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ABSTRACT

Massive star formation occurs in giant molecular clouds (GMCs); an understanding of the evolution of GMCs is a
prerequisite to develop theories of star formation and galaxy evolution. We report the highest- delity observations
of the grand-design spiral galaxy M51 in carbon monoxide (CO) emission, revealing the evolution of GMCs
vis-a-vis the large-scale galactic structure and dynamics. The most massive GMCs (giant molecular associations
(GMASs)) are rst assembled and then broken up as the gas ow through the spiral arms. The GMAs ang their H
molecules are not fully dissociated into atomic gas as predicted in stellar feedback scenarios, but are fragmented
a galactic rotation period>(10

8 yr; Scoville & Hersh1979
Scoville & Wilson 2004 or are transient structures, destroyed
immediately after formation by violent feedback from young
stars (a fewx 107 yr; Blitz & Shu 198Q Elmegreer2007, or
even shorter 1C° yr; Elmegreer200Q Hartmann et al2001).
The internal structure of GMCs is generally believed to
be determined by an approximate balance of self-gravity and
internal turbulent or magnetoturbulent pressures (exceeding the
external interstellar medium (ISM) pressures by 2 orders of
magnitude; Myersl978. Therefore, GMCs are likely self- yr;
gravitationally bound, distinct, and long-lived objects (Scoville Dame et al2001). However, Sanders et allg85 claimed to
& Sanders987). A dif culty, however, arises in maintainingthe ~ nd many GMCs in the interarm regions, suggesting that the
internal turbuler2@08v&liveinang lifetimes, since the turbulence GMCs must be quasi-permanent structures, survividg? yr,

1ably indicating longer lifetimes. Moreover, i.e., a substantial fraction of a galactic rotation period. A recent
lder stars must drift free of the GMCs since 13CO survey suggests that GMCs in the interarm regions are less
subject to the hydrodynamic forces of the ISM massive (Koda et ak006§ Jackson et aR006, accounting for
imescale of star-forming cores via ambipolar the earlier discrepancies if the Cohen et al. survey missed the
ntial, and may support the longevity (Tassis less-massive interarm GMCs. In any case, all Galactic surveys
). have the intrinsic limitation that the velocity dispersion and

/ carries over when considering the galactic streaming motions of the clouds can blur out the spiral/arm
of GMCs, since early molecular line surveys interarm de nition when the disk is viewed edge-on.

inked the GMC evolution to the Galactic High-resolution molecular gas observations of external face-
hen et al1980 argued that GMCs were on spiral galaxies are therefore essential for the full census of

the spiral arms with very few seen in the
mplying that GMCs must be short lived with

the arm-crossing timescale (a fed0 L132
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Figure 1. (a) Integrated intensity map of COE 1-0) emission of the entire disk of M51. TheD6 8.4 region was mosaiced in 151 pointings atrésolution

with the CARMA interferometer. The total power and short-spacing data are obtained with the On-The-Fly mapping mode of the BEARS multi-beaon tbeeiver
Nobeyama Radio Observatory 45 m telescope (NRO45). The CARMA and NROA45 data are combined in the Fourier space. The maps clearly detect GMCs over tt
entire disk for the rsttime, including both the prominent spiral arms and interarm regions. (b) Velocity eld. Signi cant shear motions areasgendittl positions

(P.A. of the disk kinematic major axis is11 deg).

GMC population over galactic disks. However, prior interfer- Radio Observatory 45 m telescope (NRO45, FWHML5 ).
ometers, which are required for such high-resolution imaging, Using the On-The-Fly observing mode (Sawada e2aD8§,
had only a small number of telescopes, and thus were severelythe data were oversampled on al&ttice and then re-gridded
limited by low image delity. Indeed, the high side lobes of with a spheroidal smoothing function, resulting in a nal res-
bright spiral arms due to poorv-coverage have often led to  olution of 22 . We used the NOSTAR data reduction package

false structures in the interarm regions (Rand & Kulkdr@®Q developed at the Nobeyama observatory. We constructed visi-
Aalto et al.1999 Helfer et al.2003. bilities by deconvolving the NRO45 maps with the beam func-
tion (i.e., a convolution of the 15Gaussian and spheroidal
2. OBSERVATIONS AND DATA REDUCTION function), and Fourier transforming them to the-space. We

combined the CARMA and NRO45 data in Fourier space, in-

High- delity imaging of nearby galaxies at millimeter wave- verted thexv data using theoretical noise and uniform weight-
lengths has now become feasible with the Combined Array for ing, and CLEANed the maps to yield a three-dimensional
Research in Millimeter Astronomy (CARMA). CARMA is a image cube (right ascension, declination, and LSR Doppler
new interferometer, combining the six 10 m antennas of the velocity).
Owens Valley Radio Observatory (OVRO) millimeter interfer- The combined data have an rms sensitivity of 40 mJy béam
ometer and the nine 6 m antennas of the Berkeley—lllinois—in 5.1 km s ! wide channels, corresponding to 110° M
Maryland Association (BIMA) interferometer. The increase to at the distance of 8.2 Mpc (adopting a CO-tg-Ebnversion
105 baselines (from 15 and 45, respectively) enables the highestfactor of Xco =2 10?°cm 2 (K kms 1) 1). Typical GMCs
delity imaging ever achieved at millimeter wavelengths. The in the Milky Way (i.e., 4 10°M in mass and 40 pc in
entire optical disk of the Whirlpool galaxy M51. 8.4) was diameter; Scoville & Sanders987) are therefore detected at
mosaiced in 151 pointings with Nyquist sampling of the 10 m 4¢ signi cance. Our angular resolution of 4&orresponds to
antenna beam (FWHM of 1 arcmin for the 115 GHz C& 160 pc, which is high enough to isolate (but not resolve) the
1-0 line). The data were reduced and calibrated using the Mul-GMCs, given that the typical separation of Galactic GMCs is a
tichannel Image Reconstruction, Image Analysis, and Display few 100 pc to kpc (Scoville & Sandel®987 Koda et al2006.
(MIRIAD) software package (Sault et d995. The combination of spatial resolution, sensitivity, and image

We also obtained total power and short-spacing data with the delity differentiates our study from previous work (Vogel et al.
25-Beam Array Receiver System (BEARS) on the Nobeyama 1988 Garcia-Burillo et al 1993 Nakai et al.1994 Aalto et al.
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Figure 2. (a) Distribution of GMCs (1878 M ) and giant molecular associations (GMAs10’ M )in M51. The GMC$GMAs are identi ed with the CLUMPFIND
algorithm (Williams et al1994), down to 4 signi cance, corresponding to the typical GMC mass in the Milky Way (40° M ; Scoville & Sanderd987. The

small green circles includes only the GMCs with mass abovel8 M . The GMAs are seen only in the spiral arms, suggesting that they are assembled and broken
up as the gas ows through the spiral arms. Numerous GMCs are still seen in the interarm regions, indicating that they survive while crossingrthegitesa

(b) Nobeyama 45 m telescope CGf 1-0) map. The circle at the lower-left corner is the 22am. The white contour around the emission indicates roughly the
coverage of CARMA observations. (c) Molecular gas fraction de nedag Any + 2n1,), calculated with H data from Braun et al2007). The fraction is high

within the major part of the disk and does not change azimuthally, indicating that the gas stays molecular over a revolution.

1999 Helfer et al.2003, and enables areliable census of GMCs r 20 pc, typical velocity dispersion in galactic disk
in M51. 10 km s !, and average gas density 1-5 cm 2 (inferred for
Figure1(a) shows the CO map integrated over all velocities. M51 in the areas without GMCs), it take4.0° yr to accumulate
The new image shows the full distribution of molecular gasover 4 10° M . This mass- ow argument is valid even when the
the entire optical disk of M51 (18 20.0 kpc®), including ambient gas is not exactly diffuse but consists of smaller clouds
both the prominent spiral arms and interarm regions. The brightif their distribution is roughly uniform. Therefore, the majority
inner arms have been previously imaged (Vogel etlaBg of the GMCs in the interarm regions cannot have formed there
Aalto et al. 1999, but the new data extend these arms over locally on the required short timescales (i.e., interarm-crossing
the full disk and most importantly, yield signi cant detection timescale 10 yr).
of interarm GMCs for the rst time. Figur€(a) shows the Figure 2(a) also reveals that the molecular gas properties,
distribution of discrete GMCs measured using CLUMPFIND speci cally their masses, are signi cantly dependent on galactic
(Williams et al. 1994, clearly indicating many GMCs with  environment. The most massive structures withf—807 ,
mass exceeding 410° M inthe interarm regions. Lower mass referred to as giant molecular associations (GMAs), are found
GMCs would not be detected by the cloud nding algorithmand only in spiral arms, not in interarm regions. The improved
only 36% of the interarm CO emission is seen in the detectedimage delity was necessary to avoid misidenti cation of even

discrete clouds shown in Figuge such massive GMAs, especially in the interarm regions. GMAs
must therefore form and disrupt while crossing the spiral arms
3. DISCUSSION (with a timescale typically 2-5 10 yr). Their formation

within the arms is aided by the spiral streaming which causes

Two possibilities for GMC formation and lifetime can clearly de ection and convergence of the galactic ow streamlines in
be distinguished from the observed GMC distribution relative the arms. Although stellar feedback (e.g., photodissociation by
to the spiral arms. One possibility is that they are transient, OB star ultraviolet radiation and supernova explosions) is often
short-lived structures—formed locally at convergence locations invoked for GMC destruction (Larsdr®88 Williams & McKee
of the galactic hydrodynamic ows and destroyed quickly by 1997, these mechanisms are not a likely cause of signi cant
disruptive feedback from star formation within the GMCs. GMA dissipation given their masses (I8 M , see Figure 2(a);
Alternatively, if the GMCs are long lived, lasting through the Williams & McKee1997). More telling is the high-mass fraction
interarm crossing period, their presence in the interarm regionsof H, in the interarm regions (Figur&gb) and (c)). Comparing
is naturally explained. A simple calculation can be done to rule the mean molecular gas surface density with that of the H
out the formation of abundant GMCs from the ambient gas with (Braun et al.2007), we estimate that 70%—-80% of the gas
a low average density in the interarm regions. Assuming a veryremains H within the major part of the disk (12 kpc;
ideal spherical gas accretion of the converging velacitito the Figure2(c)). Thus, GMAs are not signi cantly dissociated into
volume with the radius, the mass accumulates within the time atomic or ionized gas. We conclude that the GMAs must be
tis M = 4rr?vmynt, wheren is the number density of ambient  fragmented into the less-massive GMCs and the most massive
gas andny is the mass of hydrogen atom. Using a GMC radius of these are seen as discrete clouds in the interarm regions in
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