparison with our 12 m CO (1–0)
data. The same clipping procedure described for the CO
maps was used to construct the H i integrated intensity
map, from data greater than 0.0017 Jy beam�1 (1.2 �). Ab-
solute flux calibration uncertainty is on the order of the
uncertainty in the flux calibrator, less than 2%. Integrated
intensity was converted to H i surface density using
�H i ¼ 3:9 M� pc�2 Jy beam�1 km s�1

� ��1
IH i. To esti-

mate the amount of flux missing as a result of the lack of
short baselines (emission with size scales greater than 150),
we compare the total H i flux of 480 Jy km s�1 from our
VLA map to the H i flux of 1076 Jy km s�1 from a Dwinge-
loo 25 m single-dish spectrum of M83 (Tilanus & Allen
1993) whose beam matches the primary beam of our VLA
map. This indicates that 60% of the H i emission may be
missing from the VLA map. From comparisons to IH i

con-
tours in the large (1000) H i map made with the Effelsberg
100 m telescope (Huchtmeier & Bohnenstengel 1981) as well
as to the Dwingeloo spectrum, we obtain an estimate of
2� 0:5M� pc�2 for the mean missing H i surface density of
features greater than 150 in the inner 200 disk of M83, or
roughly 2 times the lowest contour in the gas surface density
map we present.

A 21 cm continuum map was made by averaging the off-
line channels (prior to continuum subtraction). The result-
ing 21 cm continuum map has an rms noise level of 0.7 mJy
beam�1.

High-resolution (HiRes) 60 and 100 lm IRASmaps were
obtained from IPAC.4 The enhanced resolution images were
produced by 200 iterations of the maximum correlation
method. The effective beam is 4100 � 3100, P:A: ¼ 119� for
the 60 lm map and 6500 � 5400, P:A: ¼ 121� for the 100 lm
map. The 1 � noise is 0.8 MJy sr�1 in the 60 lmmap and 0.9
MJy sr�1 in the 100 lmmap.

3. IMAGES OF M83 IN CO: THE MOLECULAR GAS

3.1. CO (1–0)Maps

The 36 channels with CO (1–0) line emission are displayed
in Figure 1. The CO (1–0) channel maps show the butterfly
pattern of emission expected for a differentially rotating
disk. High-velocity gas is seen at the nucleus in all the chan-
nels, extending over 180 km s�1 (425 km s�1 corrected for
inclination; see x 5).

The disk of CO emission inM83 extends to a radius of 5<5
(6.4 kpc), as shown in the maps of integrated intensity,
I10 ¼

R
T10 dv, and peak main-beam brightness tempera-

ture, T10 (Fig. 2). While I10 represents the total emission at
all velocities, T10 is in part a measure of the areal filling fac-
tor for the CO (1–0) emission in the beam. Both maps show
the same features: a bright nucleus, a bar roughly oriented
northeast to southwest, and spiral arm structure that starts
at the ends of the bar. While 5500 resolution prevents us from
separating arm from interarm CO in the innermost regions
of the disk, beyond a 30 galactic radius interarm CO can be
distinguished. It is clear that the entire inner 110 diameter
optical disk ofM83 is filled with CO-emitting gas.

M83 is known for its prominent bar. The 60 long (7 kpc)
bar in M83 is also readily apparent in the CO maps. Local
maxima in T10 are present at the ends of the bar, 0.63 K at
the eastern end and two 0.73 Kmarginally resolved peaks at
the western end. Multiple peaks at the western end of the
bar were also seen in higher resolution interferometric maps
(Kenney & Lord 1991). The mean I10 for the clump at the
western end of the bar is 28 K km s�1 (�H2

¼ 92 M� pc�2),
and it contains 9:1� 107 M� of H2 gas. The clump at the
eastern end of the bar has I10h i ¼ 22 K km s�1 (�H2

¼ 78
M� pc�2) and contains 7:8� 107 M� of H2 gas. Throughout
the bar region, I10 > 17 K km s�1 (�H2

> 55 M� pc�2) and
T10 > 0:36 K. The contrast in ICO between the bar and loca-
tions 10 off the bar is�2.2.

Spiral arm structure beyond the bar is apparent in the
broad, inverted ‘‘ S ’’ pattern. Along the spiral arms both
ICO and T10 are a factor of 3 lower than in the bar. There is
an underlying smooth disk of CO (1–0) emission with I10 on
the order of 3 K km s�1 (�H2

� 10M� pc�2). Interferometer
maps covering the eastern spiral arm (Rand et al. 1999)
show a series of clumps of CO emission along the eastern
arm with masses similar to those of large Galactic giant
molecular clouds (GMCs) or small Galactic giant molecular
associations (GMAs). While the interferometric CO arms
are relatively narrow, �2000 wide, we find that the interfero-
metric arms recover only�5% of total CO flux in a 10 single-
dish beam. Rand et al. (1999) note that molecular gas in
M83 may be widespread on scales similar to that of the
spiral arms and the galaxy itself, and we confirm this
conjecture.

M83 is also known for its bright starburst nucleus, which
shows up prominently in our CO maps (Rieke 1976; Bohlin
et al. 1983; Trinchieri et al. 1985; Turner et al. 1987; Turner
& Ho 1994). The nucleus has a peak value of I10 ¼ 76 K km
s�1 or �H2

¼ 250 M� pc�2 (corrected for inclination). For
the 1.2 kpc nuclear region (the 5500 beam centered on the
nucleus) we find a mean I10h i ¼ 76 K km s�1 (�H2

¼ 250
M� pc�2) and T10 ¼ 0:89 K, and it contains a total molecu-
lar mass of 2:5� 108 M�. This mass is twice the value found
by Handa et al. (1990), 1:3� 108 M�, adjusted for XCO and
distance for a 3000 diameter region centered on the nucleus
using the Nobeyama Radio Observatory (NRO) 45 m tele-

4 A description of IRASHiRes reduction is available at
http://www.ipac.caltech.edu/ipac/iras/toc.html.
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scope with a 1600 beam. From this we infer that 50% of our
nuclear mass value is contained within the central 30% of
our 5500 beam. Converting our total observed I10 into a total
molecular mass, we obtain MH2

¼ 2:5� 109 M� for the
total molecular mass of M83, uncertain by a factor of 2 as a
result of the uncertainty inXCO.

3.2. CO (2–1)Maps

The 36 channels containing CO (2–1) line emission are
displayed in Figure 3. The emission patterns for CO (2–1)
are generally the same as that of CO (1–0), with the factor of
2 difference in spatial resolution accounting for most of the
difference. Like CO (1–0), high-velocity gas is present at the
nucleus, spread across nearly all the channels of the butter-
fly pattern.

The integrated intensity (I21 ¼
R
T21 dv) and peak main-

beam brightness temperature (T21) maps are shown in Fig-
ure 4. Taking into account differences in beam size, the CO
(2–1) maps look very much like the CO (1–0). This is some-
what surprising. We might expect the interarm component
of molecular gas to be colder than arm gas, and not as bright
relatively speaking in CO (2–1). The fact that CO (2–1) is
nearly as bright suggests that the temperature of the inter-
arm gas is fairly warm, warmer than�4–7 K (x 7).

In CO (2–1) the nucleus and bar are readily seen against
an underlying disk of emission. The bright nucleus of M83
is again prominent in the I21 map with a peak value of
I21 ¼ 133 K km s�1 (the peak T21 is 1.8 K). The bar is traced
by the 0.53 K contour in the T21 map and the 20 K km s�1

contour in the I21 map. Contrast between the bar and the
smoother disk 10 off the bar, �2.5, is similar to the CO (1–0)
contrast. Local maxima with T21 ¼ 1:2 K are again seen at
the ends of the bar. The peak I21 is 38 K km s�1 at the west-
ern end of the bar; it is 33 K km s�1 at the eastern end.

CO (2–1) emission in M83 extends to a radius of 40 (4.7
kpc) nearly as far as does CO (1–0). Spiral arms are seen in a
broad, inverted ‘‘ S ’’ pattern in the CO (2–1) maps. The
temperature of the disk of CO (2–1) emission is relatively
uniform, T21 � 0:4 0:5 K. Not only is there a substantial
interarm CO (1–0) component in M83, but we confirm the
existence of substantial interarm gas with the higher resolu-
tion CO (2–1) data as well.

4. THE TOTAL NEUTRAL GAS DISK OF M83

4.1. H2 andH i Surface Density

M83 is a molecular gas-rich galaxy. The inner 110 (13 kpc)
of M83 is dominated by H2. At 2:5� 109 M�,MH2

is 6% of
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the dynamical mass of M83 over the same region. This is 3
times the mean MH2

/Mdyn for the region containing H2 in
spiral galaxies found by Sage (1993). The mass of H i in the
inner 100 diameter, roughly the extent of the optical disk, is
5:1� 108 M� (without a correction for undersampled flux),
20% of the H2 mass we have obtained from CO. For the
entire 470 extent of the M83 disk, the total H i mass is
6:2� 109 M� (Huchtmeier & Bohnenstengel 1981, cor-
rected for distance); 30% of the total gas disk mass is molec-
ular. This is consistent with the findings of Young &Knezek
(1989), who find MH2

/MH i
to be a strong function of Hub-

ble type.
Spatial distributions of CO and H i are compared in Fig-

ure 5. The H i emission has a small 20 central hole. The H i

hole is filled with CO emission. However, aside from a gen-
eral radial trend for the inner disk gas to be molecular rather
than atomic, the H i and CO are actually well correlated
outside of the central hole. A pattern of H i/CO spiral arms
begins at the leading ends of the CO bar (assuming trailing
spiral arms). The H i/CO arms bifurcate at these points with
one arm at a low pitch angle (�10�) and the other arm
extending radially outward �20 before assuming a pitch
angle similar to the other arm. At a radius of 4<5 (5 kpc),
roughly the optical extent, emission levels of both CO and
H i fall off sharply and the well-defined gas spiral arm pat-
tern terminates. This sharp gas transition is coincident with
the onset of significant warping of M83’s disk (Rogstad et
al. 1974). Disk H i emission continues to larger radii but at
emission levels reduced by an average factor of �3.5 com-
pared to the mean of the inner disk.

Figure 6 is a false color image of H i and CO emission in
M83. The color balance is set so that the regions of overlap
of the H i (red ) and CO (green) are orange at a column den-
sity of NH2

� 2:5NH i � 2� 1021 cm�2. The CO bar region
is enhanced by including a blue channel for NH2

> 4� 1021

cm�2. The striking points about this image are (1) the size-

able CO/H i overlap region, (2) the sharp falloff in both CO
and H i at 60 (7 kpc), and (3) the intricate ringlike structure
of the atomic disk beyond 60.

The total neutral gas surface density map,
�gas ¼ 1:36 �H i þ �H2

ð Þ (corrected for inclination), is pre-
sented in Figure 7 in gray scale and contours. �gas varies
from a peak, 340 M� pc�2, at the nucleus out to less than 1
M� pc�2 at the extremities of the H i disk. Molecular gas
dominates �gas (�H2

> 5�H i) in the inner 90 gas disk, where
�gas > 10M� pc�2.

Azimuthally averaged H2, H i, and neutral gas densities
as a function of galactic radius are shown in Figure 8. H2

and H i reach equal surface density at a radius of 50 (6 kpc),
at the radius of the sharp falloff in gas surface density.

4.2. CO, Gas, and Star Formation Tracers:Morphology
Comparisons

As the precursor to star formation, CO should be strongly
correlated with tracers of ongoing formation of massive
stars. Blue optical images trace the locations of recent mas-
sive star formation. Far-infrared (FIR) emission traces dust
heated by the interstellar radiation field from predomi-
nantly young blue stars in its proximity. On these size scales
one might thus expect to see a correlation of FIR and CO
emission. The 21 cm continuum is a tracer of nonthermal
emission from relativistic electrons accelerated by super-
nova remnants (SNRs), an end state for the short-lived mas-
sive stars that early on caused the FIR emission.

R. Tilanus kindly provided a B-band optical image that
we compare to the CO (1–0) emission in Figure 9. Inside
corotation (R � 2<4, 3 kpc; Kenney & Lord 1991), knots of
blue emission outline the leading edge of the CO bar and
arms. Clumps of CO emission lie at the ends of the optical
bar. It is tempting to interpret this pattern of emission at the
ends of the bar in terms of the model for orbit crowding and
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Fig. 2.—CO (1–0) integrated intensity and peak intensity maps for M83. (a) CO (1–0) integrated intensity map. Gray scale ranges from 0 to the peak map
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shock focusing presented by Kenney & Lord (1991). While
the CO emission generally follows the blue light pattern, the
ratio of ICO to blue optical emission increases by a factor of
8 from the highest to the lowest ICO regions. This anticorre-
lation is consistent with findings of Sage & Solomon (1989),
who find blue light to be an unreliable tracer of recent star
formation due to extinction.

The locations of H ii regions, from H� observations
(Rumstay & Kaufman 1983), relative to the CO disk are
shown in Figure 10a. While the H� extinction is high in
M83 as a result of a uniform screen of dust, the apparent
distribution of H� emission is not a result of differential
extinction across bar and arm features in M83 (Rumstay &
Kaufman 1983; Lord & Kenney 1991; Tilanus & Allen
1993; Rand et al. 1999). The leading edge of the CO bar and
spiral arm pattern is traced by the H ii regions, like the blue
light. This is consistent with a general scenario in which gas
flows into the trailing bar/arm pattern (clockwise for M83)
and accumulates molecular gas in the bar/arm potential
well, causing elevated star formation as a temporally and
spatially delayed product as material moves through the

bar/arm pattern. There is no clear correlation between the
number density of H ii regions and I10 on these size scales.
There are regions of significant CO but little H�
(� ¼ 13h37m5s, � ¼ �29�530) and regions with H� and little
CO (� ¼ 13h36m55s, � ¼ �29�480)! The density of H ii

regions relative to I10 appears to be higher along the outer
arm pattern than along the bar itself, although this may be
due to extinction of H� along the gas-rich bar.

An excellent morphological correlation between 21 cm
continuum and CO (1–0) emission in M83 is seen in Figure
10b. This kind of correlation is also seen in IC 342
(Crosthwaite et al. 2001). We might nominally expect the
radio continuum to be more closely associated with the pat-
tern of H ii regions seen in Figure 10a, in effect tracing the
location of recent, short-lived, massive star formation, the
source of cosmic-ray electrons that produce nonthermal
continuum. However, the 21 cm continuum contours clearly
show a better correlation to the molecular gas. This correla-
tion underscores the importance of gas density and associ-
ated magnetic fields in the extraction of synchrotron
emission from cosmic rays that diffuse from their source
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with a characteristic �1 kpc scale length (Bicay, Helou, &
Condon 1989; Bicay & Helou 1990; Helou & Bicay 1993).
However, the separation between the major axis of the CO
bar and the ridge of H ii regions is less than the CO beam-
width, and the lack of a CO/21 cm offset may be due to the
10 resolution data used in the comparison.

Another explanation for the correlation of CO and 21 cm
continuum is the heating of molecular clouds by cosmic rays
(Adler, Allen, & Lo 1991; Allen 1992; Suchkow, Allen, &
Heckman 1993). Our observations are consistent with this
scenario.

CO and FIR comparisons are shown in Figures 10c and
10d. Given that the correlation of H ii regions and CO is
fairly good, we might expect to see similar correlations
between CO (1–0) and 100 lm FIR (Fig. 10c) as well as CO
(2–1) and 60 lm FIR (Fig. 10d), each pair respectively trac-
ing cooler versus warmer gas and dust.

Despite the expected correlation between molecular gas
and dust heated by ongoing star formation, CO and FIR
are not as well correlated as CO/21 cm continuum, particu-
larly along the bar. The lack of a good CO/FIR correlation
was also found by Sodroski et al. (1994) for the Galaxy.
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They suggest that atomic clouds contribute much of the
FIR emission. While the overall distributions of CO (1–0)
and 100 lm are similar, the 100 lm bar is conspicuously dis-
placed by �20� counterclockwise from the CO, with CO
along the leading edge of the bar (assuming a trailing spiral
pattern). This is also true of the total gas surface density.
The ridge of H ii regions seen in Figure 10a lies between the
major axes of the CO and 100 lm bars. A possible explana-
tion for the offset is that star formation from molecular

clouds is followed downstream by dust heating (and photo-
dissociation) from the radiation fields of the stars as gas
moves through the bar. The CO (2–1) emission and 60 lm
emission show a better spatial correlation without the offset,
perhaps because they preferentially trace a warmer compo-
nent of gas and dust. These correlations and displacements
do not disappear when the emission maps are convolved to
a larger beam (7000). While some distinct shifts are present in
Figure 10d, we are reluctant to attribute too much signifi-

Fig. 6.—ICO/IH i
comparison forM83. ICO is shown in green. ICO > 20 K km s�1 is also shown in blue in order to emphasize the molecular bar. IH i

is shown
in red. Regions of ICO/IH i

overlap, where the molecular and atomic gas phases are at surface densities of NH2
� 2� 1021 cm�2 and NH i � 8� 1020 cm�2,

appear in orange.
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cance to small displacements in the FIR because of the pos-
sibility of artifacts produced in the HiRes data reduction.5

The maps were convolved to a common 7000 beam size
and converted to Jy beam�1 units to form the radial plots in
Figure 11. The ratio of I10 to 21 cm continuum as a function
of galactocentric radius is shown in Figure 11a. Despite the
scatter (�10% dex), the ratio is relatively flat between 10 and
50, which is consistent with the excellent spatial correlation
seen in Figure 10b. The scatter is only marginally reduced
(�0.5% dex) when �gas instead of CO is compared to 21 cm
continuum (Fig. 11b). We do not get the large reduction in
scatter (�35% dex) that we see going from I10/21 cm to
�gas/21 cm in another starburst galaxy, IC 342 (Crosthwaite
et al. 2001). However, this is more a reflection of the domi-

nant presence of molecular gas in the inner 100 of M83 than
any breakdown in the excellent �gas/21 cm continuum
correlation.

The displacement of the CO and 100 lmbar is seen in Fig-
ure 11c as the larger scatter (times 1.5) compared to FI10/
F21 cm between 10 and 30. The ratios FI10/F100 lm and FI21/
F60 lm peak at�1<5 and decline at larger radii (Figs. 11c and
11d). The decline in FI10/F100 lm and FI21/F60 lm outside of
the inner 1<5 can be explained in terms of a decline in the
fraction of the interstellar medium (ISM) in molecular form
that falls from 90% at 1<5 to 20% at 50. Inside 1<5 we inter-
pret the declining ratios as indicating increased star forma-
tion rate per unit CO in the vicinity of the starburst nucleus.
In summary, we find that the best spatial correlation
between gas and a star formation tracer inM83 is found in a
comparison of �gas and 21 cm continuum; alternatively, I10
and 21 cm correlate well because the inner gas disk is pri-
marily molecular.
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5 See discussion of HiRes artifacts at http://www.ipac.caltech.edu/
ipac/iras/hires_artifacts.html.
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4.3. CO, Gas, and Star Formation Tracers: The Azimuthal
Distribution and the Spiral Pattern

To examine the relationship between the neutral gas com-
ponents and continuum emission in greater detail, we pro-
duced polar maps of various constituents that were
corrected to a face-on inclination. All the maps were con-
volved to match the CO (1–0) 5500 beam and are presented in
Figure 12, with north at 0� azimuth increasing azimuthally
counterclockwise.

The molecular bar is apparent in all the polar plots, and
especially in CO (Fig. 12a), with the exception of H i (Fig.
12b). The eastern portion of the bar begins at � � 40�, and
the western portion is at � � 220�. The bar is asymmetric
and extends to an �2<5 (3 kpc) radius. A clump of strong
emission at the western end of the bar (R � 1<7, � � 250�)
appears in all constituents, including H i. Local maxima
occur at both ends of the bar (R � 1<7, � � 70� and 250�) in
the 21 cm (Fig. 12e) and 60 lm (Fig. 12f ) maps.

The complex, bifurcating, spiral arm pattern in M83 is
also evident in Figure 12. Two spiral arms appear to start at
the ends of the bar (R � 2<2, � � 75� and 250�), and they
wind through 40� in azimuth at a high pitch angle, extending
out to 50 (� � 110� and 290�). A second pair of lower pitch
angle arms start at the ends of the bar (R � 1<8, � � 80� and
275�) and wind through 70� in azimuth, bifurcating at
R � 2<5, � � 150� and 330�, where the pitch angle then
increases for each of the new arms. This outer gas arm struc-
ture is most easily seen in the H i plot (Fig. 12b). Spiral arm
structure is only faintly traced in the diffuse 21 cm contin-
uum plot and the patchy 60 lm plot (Figs. 12e and 12f ).

While the global morphology of the bar and arms on kilo-
parsec-sized scales is similar for CO, H i, and stars, the emis-
sion patterns are not necessarily coincident. To quantify
offsets, slices through polar plots between R ¼ 1<5 and 50 in

0<5 increments were made and are presented in Figure 13.
These slices correspond to the brightness at a fixed radius as
a function of azimuth, �. There are roughly 10 independent
beam elements spread across 360� in azimuth at R � 1<5
changing linearly to 34 independent beams at R � 50.
Although M83 is a strongly barred galaxy with a well-
defined structure, it is not easy to trace spiral structure in
the gas. We are hampered by large beams. The correlations
between the emission profiles are not always clear. Some-
times the blue optical profile leads the CO, sometimes it is
coincident. Sometimes there are multiple blue peaks on
either side of a CO or H i feature (see theR � 50 plot). In the
R � 2<5 plot, the blue arm at � � 50� is split into two with
all the other tracers coincident, while the arm at � � 275�

has a leading blue profile. Nevertheless, some trends are
evident.

The 1<5 and 20 azimuthal profiles are dominated by the
bar structure in M83. Gas along the bar will enter the bar
pattern from the left in these plots. CO peaks at the optical
bar or upstream from it. The H i and 21 cm continuum fol-
lows the CO although the H i is more extended, with emis-
sion appearing upstream as well as on the bar arm.
Asymmetries between the eastern and western ends of the
bar appear in all the emission profiles.

The emission at 2<5 and 30 begins to show the effects of the
bifurcating arm pattern. CO and H i profiles generally fol-
low each other with the 21 cm continuum reflecting a combi-
nation of both. At R � 2<5 the CO, H i, and 21 cm profiles
are still offset to the concave side of the optical spiral arm
pattern by � � 10� 20�, indicating that the gas is still inside
of the corotation radius at R � 2<5, since the gas is ‘‘ catch-
ing up ’’ with the spiral density wave (beyond the corotation
radius, gas will be passed by the spiral pattern). These offsets
begin to disappear by R � 30, suggesting that the corotation
radius may be close to R � 30 (3.5 kpc), consistent with the
2<4 (3 kpc) value cited by Kenney & Lord (1991).

Between 3<5 and 50 radius, on scales of � � 10�, CO and
H i appear upstream and downstream of the optical arms,
on the optical arms or at a minimum on the arms, with no
clear pattern of offsets. Moreover, 21 cm continuum still
appears to follow the total gas pattern. By 4<5 the optical
arm pattern is two armed, although these arms are asym-
metric, with a narrow northern feature at � � 270� caused
by the large northern clump.

Throughout these profiles we are able to identify distinct
patches of interarm CO in the minima of the optical profile.
Prominent examples are (1) in the 2<5 slice at � � 140� and
310� (NH2

¼ 20� 1020 and 29� 1020 cm�2, respectively)
and (2) in the 40 slice at � � 50�, 230�, and 295�

(NH2
¼ 7� 1020, 8� 1020, and 13� 1020 cm�2, respec-

tively). These all represent greater than 5 � detections in the
ICO map and are separated from optical peaks by over one
beamwidth.

4.4. AComparison to the Barred Spiral Galaxies, IC 342,
and the Galaxy

We made a similar neutral gas map for the weakly barred
Scd galaxy, IC 342 (Crosthwaite et al. 2001). Both M83 and
IC 342 have extensive H i disks, 800 and 900 in diameter on
the sky, respectively (Huchtmeier & Bohnenstengel 1981;
Rots 1979). Both galaxies have observed CO disks signifi-
cantly smaller than their H i diameters, on the order of
10%–15%. The decrease in H i column density in the center
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2

Fig. 8.—Surface density vs. radius inM83. Plotted are�H2
derived using

a constant, standard conversion factor; �H i
from the observed emission;

the total gas surface density increased by a factor of 1.36 to include the He
content; and the total gas surface density including an estimate of the miss-
ingH i flux. All have been corrected for inclination (25�).
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of these galaxies, their H i ‘‘ holes,’’ occurs at similar radii, 3
kpc (50) in IC 342 and 2.5 kpc (20) in M83. Their H2 disks
have roughly the same radii, 5–6 kpc. Their D25 optical
diameters are 13 kpc (11<2) forM83 and 10 kpc (17<8) for IC
342 (de Vaucouleurs, de Vaucouleurs, & Corwin 1976)
(although IC 342 is in the plane of avoidance, and its unex-
tincted optical diameter may actually be larger).

Much of the similarity ends here. IC 342 (Scd) has a
smaller fraction of molecular gas than the earlier type M83
(SBc): the total molecular mass of IC 342, MH2

¼ 7� 108

M�, is only 25% that of M83, while they have similar
dynamical masses. IC 342 also has less atomic gas: the total
H i mass of IC 342 is 30% that of M83’s H i mass. These
results are consistent with the findings of Young & Knezek
(1989), Sage (1993), and Young et al. (1995) that early-type
spirals tend to have higher MH2

/MH i
. The diameter over

which �H2
> 10 M� pc�2 is 10 kpc for M83, nearly twice

that of IC 342 (6 kpc), while their optical diameters are
nearly the same. In M83, �H2

falls rapidly to 1 M� pc�2 by
R � 6 kpc (5<3), a radial span of 1 kpc. The decline is more
gradual in IC 342, occurring over a radius of 2.5 kpc, reach-
ing 1M� pc�2 at 80 (5 kpc). The mean surface density at the
nucleus of M83 is 50% higher than in IC 342, despite the
smaller linear scale for the 10 beam on IC 342. The mean sur-
face density for the disk of IC 342, outside the 10 nucleus, is
half the value of M83, which is 26M� pc�2. M83 has a more
massive, hard-edged, molecular disk than IC 342. Perhaps
this is related to whatever disturbance caused the warped,
disturbed appearance of the outer H i disk of M83, which
may also be responsible for the nuclear starburst and the
bar.

It is also instructive to compareM83 to the Galaxy, which
is probably of SbHubble type. The total H2mass of the Gal-
axy andM83 is nearly the same. The H imass of the Galaxy
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is 75% that of M83, despite the fact that the Galaxy is �3
times more massive than M83 (Kulkarni & Heiles 1987;
Combes 1991; Young & Scoville 1991). The mean surface
density of nonnuclear H2 in M83 is 7 times that of the Gal-
axy (Scoville & Sanders 1987). M83 lacks the prominent H2

ring of �H2
found in the Milky Way (Clemens, Sanders, &

Scoville 1988), although the edge of the Galactic ring and
the edge of the CO disk inM83 are both at 6 kpc. The results
are consistent with findings that early-type spirals tend to
have higher MH2

/MH i
(Young & Knezek 1989; Sage 1993;

Young et al. 1995).
In short, M83 appears to be molecular gas-rich, even

more so than typical for its Hubble type. This distribution

and fraction of the gas disk in molecular form found inM83
are not found in the less strongly barred Scd galaxy IC 342.

5. THE GAS KINEMATICS OF M83

Intensity-weighted velocity maps for CO (1–0), CO (2–1),
and H i are presented in Figure 14. The ‘‘ spider ’’ pattern
characteristic of an inclined rotating disk can be seen in the
CO velocity maps and the inner 90 of the H i velocity map,
although both of the CO velocity maps show departures
from circular rotation.

At the edges of the CO (1–0) velocity map, the effect of
severe warping can be seen as a counterclockwise rotation
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0.6MJy sr�1.
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of the isovelocity contours. The H i velocity map outside of
the inner 90 contains even stronger signatures of severe
warping in the outer region (Rogstad et al. 1974). The warp-
ing of the H i layer starting where the stellar disk comes to
an abrupt edge is a common feature of warped galactic disks
(Sparke & Casertano 1988; Christodoulou, Tohline, & Stei-
man-Cameron 1993). Modeling has shown that the type of
warp seen in M83 can be caused by triaxial galactic halo if
the disk orbits the short axis of the halo and the core radius
of the halo is small relative to the disk scale length (Sparke
1984a, 1984b; Sparke & Casertano 1988).

The location of the bar should be reflected in the CO (1–
0) and H i intensity-weighted velocity dispersion maps (�CO,

�H i
) of Figure 14 because we expect streaming motions

along the bar as seen in IC 342 (Crosthwaite et al. 2001).
The bar in M83 is indeed traced by higher �H i

. The bar is
less apparent in �CO, although higher �CO values do appear
at the ends of the bar.

The pattern of higher �CO and �H i
perpendicular to the

bar major axis seen in Figure 14 is unexpected. This pattern
suggests that radial perturbations are present, since these
are more easily detected along the minor axis. Strong radial
gradients are not expected in this interarm region. To elimi-
nate any velocity artifacts resulting from our viewing angle,
we modeled the component of dispersion that is due to
galactic rotation within a 5500 beam. This component peaks
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Fig. 11.—Radial trends in the star formation tracers. (a) Ratio of CO (1–0) line emission to 21 cm continuum. (b) Ratio of total gas surface density,�gas, to
21 cm continuum. (c) Ratio of CO (1–0) line emission to 100 lm. (d ) Ratio of CO (2–1) line emission to 60 lm. The emission maps were convolved to a 7000

FWHMbeam size and clipped at a 4 � level prior to forming the ratios. The lm emission was converted to Jy beam�1 units and ICO to Jy beam�1 km s�1.
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at the nucleus (�11 km s�1), is near 0 km s�1 along the kine-
matic major axis (which is close to the bar major axis), and
is at an azimuthal maximum along the kinematic minor
axis. Because the rotation component is seen at low inclina-
tion and is subtracted in quadrature from the larger
observed component, removal of the dispersion component
due to galactic rotation in the beam does not significantly
change the velocity dispersion patterns shown in Figure 14.
The disturbed appearance of the H i isovelocity contours
caused by warping is echoed in the �H i

peaks seen in the
outer H i disk, another indication that the gas disk has been
severely perturbed.

All three [CO (1–0), CO (2–1), H i] of the dispersion maps
peak with �36 km s�1 (rms) at or near the nucleus and fall
rapidly outside of the nucleus to mean disk values on the
order of 10–15 km s�1. The similarity in the �H i

and �CO

over the inner disk implies that the molecular and atomic
gas phases are well mixed. This differs from the Galaxy in
which the mean �H i

is nearly twice the mean �CO (Malhotra
1994, 1995).

A Brandt model rotation curve was fitted to the inner
disk, cutting off the fit at the point where the warp begins.
Parameters for the Brandt model fit are listed in Table 1 and
are similar to those of Huchtmeier & Bohnenstengel (1981).
The Brandt model rotation curve fits to the CO and H i data
are shown in Figure 15. The inner 100 disk is neatly fitted by
a simple circular rotation model, despite the severe warping
so plainly evident for the outer disk. It would appear that
the inner disk has resisted distortion by whatever caused the
warping of the outer disk.

A velocity residuals pattern, obtained by subtracting the
model circular velocities from the observed velocity field,
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lacks a clear pattern of approaching-receding velocity arm
pairs in either the H i or CO data that might allow us to
locate the corotation radius using Canzian’s method (Can-
zian 1993; Canzian & Allen 1997). Tilanus & Allen (1993)
also failed to find streaming motions across spiral arms in
either H� or H i observations ofM83.

To summarize, the CO and H i kinematics of the inner 100

disk is consistent with an inner gas disk that is dominated by
themolecular gas. The same discontinuity in gas phase mov-
ing from molecular inner to atomic outer gas disk is seen in

the gas kinematics: rather normal isovelocity contours in
the inner 100 disk, in sharp contrast to the very disturbed iso-
velocity contours of the warped outer disk.

6. WHY DOES CO FALL OFF RAPIDLY AT A
RADIUS OF 50 IN M83?

M83 has a hard edge where CO emission disappears and
H i falls off steeply. The gas falloff happens to occur where
the nonaxisymmetric velocity disturbance of the warp

Fig. 13.—Azimuthal slices through polar plots, all at 5500 resolution, corrected to a face-on view of M83. North is located at � ¼ 0�, 360�, and � runs coun-
terclockwise from north. Rotation of the galaxy is left to right in the plots. In each case, the emission has been divided by the peak emission found in all the sli-
ces, so the various curves are normalized to this peak for each tracer. Slices were taken in increments of 0<5 between radii of 1<5–5<0, beyond which azimuthal
coverage in CO is incomplete. On this normalized scale the 1 � emission in the B-band profiles is less than 0.01 and 0.02 for the 21 cm continuum. The single
channel 1 � emission for the CO (1–0) profile is 0.01 and 0.02 for H i.
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shows up.What causes this hard edge? Is it a property of the
gas disk itself that is incidentally related to the warp? Or is it
a direct consequence of the warp?

It has been proposed that the ISM pressure, PISM, plays a
large role in determining the relative fraction of a cloud’s
mass that will be in molecular form (Maloney 1988; Elme-
green 1989), and according to Elmegreen & Parravano
(1994), there exists a Pmin below which cold, dense molecu-
lar clouds cannot form. Elmegreen (1989) derived an expres-
sion for the macroscopic midplane PISM from numerical
solutions to equations of hydrostatic equilibrium for a com-
bined gas and stellar disk:

PISM ¼ �

2
G�gas �gas þ �stars

�gas

�stars

� �
;

where �gas and �stars are the velocity dispersions of the gas
and stars, respectively. Without an accurate assessment of
the stellar contribution, we can only estimate the magnitude
of change inPISM at the edge of the CO disk. The gas surface
density falls by a factor of 10 from 4<5 to 5<5, a span of 1
kpc, while the optical flux (which we presume roughly traces
the stellar mass) falls by a factor of 2. For the Galaxy and
IC 342, �gas < �stars, limiting the contribution of the �stars

term (Malhotra 1994, 1995; Crosthwaite et al. 2001). There-
fore, PISM can be expected to fall by a factor of 20 (if stars
dominate the surface density) to 100 (if gas dominates; less
likely) over the same span, depending on the magnitude of
the stellar contribution. It is possible that a Pmin threshold is
crossed in this range of PISM, leading to the sudden disap-
pearance of molecular gas, and therefore CO, because of the

Fig. 13.—Continued
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falloff in total (H iþH2) gas surface density. This is quite
different from the spiral galaxy IC 342, where PISM appears
to fall off gradually over the 5 kpc radial range of the CO
disk (Crosthwaite et al. 2001) and a stellar disk that appears

to diminish slowly at radii greater than 7 kpc (Buta &
McCall 1999). There are locations in the outer H i disk,
R � 90 (10 kpc), where the �gas has the same magnitude as
the gas at the edge of the CO disk. In these locations the par-
tial pressure of the gas may be sufficient to promote the for-
mation of CO.

There is a distinct discontinuity in the H i radial velocity
field at the edge of the CO disk, the beginning of the warped
outer gas disk (Fig. 14e). This discontinuity could be accom-
panied by a kinematic shear capable of destroying margin-
ally bound H2 clouds that would be bound in an otherwise
unperturbed disk. The disruption of the molecular clouds
could leave them open to photodissociation from the inter-
stellar radiation field. This converted gas should show up as
H i, producing a smooth transition in the total gas surface
density. However, this is not seen. Instead we see local mini-
mum unlike the monotonically decreasing gas surface den-
sity seen in other spiral galaxies, like IC 342 (Crosthwaite et
al. 2001).

In summary, the sharp decline in CO emission at the
beginning of the warp appears to be related to the decline in
total gas surface density since they occur at the same loca-
tion. APmin threshold for the formation of molecular clouds
may be crossed at this radius inM83.

7. CO EXCITATION IN M83: DENSITIES AND
TEMPERATURES IN THE MOLECULAR GAS

A map of the ratio of the integrated intensities of the CO
(2–1) and CO (1–0) lines, r12 ¼ I21=I10, is presented in
Figure 16a. The ratio map was produced from greater than
3 � data after convolving the CO (2–1) channel cube to the
beam size of the CO (1–0) data. We estimate that the uncer-
tainties in r12 are on the order of 20%.

The bar and arm pattern is loosely traced by the r12 ¼ 1:2
contour. At the nucleus, along the bar and much of the
strong arm pattern r12 is 1. In the disk, outside of the bar, r12
spans a wide range, from the minimum, 0.4, to values
greater than 2. The mean r12 for the disk is 1:1� 0:2, signifi-
cantly higher than the 0.66 mean value for the Galactic disk
(Sakamoto et al. 1995, 1997). Wiklind et al. (1990) also
found high r12 values inM83.

In principle, r12 gives information on the excitation of the
CO emission, Tex, and the kinetic temperature, Tk. The
observed main-beam temperature at frequency � is related
to a Planck function, B�(Tex), by the areal beam filling fac-
tor, fa, and radiative transfer through an optical depth, 	�:

Tmb ¼ fa
c2

2k�2
B�ðTexÞ � B�ðTCMBÞ½ � 1� e�	�ð Þ;

which includes a correction for the cosmic microwave back-
ground contribution to the beam, B�(TCMB), at 2.73 K. If
we assume that fa is the same for both lines, both lines are
optically thick (	�41), and the emission can be character-
ized by a single Tex, we can naively derive Tex values for the
emission: r12 ¼ 0:8 corresponds to Tex ¼ 10 K, while
r12 ¼ 0:5 corresponds to Tex ¼ 3:5 K (r12 is not unity
because of the Rayleigh-Jeans correction for intensity).
Higher values of the ratio are typically found in the nuclear
regions of starburst galaxies where elevated star formation
heats the molecular gas, while values lower than 0.8 are typi-
cal of cold or subthermally excited (Tex < Tk) disk molecu-
lar clouds. Values of r12 > 0:8 indicate optically thin gas

TABLE 1

Global Properties of M83

Property Value

Hubble typea ................................. SBc

R.A. (J2000.0)b ............................. 13 37 00.8

Dec. (J2000.0)b.............................. �29 51 58

Distancec (Mpc) ............................ 4

vLSR
d (km s�1) ............................... 516

Inclinationd (deg) .......................... 25

Position angled (deg) ..................... 226

Vmax
d (km s�1)............................... 170

RVmax

d (arcmin).............................. 4.2 (7.3 kpc)

nd .................................................. 1.5

MH2
e (M�) .................................... 2.5� 109

MH i
(VLAmapR < 50) (M�)........ 5.1� 108

MH i
(total)f (M�) .......................... 6.2� 109

Mdyn
g (M�) ................................... 7.0� 1010

Note.—Units of right ascension are hours,
minutes, and seconds, and units of declination are
degrees, arcminutes, and arcseconds.

a Obtained from the NASA/IPAC Extragalactic
Database.

b Dynamical center based on fit of Brandt rota-
tion model.

c de Vaucouleurs 1979.
d Kinematic parameters from fit of Brandt rota-

tion model.
e Using the standard conversion factor, 2� 1020

K km s�1.
f Huchtmeier & Bohnenstengel 1981, adjusted to

4Mpc distance.
g Total dynamical mass based on Brandt model

fit parameters.
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Fig. 15.—Rotation curve for the inner disk of M83. CO and H i circular
velocities are plotted along with the adopted Brandt model rotation curve
originally fitted to H i 21 cm line observations ofM83.
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unless Tex > 10 K, unlikely outside of the nucleus on these
size scales.

At the bright CO nucleus, r12 � 1:0� 0:1. Wiklind et al.
(1990) found nuclear ratios of �1 with marginally higher
resolution Swedish-ESO Submillimetre Telescope (SEST)
observations. These ratios could imply Tex > 20 K, opti-
cally thick, molecular gas as suggested by Aalto (1994).
Tex > 20 K is reasonable for the nuclear region that has a
starburst. Petitpas & Wilson (1998) interpret the changes in
morphology between�1500 resolution observations (JCMT)
of CO (4–3) and CO (3–2) and other published high-resolu-
tion maps of CO (1–0) in the nucleus of M83 as resulting
from the depopulation of low-J states in hot gas.

Along the bar and arm regions (Fig. 16b), r12 is also
1:0� 0:2.Wiklind et al. (1990) found ratios of�1 in the lim-
ited arm region contained in their SEST map. The implied
Tex > 20 K for optically thick emission is much higher than
expected for regions outside of the nucleus. For compari-
son, in the Milky Way arms r12 � 0:73 (Sakamoto et al.
1995, 1997) with an implied Tex � 7 K, in agreement with
observed brightness temperatures (Scoville et al. 1987). A
value of 0.8, consistent with Tex � 10 K and similar to the
MilkyWay, is just consistent with our observations.

Possibly the most peculiar aspect of the ratio maps is the
wide range of r12 values found outside of the bar/arm pat-
tern (Fig. 16b). By comparison to Galactic interarm gas, we
expect to see r12 � 0:5 0:7, which corresponds to Tex in the
4–7K range for thermalized emission, and/or regions where
r12 < 0:6, indicating cold or subthermally excited molecular
emission (Sakamoto et al. 1997). Low values are indeed seen
in the outer disk of M83 particularly to the northwest and
southeast with some of the ratios as low as 0.5, which could
indicate 3.5 K molecular gas. However, a large fraction of
the interarm disk has r12 > 0:8. The standard interpretation,
based on optically thick thermalized CO, would indicate
much warmer (Tex > 10 K) molecular gas than would nor-
mally be expected in interarm gas of the outer disk. In addi-
tion, there are several interarm regions where r12 > 1:2.
High ratios, �1.8, for interarm gas were also found by

Wiklind et al. (1990) in the region southeast of the nucleus.
In our r12 map, high- and low-ratio regions are juxtaposed.
An experiment, using only greater than 4 � CO data,
resulted in a reduced radius for the ratio map, but the high/
low-r12 regions remained; the unusual ratios are not merely
a consequence of using low signal-to-noise ratio data.

Why do we see high ratios for molecular gas outside of
the nucleus? In particular, why are there widespread inter-
arm regions with r12 > 1? We consider four possible explan-
ations and their caveats:

1. The simplest interpretation is that the high-ratio CO
emission is optically thin. The high-r12 regions do tend to lie
along areas of low column density, and the anticorrelation
of r12 and NH2

is suggestive. For optically thin CO with
r12 � 1:3� 0:5, Tex � 7:5� 2:5 K. The mean I10 in these
regions is 5:4� 0:6 K km s�1, which corresponds to
NH2

� 3� 1ð Þ � 1019 cm�2 for optically thin gas, a factor of
40 down from values obtained using the standard conver-
sion factor. Once the contribution to the total hydrogen col-
umn density from H i is added to the optically thin NH2

, the
mean visual extinction through the neutral gas column is
found to be Avh i � 0:4� 0:2 mag (Frerking, Langer, &Wil-
son 1982). Because CO is self-shielding, for Av < 0:5 and
near-solar metallicities there is little CO (Tielens & Hollen-
bach 1985; Hollenbach, Takahashi, & Tielens 1991), imply-
ing that the filling factor of this gas is �50%. Optically thin,
kiloparsec-scale CO emission has not been detected in the
Galaxy, leading us to question whether this is what is
actually happening inM83. Wiklind et al. (1990) proposed a
two-component model that preserves the use of CO (1–0)
emission as a molecular mass tracer with XCO. Their solu-
tion suggests that 60% of the emission comes from overly
emissive, optically thin gas with Tex � 40 K and a filling fac-
tor of 0.8. The remainder comes from underemissive, opti-
cally thick and small gas clouds that account for 90% of
molecular mass. This solution still requires kiloparsec-scale,
optically thin CO and, in addition, requires unusually warm
disk CO.
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2. The high-ratio region contains thermalized CO (2–1)
but subthermal CO (1–0). Large velocity gradient (LVG)
modeling has shown that there is a narrow range of den-
sities, nH2

� 5000 cm�3, and kinetic temperatures, Tk � 80
K, which will produce r12 slightly larger than unity (Saka-
moto 1993). The range of physical conditions is too narrow
and too extreme to be realistic for kiloparsec-scale CO.
3. The r12 � 1 are due to temperature gradients (caused

by strong, external, UV radiation fields from OB stars) in
the CO-emitting photospheres of molecular clouds (Gie-
rens, Stutzki, & Winnewisser 1992; Köster et al. 1994;
Störzer et al. 2000). The CO (2–1) emission becomes opti-
cally thick closer to the photodissociation region surface
than the CO (1–0) emission, and the two lines end up having
different characteristic Tex, leading to the higher r12. High
ratio values found for Milky Way molecular gas have been
attributed to this type of external heating (Castets et al.
1990; Oka et al. 1996, 1998; Sakamoto et al. 1997). It seems
to be operating on �100 pc size scales in the massive clouds
found in the nucleus of IC 342 (Turner, Hurt, & Hudson
1993; Meier, Turner, & Hurt 2000) and could operate in the
nucleus of M83 as well. However, the Galactic molecular
gas associated with r12 � 1 is localized to regions of massive
star formation and does not strongly affect r12 on kiloparsec
scales.
4. The high r12 are due to temperature gradients caused

by strong external radiation fields from non-OB stars
(Spaans et al. 1994). While the radiation field from 6000 K
stars contains far fewer UV photons than that of OB stars,
the efficiency of photoelectric grain heating per UV photon
is higher because the grains are more electrically neutral in
the relative absence of UV radiation. Again, the two CO
lines end up with different characteristic Tex, leading to
r12 > 1, but this time without massive stars. The model still
requires a high incident radiation field, 103 times the solar
neighborhood value.

None of these explanations are completely satisfactory
when compared with what we know about Galactic H2. The
optically thin solutions carry with them the possibility that
the standard conversion factor based on a Galactic calibra-
tion may not be applicable toM83. Wemay be seeing highly
emissive, optically thin gas filling a large fraction of the
beam, resulting in a high r12, while optically thick, poten-
tially very cold CO that should trace molecular mass
remains undetected or undercontributes to the observed
emission.

8. CONCLUSIONS

We have presented fully sampled images of CO (1–0) and
CO (2–1) emission in the spiral galaxyM83, with the follow-
ing findings:

1. The CO (1–0) and CO (2–1) emission shows many of
the same features seen in the optical disk, a strong nuclear
peak of emission, a prominent bar, and molecular gas arms,
all within a 100 diameter inner disk filled with CO emission.

We obtain MH2
¼ 2:5� 109 M� for the molecular mass of

M83.
2. Molecular gas dominates the total gas surface density

in the inner 100 diameter of M83, where �80% of the total
gas mass is H2. Molecular gas more than fills the central
depression in the H i disk. Averaged over the remainder
of the CO disk, the molecular surface density is
�H2

¼ 20 M� pc�2 � 5�H i.
3. We find an excellent spatial correlation between CO

(1–0) emission (or total gas surface density) and 21 cm con-
tinuum; the ratios are relatively flat over much of the disk of
M83.
4. We see a good spatial and radial correlation between

CO (1–0) and 100 lm emission, although the 100 lm bar is
offset from the CO bar. Good spatial correlations are also
seen between CO (2–1) emission and 60 lm emission, which
appear to trace warmer molecular gas and dust than CO (1–
0) and 100 lm. The decline in the ratio of CO to FIR inside
of 1<5 may be due to a higher star formation efficiency rela-
tive to the amount of molecular gas in the vicinity of the
starburst nucleus.
5. Polar plots reveal a complex pattern of offsets between

maxima and minima in the azimuthal distribution of CO,
H i, 21 cm continuum, and optical emission, as well as a
complex pattern of bifurcating spiral arms. Interarm CO is
clearly seen in these plots.
6. Kinematically the H i and CO disks are very similar

over the region of overlap. The region of the disk containing
CO appears to be kinematically distinct from the outer,
strongly warped, disturbed outer H i disk. Elevated velocity
dispersions are seen along the bar but also perpendicular to
the bar along the minor axis ofM83’s inclined disk.
7. The CO disk of M83 has a hard edge. The edge is coin-

cident with a steep decline in H i emission and the start of
strong kinematic warping of the outer disk. If a minimum
ISM pressure for the formation of molecular gas exists, that
boundary may be crossed at this location.
8. The mean value for r12 in the disk of M83 is�1.1, high

by Galactic standards. Over the nucleus and the bar r12 � 1.
Over the remainder of the CO disk r12 varies between 0.4
and greater than 2 with the largest variation in the interarm
regions. Possible interpretations are as follows: the high r12
at the nucleus represents Tex 	 20 K, optically thick CO; the
low r12 in the outer disk represents Tex < 7 K CO; or the
high r12 in the interarm regions probably represents opti-
cally thin CO.
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