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Abstract

We have investigated the distributions of molecular gas, H1-to-Hs conversion and the formation mech-
anisms of Giant Molecular Associations (GMAs) and of massive stars in M51 using mapping data of CO
obtained with the NRO 45-m telescope. The variations of the molecular-to-total gas mass fraction in the
disk and its dependence on the total gas density and the radiation field are shown. The possibilities of a
gravitational instability and cloud-cloud collisions as the formation mechanisms of GMAs are examined. A
gravitational instability is supported from a comparison between the surface density of the total gas and
the critical density of the gravitational instability, as well as from the spatial separations of the GMAs.
On the other hand, since the time scale of a cloud-cloud collision is much shorter than the arm-crossing
time, cloud coagulation may also work for GMA formation together with a gravitational instability. Point-
by-point comparisons between the star-formation rates (SFRs) and the gas surface densities show that the
SFR is correlated with the surface density of the total gas better than with that of the molecular gas alone.

Observations of 13CO and HCN indicate denser gas in the spiral arms than in the interarms.
Key words: Galaxies: individual (M51) — Galaxies: spiral — Galaxies: structure — ISM: molecules

— Stars: formation

1. Introduction

To understand the formation mechanisms of molecular
clouds (Giant Molecular Clouds, Giant Molecular Asso-
ciations) and massive stars in galaxies is one of the most
important subjects in astronomy. For molecular-cloud
formation, three mechanisms have been proposed: (1)
Random collisional agglomeration — small clouds with
random motion exchange mass through collisions and
form larger clouds (Kwan 1979; Combes, Gerin 1985); (2)
The Parker instability — the magnetic Rayleigh-Taylor
instability in the interstellar medium is initiated by the
passage of a galactic shock, and clouds with masses on
the order of 10° Mg are formed in spiral arms (Parker
1966; Mouschovias et al. 1974); (3) Gravitational insta-
bility — the Jeans instability is initiated when the in-

* A part of this work was carried out under the common use
observation program at NRO.

t Research Fellow of the Japan Society for the Promotion of
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1 Nobeyama Radio Observatory (NRO) is a branch of the Na-
tional Astronomical Observatory, an inter-university research
institute operated by the Ministry of Education, Science,
Sports and Culture.

stability condition (Q < 1) is satisfied, forming clouds
with masses on the order of 107 Mg (Elmegreen 1990a;
Elmegreen et al. 1994). These mechanisms have been
reviewed in Elmegreen (1990b). For massive star forma-
tion, some mechanisms have also been proposed: (1) self-
gravity; (2) cloud-cloud collisions (Scoville et al. 1986);
and (3) compression by galactic shock (Woodward 1976).
In the case of (1), stars are spontaneously formed by
the gravitational collapse of a molecular cloud due to
the mass of the cloud, itself, while mechanisms (2) and
(3) trigger star formation by inducing a gravitational in-
stability in the compressed regions of the interface be-
tween colliding clouds or of the spiral shock. Obser-
vational evidence is required to confirm which mecha-
nism actually takes place in the formation of molecular
clouds and massive stars in galaxies. Recently, the im-
portance of the large-scale structures of 1-2 kpc has been
noticed for star formation in spiral galaxies (Kennicutt
1989): HI1I regions in galaxies appear in areas in which
the total gas density exceeds the critical density of grav-
itational instability. Actually, many galaxies have star-
cloud complexes whose size is comparable to that of su-
perclouds expected to be formed by a gravitational in-
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stability (Elmegreen, Elmegreen 1983). In this paper we
examine some mechanisms for the large-scale formation
of molecular clouds/associations and of massive stars in
the disk of the spiral galaxy M51.

Mb51 is one of the most suitable galaxies for examining
the global distribution of molecular gas and its relation to
star formation. It is sufficiently near (9.6 Mpc: Sandage,
Tammann 1974) to resolve its spiral arms, has a grand
design spiral structure, is almost face on, and shows rela-
tively strong CO emission. M51 has been observed in var-
ious frequencies from X-ray to radio; e.g., HI (Rots et al.
1990; Tilanus, Allen 1991), radio continuum (Mathewson
et al. 1972; Segalovitz 1977; Klein et al. 1984; van der
Hulst et al. 1988), and Ha (Tully 1974a, 1974b, 1974c).
These data make it possible to study the formation of
molecular clouds and massive stars by making compar-
isons with CO data. Therefore, many people have made
CO observations of this galaxy. Rydbeck et al. (1985)
partially mapped CO in the galactic disk and reported
an excess of CO intensity in the arms by only 20% com-
pared with that in the interarms under an angular res-
olution of HPBW = 33”. However, with low resolution
(HPBW = 45”), Lord and Young (1989) found from a
comparison between the azimuthal variations of CO and
Ha that the star-formation efficiency is enhanced in the
arms. Garcfa-Burillo et al. (1993a) mapped in the J = 1-
0 and J = 2-1 transitions of 12CO with the IRAM 30-m
telescope, and Garcia-Burillo et al. (1993b) compared the
distributions and kinematics of the molecular gas with
numerical simulations. Vogel et al. (1988) showed clear
molecular arms using the OVRO interferometer, and re-
solved them into giant molecular associations (GMAs),
whose mass is on the order of 107 Mg. Rand and Kulkarni
(1990) mapped almost the entire disk of M51 using the
same interferometer, and Rand (1993) studied the prop-
erties and formation mechanisms of GMAs in both the
arms and interarms.

We have made a full mapping of the CO in M51 using
the Nobeyama 45-m telescope. An angular resolution of
16” (745 pc) is sufficiently high to study the molecular
spiral structure in the galaxy. Details concerning the ob-
servations and the data were presented by Nakai et al.
(1994) (Paper I). In this paper, we show the large-scale
distribution of molecular gas (section 2), and discuss the
HI-to-H; conversion (section 3), formation mechanisms
of GMAs (section 4), and massive stars (section 5) in
M51. The physical state of the molecular gas is also
examined using the results of additional observations of
13C0O and HCN (section 6). We will present the kine-
matics of the molecular gas in a forthcoming paper. The
parameters of M51 adopted in this paper are summa-
rized in table 1, and the parameters of the observations
are listed in table 2.

[Vol. 47,

Table 1. Parameters of M51.

R.A. = 13"27™46°327
Decl. = 47°27'10"25

Center position (1950.0)*

Morphological type“L Sbc

Systemic velocity (LSR)® 469 £5 km s~}
Distance® 9.6 Mpc

Position angle of major axisT —10° + 3°

Inclination angle¥ 20° £+ 5° (90° is edge-on)
Beam size on galaxy (16") 745 pc

* Position of 1.4 GHz radio continuum peak (Ford et al.
1985).

1 de Vaucouleurs et al. 1991.

} Sandage and Tammann 1981.

§ Details in a forthcoming paper. Corresponding heliocentric
velocity is 461 km s~ !.

# Sandage and Tammann 1974.

q Tully 1974b.

Table 2. Parameters of observations.

2co Bco HCN
Rest frequency (GHz) 115.271204 110.201353 88.6318473
HPBW (") 16 17 20
Ta 0.36 0.37 0.39
Tenb 0.50 0.52 0.55

2. Distributions of Molecular Gas

2.1. CO-to-Hy Conversion Factor

The H; column density N(Hz) cm™2 in external galax-
ies is usually derived from the CO integrated intensity
(Ico K km s™1) using the empirically determined CO-
to-Hy conversion factor. The conversion factor has been
estimated to be a = N(Hz)/Ico = (1-5) x 10%° cm~2
(K km s71)~! in our Galaxy (e.g., Scoville, Sanders 1987;
Solomon et al. 1987, and references therein) and (0.5
60)x10%° cm~2 (K km s™!) ! in external galaxies (Nakai,
Kuno 1995 and references therein). In M51, the factor
has been evaluated to be 1.2 x 102° cm™2 (K km s~1)~!
based on the virial-mass method (Adler et al. 1992), 1.8
and 0.8 x 10%° cm~2 (K km s~!)~! from visual extinction
and Monte-Carlo radiative-transfer calculations (Garcia-
Burillo et al. 1993a), and 0.9 x 10%° cm~2 (K km s~—1)~!
from visual extinction (Nakai, Kuno 1995). Here, we use
the following conversion factor for M51:

N(Hs) = 1.0 x 10*Ico cm™2, (1)

where Ico = [ Tmbdv K km s7! and T, = T /7mb K
(Mmb is the main beam efficiency). This is equivalent to
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Table 3. Masses in M51.
R < 1 kpc R < 8 kpc
M (H1) (Me) 1.6 x 107 2.5 x 10°
M (Hz) (Me) 5.6 x 108 5.5 x 10°
M (HI)* (M) 6.9 x 10° 6.4 x 108
Mayn' (M) 7.0 x 10° 8.0 x 10'°

* The electron temperature of 10* K and the scale height of
200 pc are assumed.
t A spherical mass distribution is assumed.

o(Hz) = 1.59 Ico Mg pc™>. (2)

This gives a 2- or 3-times smaller value than the con-
version factor generally used in our Galaxy [e.g., 2.6 X
10%° cm~2 (K km s~1)~!; Bloemen et al. 1984]. Although
the dependence of the conversion factor on the CO in-
tensity has been pointed out by Nakai and Kuno (1995),
further studies are required to accurately determine the
dependence. Thus, we use the constant factor for any
Ico.

2.2.  Radial Distributions

Figure 1 shows the radial distributions of the surface
mass density of the molecular gas o(Hz), atomic gas
o(H1), total neutral gas o(H1+Hsy), and Ha flux den-
sity in M51, where we used HI data of Rots et al. (1990)
and Ha data of Tully (1974a). The molecular gas is dis-
tributed mainly in the inner disk of M51, and its surface
density decreases outward with an exponential shape of
245exp [—R kpc/2.0) Mg pc2 at a radius (R) of 1.5-
5 kpc. At R < 1.5 kpe, the molecular gas is depleted,
compared with the exponential fitting curve (also see fig-
ure 2a). At R = 6 kpc, o(Hs), also, the Ha flux is en-
hanced. This may be caused by an interaction with the
companion galaxy NGC 5195 (the disk of M51 is affected
by this interaction only at R > 6 kpc; Paper 1 ). It is
apparent that the molecular gas is dominant in the inner
disk and that o(Hz)/o(HI) ~ 1 at about 8 kpc (see also
figure 6). The molecular gas mass (5.5 x 10° Mg) repre-
sents about 64% of the total gas mass (8.6 x 10° Mg)
and 7% of the dynamical mass (8 x 10!° Mg) within
R =~ 8 kpc, where the dynamical mass within the galac-
tocentric radius (R kpc) is calculated from

Mayn = 2.25 x 105 RV? M), (3)

assuming a spherical distribution of the mass (V km s~!
is the rotational velocity at R). In the central region (R <
1 kpc), the molecular gas mass (5.6 x 108 M) represents
about 96% of the total gas mass (5.8 x 108 Mg) and 8%
of the dynamical mass (7 x 10° Mg).
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Fig. 1. Radial distributions of the Hy surface density,
o(H2) Mg pc™2, (solid line), HI surface density,
a(H1) Mg pc~2, (dotted line), total gas surface den-
sity, o(HI+Hz) = o(Hz2) + o(HI) Mg pc—2, (long
dashed line), and Ha flux density (dashed line) in
M51.

2.8.  Molecular Spiral Structure

Figure 2a shows a map of the CO integrated inten-
sity (Ico) presented in Paper I. We can easily trace two
molecular spiral arms, which are nearly logarithmic spi-
rals with a pitch angle of about 20° at 40” < R < 120"
(2 kpc < R < 5.5 kpc). The maps of HI and Ha are
also shown in figures 2b and 2c for a comparison. The
maps of CO and Ha are generally correlated with each
other. [The CO clumpy structures seem to have about
the same size 1-2 kpc as that of the clumps in He map.]
In more detail, however, we find some differences between
them. As mentioned in Paper I, the Ho: arms are shifted
downstream from the CO arms by about 440 pc. The
intensity of the Ha arms is almost constant with radius,
while the CO arms become weaker in the outer regions.
On the other hand, the HI arms become stronger in the
outer regions and the arm structure of HI is not clear in
the inner region, because most neutral gas is in the form
of molecules there. Figure 3 shows the variations of Ico
along two arms. As mentioned in Paper I, the arms are
clumpy. These clumps (peaks of I¢o) correspond to con-
tinuum peaks in Segalovitz (1977) and GMAs in Rand
and Kulkarni (1990) and Tosaki et al. (1994). The spac-
ing between the clumps increases with the distance from
the center (see section 4).

Figure 4 shows the azimuthal variations of Ico, where
the azimuthal angle is measured from the eastern side of
the minor axis (P.A. = 80°) counterclockwise. Figure 5
shows the arm-to-interarm ratio of Ico as a function of
the galactocentric radius. The arm-to-interarm ratio is
1.5-7 in this range, having a minimum value at R =
80”-100", where the arms are discontinuous (figure 2a),
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Fig. 2. (a) Contour map of the CO integrated intensity (Nakai et al. 1994), Ico = f Tmbdv K km s~1. The observing area

is represented by the dotted line. The first contour and contour interval are 8 K km s—!. The filled circles indicate the

positions of the Ico peaks as GMA positions. (b) Contour map of the HI flux density (Rots et al. 1990). Contour values
are 100, 300, 500, 700 mJy km s~ 'beam~'. The map is smoothed to the same spatial resolution (16") as (a). (c) Contour
2 2

map of the Ho flux density (Tully 1974a). Contour values are 1.3, 2.6, 3.9, 5.2, 6.5, 9.1, 11.7, 14.3 erg s~ lcm—2arcsec™
The map is smoothed to the same spatial resolution (16”) as (a).

and 5, it is apparent that Ico is systematically stronger
in arm 1 than in arm 2. The same property can be seen

in Ha (Tully 1994a).

and increasing with the radius beyond R ~ 100”. The
radial variations of the arm-to-interarm ratio are quite
consistent with the results obtained with the IRAM 30-
m telescope (Garcia-Burillo et al. 1993a). From figures 2a
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Fig. 3. CO integrated intensity along the spiral arms.
The dotted line and the solid line represent arm 1
and arm 2, respectively (figure 2a). The distance
is measured along each arm from R = 20", P.A. =
—65° for arm 1 and R = 20", P.A. = 115° for arm 2.
Note that the peaks of the CO intensity of arms 1
and 2 are located at almost same positions as each
other at < 150", while peaks of arm 1 seem to be
roughly at the positions of the minimum intensity
of arm 2 at > 150”.

3. HIi-to-H, Conversion

Here, we examine the formation of molecular gas in
M51 by comparing it with high-resolution HI data (fig-
ure 2b). Figure 6 shows the radial variation of the molec-
ular mass fraction, fmo = o(Hy)/o(HI+H;) (filled cir-
cles). The fraction of molecular gas decreases with the
radius, and becomes 50% at about 8 kpc. Figure 7 shows
the azimuthal variations of fi,0. In the inner region
(R < 70"), fmol is almost constant in the arms and the
interarms. On the other hand, f;,o in the interarms de-
creases in the outer region at R > 100”. In M51, it is
suggested that HI in the arms is a product of photodiso-
ciation of Hy by newly born massive stars (Tilanus, Allen
1989). Actually, at some radius (e.g., R = 80"-90"), fmol
decreases in the arms. The enhancement of fy,) in the in-
terarm regions is about 10%, which is consistent with the
estimation of Tilanus and Allen (1989). Figure 8a shows
the dependence of fi,01 on the total gas surface density.
We plotted the dependence separately for regions with
F(Ha) > 3.3 x 10716 erg s~lcm~2arcsec™? (triangles)
and F(Ha) < 3.3 x 10716 erg s~lcm~2arcsec™2 (circles)
in order to see the dependence of fi,o1 on the intensity
of radiation field. From the figure, it is clear that fio)
decreases with the strength of the radiation field and in-
creases with the total gas surface density. Therefore, fio
in the arms, where radiation is much stronger than in the
interarms, becomes smaller than that in the interarms,
if the arm-to-interarm ratio of the surface density of the
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total gas is small, like at R = 80”-90".

Elmegreen (1993b) has analyzed fmo quantitatively
using the shielding function derived from Federman et
al. (1979). In his calculations, he assumed that interstel-
lar clouds consist of diffuse clouds and self-gravitating
dense clouds, regardless of the molecular or atomic phase.
The molecular-mass fraction in each cloud is determined
by the shielding function, depending on the gas density
of the clouds, the intensity of the radiation field, and
the metallicity. The fraction of the self-gravitating cloud
and the gas density of each cloud depend on the external
pressure. As a result, he showed that fi,, strongly de-
pends on the external pressure or the surface density of
the total gas (because the external pressure is assumed
to be proportional to the square of the surface density
of the total gas). We applied the Elmegreen (1993b)’s
model to M51 in order to compare it with our observa-
tional results. In his model, all of the parameters (ex-
ternal pressure, metallicity, and intensity of radiation
field) are scaled with the values in the solar neighbor-
hood. We used the surface density of the total gas, oxy-
gen abundance and Ha flux to determine the external
pressure, the metallicity and the intensity of the radia-
tion field, respectively. As the values in the solar neigh-
borhood we adopted a surface gas density of 8 Mg pc~2
(Sanders et al. 1984), an oxygen abundance of 0.00065
[12 + log(O/H) = 8.81: Shaver et al. 1983] and an Ha
flux of 2.42 x 1077 erg cm™2?s~!sr~! (Reynolds 1984).
The oxygen abundance and Ha flux in M51 are referred
from Zaritsky et al. (1994) and Tully (1974a), respec-
tively. The results of the calculations are shown in fig-
ure 6 (open circles) and figure 8b. The model agrees
with the observational radial distribution of fy,0, and
also agrees with the dependence of fi,0 on the surface
density of the total gas and the intensity of the radiation
field shown in figure 8a, although the dependence of the
calculated fo) on the total gas surface density seems to
be stronger than the observational results. These results
suggest that the central depletion of HI seen in most spi-
ral galaxies may be due to the high self-shielding ability,
because of the high pressure in the central regions.

4. Formation of Giant Molecular Associations

Figure 2a shows some clumpy structures (filled circles)
in the arms which correspond to Giant Molecular Asso-
ciations (GMAs) found by Vogel et al. (1988). The mass
of GMAs is 107-10® Mg. The mechanism of GMA for-
mation has been studied mainly based on observations
with interferometers (Rand 1993; Tosaki et al. 1994). In
this section we discuss the possibility of GMA formation
due to a gravitational instability and random collisional
agglomeration based on the present data.
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Fig. 4. Azimuthal variations of the CO integrated intensity, corrected for the inclination of the galaxy. The azimuthal angle
is measured from the eastern side of the minor axis (P.A. = 80°) counterclockwise. The galactocentric radius is shown at

the top right in the boxes.
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Fig. 6. Molecular mass fraction, fmo1 = o(Hz2)/oc(HI
+H3), as a function of the galactocentric radius.
The filled circles and the open circles represent the
observed and calculated results (see text), respec-
tively.

4.1.  Gravitational Instability

The most probable mechanism of GMA formation is a
gravitational instability. In a thin isothermal gas disk,
large-scale density perturbations are expected to grow
when the surface density of total gas exceeds a critical
density of the instability, due to the self-gravity of the
gas,

akc
0e=—7, (4)

where « is the epicyclic frequency, G the gravitational
constant, @ a dimensionless constant (Toomre 1964), and
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¢ = (erc? +v%)/? is the effective velocity dispersion [c

should not be too much different from ¢; (Elmegreen et
al. 1994)], where g is the effective ratio of the specific
heats (Elmegreen 1991), c¢; the turbulent speed, va the
Alfvén speed. Kennicutt (1989) gave a = 0.5-0.85 in
disk galaxies. We checked the criterion for a gravita-
tional instability through the disk of M51 by comparing
the surface density of the total gas o(H1+Hs), including
heavy elements, with the critical density. We adopted
a = 0.67, which best fits the observed star-formation
thresholds in Kennicutt (1989), the constant rotation
velocity of 200 km s~! and the observed velocity dis-
persion, which gradually decreases with the radius from
17 km s™! at R = 30" to 11 km s™! at R = 150”. Fig-
ure 9 shows the map of o(Hi+Hz)/o.. The gray scale
shows the region where the criterion is satisfied, i.e., o
(H1+Hz)/o. > 1, while the region where the criterion is
not satisfied is white. There are no data for the central
region of R < 30", because it is difficult to derive the
velocity dispersion due to the large velocity gradient in
the beam. Obviously, the criterion is satisfied in most
of the arms, while there are few places where the ratio
exceeds unity in the interarms.

Under a gravitational instability, the separation be-
tween GMAs is expected to be the wavelength of the
fastest growing mode, which depends on the gas density:
Elmegreen (1994) expressed the wavelength as

2 -1
C o
= 2.
A 2(7kms—1) (20M@ pc-2) kpe, ()

where o is the mass column density of the gas. Figure 10
shows the observed A as a function of o(Hz) averaged
between the CO peaks in figure 3. We used the surface
density of only molecular gas, including He and heavy
elements. If we use the surface density of the total gas,
including atomic gas, the surface density at a given A
shifts to a higher value by only 10-20%. The observed A
can be fitted with equation (5) assuming a constant ve-
locity dispersion, as shown by the curve in figure 10. The
velocity dispersion derived from the fitting is 12 km s,
which is consistent with the observed velocity dispersion
(17 km s™! at R = 30" to 11 km s~! at 150”). Since the
surface density o decreases with the radius (figure 3),
the observed radial gradient of the velocity dispersion
causes a slower decrease of the observed A than the fitted
curve in figure 10, and a larger separation in the central
region. The good agreement between the calculated and
observed separations of GMAs supports the gravitational
instability as a formation mechanism of GMAs. It may
also indicate that the spiral arms are young and in an
early stage of evolution, as suggested by numerical sim-
ulations (Howard, Byrd 1990), and that the GMAs were
formed as the first gas collapse (Elmegreen 1993a). How-
ever, we must note that the results of the above analyses
are altered if the Galactic conversion factor is used: since
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Fig. 7. Azimuthal variations of the molecular mass fraction (solid lines). The definition of the azimuthal angle is the same as
in figure 4. The azimuthal variations of the CO integrated intensity are also shown for a comparison (dashed lines).
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Fig. 8. (a) Dependence of the molecular mass frac-
tion on the total gas surface density, presented
separately for the Ha flux density of F(Ha) <
3.3 x 10716 erg 57! cm™2 arcsec™2 (circles) and
F(Ha) < 3.3 x 10716 erg s=1 cm™2 arcsec™2 (tri-
angles). (b) Calculated values assuming F(Ho) =
1.8 x 10716 erg 571 cm~2 arcsec™2 (solid line) and
7.0 x 10716 erg s7! cm~2 arcsec™2 (dashed line),
which are the average flux of He in each case in (a).

the Galactic conversion factor is larger than our adopted
value in M51 by a factor of two to three (subsection 2.1),
the criterion for gravitational instability is satisfied even
in the interarms, and the velocity dispersion given by the
fitting is larger.

To check whether molecular gas has sufficient time to
induce a gravitational instability in the crossing spiral
arms, we estimate the time scale for the gravitational
instability from the Jeans time scale,

c
" 7Go’ ©)
The time scale for molecular gas in spiral arms is about
1x 10" yr at R = 30” (0 ~ 130 Mg pc2 and ¢ =
17 km s™') and 3 x 107 yr at R = 150” (0 ~ 30 Mg pc2
and ¢ = 11 km s™!). On the other hand, the molecu-

ty
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Fig. 9. Gray-scale map of the ratio of the total gas den-
sity to the critical density of gravitational instability,
o(HI+Hz2)/o.. Theregions whereo(HI+Hz)/0oc<1
are white. The o, is calculated from equa-
tion (4), adopting the constant rotation velocity of
200 km s~1.

lar arm-crossing time is given by Tarm = darm/V.L, where
darm is the arm width and V) the velocity component
perpendicular to the arm in the frame corotating with
the spiral pattern. The value of d,;, has been evalu-
ated from our observations to be about 1 kpc, which is
nearly constant through the disk (Paper I). The value of
V. is 20 km s™! at R = 3 kpc ~ 65” for the adopted
pattern speed of (2, = 14km s‘lkpc_l, where the coro-
tation .radius is assumed to be at the end of the op-
tical feature (R ~ 300”) in M51. Then, for example,
Tarm ~ 4.8 x 107 yr at R = 3 kpc. Therefore, the time
scale for a gravitational instability is comparable to the
arm-crossing time of molecular clouds. However, since
the time scale is a lower limit in the case of free-fall,
it is not clear whether the arm-crossing time is actually
sufficient for the collapse of the gas or not.

4.2.  Random Collisional Agglomeration

We next examine the possibility of a random col-
lisional agglomeration of smaller clouds into GMAs
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Fig. 10. Separations of GMAs as a function of the sur-
face density of the molecular gas. The open circles b . . .
and the filled circles represent arm 1 and arm 2, re- 0.0001 : B —
spectively. The positions of the GMAs are indicated 10 100
in figure 2a. The solid line shows the best fit by the 2
equation (5), giving ¢ = 12 km s~1. U(Hz) (Me/pc”)
0101 L L] LI S B O | I T
(107-108 Mg). Tosaki et al. (1994) observed GMAs in [ (b)
M51 with the Nobeyama Millimeter Array (NMA), and -
showed that GMAs consist of smaller clouds with a mass
of 10-107 Mg, which they called molecular superclouds -
(MSCs). Moreover, they resolved the MSCs into giant E,
molecular clouds (GMCs) whose mass (10°-108 M) is ~5
comparable to the largest GMCs in our Galaxy. As- ;\% 0.001
suming that the GMAs consist of GMCs, and that most g : 3 B
of molecular gas is in the form of GMCs in M51, the <=
same as in our Galaxy, we can estimate the time scale &
of cloud-cloud collisions in the arms. Since we can not @
determine the physical parameters of the GMCs in M51,
itself, we adopt the average physical parameters of GMCs
in our Galaxy: excitation temperature, T, = 10 K; op- L L

tical depth of CO, 7(CO) > 1; diameter, D = 40 pc;
velocity dispersion of a cloud, AV, = 3.8 km s (e.g.,
Scoville, Sanders 1987); and cloud-cloud velocity disper-
sion, ¢ = 12 km s™!. We can assume two-dimensional
motion of the GMCs in the galactic plane, because the
diameter of the GMCs is not far from the scale height of

OTl]Illll L L1 a1 1aql 1

10 100
o(HI+H,) (Me/pc?)

Fig. 11. Dependence of star formation rate on the sur-
face density of the molecular gas (a) and on the sur-

the molecular gas (e.g., FWHM = 120 pc in the Galaxy;
Sanders et al. 1984). Thus, the time scale for cloud-cloud
collisions is given by

1
Ncsc’ M
where N, is the surface number density of the GMCs and

s = D is the collisional cross section. N, pc™2 is given
by

4
Ne= s ®

Teoll =

f:

face density of the total gas (b). The circles and
the triangles represent the cases with and without
the diffuse Ho: component, respectively. The solid
lines in (b) are the best fit lines with a power law,
SFR o< (H1+Hz2)™, and n = 0.7 4 0.1 for the circles
and 1.2 4 0.5 for the triangles.

T AV

[J(Tex) — J(Tog)l(1 — e~ 7) AV’
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where f is the filling factor of the GMCs in the telescope
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Fig. 12. Azimuthal variations of the star formation rate calculated from the Hor flux density (solid lines) and of the surface
density of the total gas o(HI+Hz2) (dashed lines). The definition of the azimuthal angle is the same as figure 4.

where Ty, is the main beam brightness temperature (=
T /Mub)s Tog (= 2.7 K) the temperature of the cosmic
background radiation, AV velocity dispersion in a beam
and

hv/k

D) = o R =T (10)

In most of the arm peaks, Ty is about 1 K; thus,
f = 0.47 and the number density N, is 377 kpc~2 for
AV = ¢ =12 km s~!. Substituting N, into equation (7),
we obtain 7oy ~ 5.4 x 10% yr, which is one order of
magnitude shorter than T,.m (4.8 x 107 yr). Moreover,
when massive clouds already subsisting in the interarms
or massive clouds have grown in the arms, the gravita-
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tional influence of the massive clouds enhances the rate
of cloud coagulation (Kwan, Valdes 1983). Thus, cloud
coagulation could be at work for GMA formation from
smaller clouds, like MSCs, perhaps together along with
a gravitational instability. The same procedure shows
that random collisional agglomeration can form GMCs of
Mgmc ~ 10° Mg from middle clouds of ~ 10* Mg, but
not from very small clouds of Mgyc ~ 103 Mg directly
during the arm-crossing time.

5. Formation of Massive Stars

Here, we examine the mechanisms of massive star for-
mation from interstellar gas. First, we check which is
correlated with the star-formation rate (SFR), the molec-
ular gas density o(Hs) or the total gas density o(HI1+Hy).
SFR for M > 10 Mg is derived by the following equation
(Kennicutt 1983):

SFR(> 10 M) = L(Ha)

-1
"~ 7.02 x 104! erg s~! Mo yr==, (11)

where L (Ha) is the luminosity of Ha emission in erg s 1.

We used the Ho flux of Tully (1974a) after convolution
to make the resolution the same as our CO data. Fig-
ure 11 shows the resultant relation between SFR and
o(Hz) or o(HI1+Hy). The correlation between o(Hz) and
SFR is worse in the region of low o(Hz) (< 20 Mg).
On the other hand, the correlation between o(H1+Hj)
and SFR can be easily fitted by a straight line of SFR
(Mg kpc=2yr=1) = (1.7 4+ 0.6) x 1074 g(H1+H,)07+01,
The data of Tully (1974a) seems to have uniform back-
ground radiation of He (figure 2c). Rand (1992) calcu-
lated the contribution of the diffuse ionized component
to the Ha total luminosity to be 50% (1 x 104! erg s71).
In fact, in the data of Tully (1974a), the Ha flux
in the interarms is almost constant at around 1.3 x
10716 erg s~ lem~2arcsec™2, which is independent of the
total gas density (see below). Since the faint and uni-
form component may not be directly related to massive
stars, they may be caused by general radiation in the
interstellar field; we can thus remove the uniform com-
ponent (1.3 x 10716 erg s~lem~2arcsec2) from the total
Ho flux. The triangles in figure 11 show the resultant re-
lation between SFR and o(Hj;) or o(HI+Hjy). Again,
SFR is more correlated with o(H1+Hsy) than o(Hj).
The best fit, except for the point SFR = 0, gives SFR
(Mg kpc™2yr~!) = (8.7 £ 2.2) x 107% o(H14+H,)1 2405,
Here, we do not correct the extinction. If we use the
empirical relation in the Galaxy, Ay mag = 5.4 x 10722
N(H1+Hs;) cm~2 (Bohlin et al. 1978), SFR must be mul-
tiplied by 1.37 at a surface density of 10 Mg pc~2 and
533 at 200 Mg pc~2. As a result, the above power be-
comes larger. However, the uncertainty of the correction
is large, because we assume that the gas distributes uni-
formly in a 16” beam, and covers the H1I regions entirely.
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Fig. 13. Radial variations of the star-formation effi-
ciency, SFR/o(H1+Hz) yr—1.

If the gas has clumpy structures, and does not cover the
H1I regions, the correction factor is overestimated.
Figure 12 shows the azimuthal variations in the Ha flux
and the total gas density. Generally, the Ha flux is cor-
related with the total gas density in the azimuthal varia-
tions. In more detail, however, there are some noticeable
properties between the two gases: (1) The He flux in the
interarm is almost constant, independent of the total gas
density (as mentioned above). This implies that the dif-
fuse ionized component is dominant in the interarms. (2)
The arm-to-interarm ratio of Ha is alinost the same as
that of the total gas density. If the diffuse ionized com-
ponent is removed and the larger extinction in the arms
is considered, however, the arm-to-interarm ratio of Ha
is larger than that of the total gas density, as shown by
Rand (1992). (3) The Ho arms are narrower than the
arms of the total gas, and are located in the downstream
side in the arms of the total gas (also see subsection 2.3),
especially in the outer regions (R = 90”-140"), where
the spiral arms are easily resolved. This feature indi-
cates that SFE suddenly increases in the middle of the
arms of the total gas. This is evidence that a density
wave triggers star formation, as pointed out for M51 by
Rand (1993), by increasing the gas density or the number
density of molecular clouds in the spiral arms. There are
two candidates of trigger processes. The first is a large-
scale gravitational instability. The surface density of the
total gas in the arms exceeds the critical density for grav-
itational instability (o.; figure 9). Since the instability
seems to induce the formation of massive stars (figure 11
and Kennicutt 1989), SFE is enhanced in the arms. The
second possibility is cloud-cloud collisions. GMCs col-
lide with each other when they are crossing a spiral arm
(section 5). Probably, actual star formation in the spiral
arms is enhanced by a combination of these possibilities.
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Table 4. Line parameters of 2CO, *CO, and HCN.
Position AJT* I (*2CO) I (3co)t I HCN)!  2Cc0/®CcO  2CO/HCN  '3CO/HCN

Aa Ab (K km s71) (Kkms™') (Kkms™)

-51"3 —54!'T I 15.2+ 3.5 < 0.90 < 0.59 > 16.9 > 25.8

—22.6 41.7 I 42.7+2.0 1.71 £0.20 < 0.22 25.0+ 3.1 > 194 > 7.8
28.7 —-33.0 I 27.5+£2.7 1.11+0.21 < 0.53 24.8+5.3 > 51.9 > 21
53.9 40.0 I 319+29 <0.71 < 0.92 > 44.9 > 34.7 ce.
-7.0 —46.9 A 95.1+29 7.25 +0.51 1.05 £ 0.48 13.1£1.0 90.6 +41.5 6.9 +3.2

7.0 46.9 A 444+ 1.8 3.82+0.54 0.84 £0.10 11.6 £1.7 529+ 6.7 4.5+0.8

40.0 —53.9 A 67.7+1.7 4.64+£0.51 1.23 +£0.21 14.6 +1.6 55.0+ 9.5 3.8+0.8
66.9 —-33.9 A 3494+ 1.7 2.52+0.31 13.8£1.8

* A and I indicate arm and interarm, respectively.

t Upper limits are 20. In that case, the velocity widths are assumed to be the same as 12CO.

Figure 13 shows the radial variation of SFE (SFR/
Ototal)- The mean value at R < 8.5 kpc is SFE =
5x 10~ yr~1. However, SFE is not constant throughout
the disk, but shows a peak at around R ~ 7 kpc. This
is caused by an enhanced star-formation rate in the NE
part of the disk at R = 7 kpc. This is apparent from the
distribution of H1II regions shown in figure 2¢. Lord and
Young (1989) suggested that the local enhancement of
star formation in the region is due to an encounter with
the companion galaxy NGC 5195. The enhancement in
the gas density (figure 1) and the velocity dispersion in
the NE part due to the encounter seems to have induced
star-burst activity.

6. *3CO and HCN in M51

We investigated the physical properties of molecular
gas in the arms and the interarms by observing the 3CO
line, which is optically thin, and the HCN line, which
traces dense molecular gas (> 10° cm™2).

6.1. 3CO and HCN Observations

Observations of the }*CO (J=1-0) and HCN (J =1-0)
emissions were made in 1992 April and May with
the Nobeyama 45-m telescope. The half-power beam
widths of the telescope were 20” at the HCN fre-
quency (88.632 GHz) and 17" at the 3CO frequency
(110.201 GHz). The aperture and main-beam efficien-
cies were 7, = 0.37 (110 GHz) and 0.43 (86 GHz), and
Nmb = 0.52 (110 GHz) and 0.54 (86 GHz), respectively
(table 2). These two lines were observed simultaneously
using two SIS receivers. The beam squint between the
two receivers was < 1”. The system noise temperatures
(SSB) at 88.6 GHz and 110.2 GHz, including the at-
mospheric effect and the antenna ohmic loss, were 300—
500 K and 500-700 K, respectively. The observations

180}
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-120p

-180f

- '
- e

180 120 60 0 60 120 180"

dR.A. (arcsec)

Fig. 14. Positions of the observed points of 13CO and
HCN (dots) on the contour map of 12CO.

were made in the position-switching mode. The tele-
scope pointing was checked and calibrated every hour by
observing a SiO maser star, R Cvn. The absolute point-
ing accuracy was better than +5” (peak value) through-
out the observations. We observed 4 points in the arms
and 4 points in the interarms for *CO and 3 points in
the arms and 4 points in the interarms for HCN. The ob-
served positions are indicated in figure 14. The measured
spectra are shown in figure 15 and the line parameters
are listed in table 4.
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Fig. 15. Spectra of *2CO, 13CO, and HCN emissions in the arms (a) and in the interarms (b). Coordinates of the observed
positions (Aa, Aé) are indicated at the top right in the boxes of 12CO spectra.
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6.2. Dense Molecular Gas in M51

We detected 13CO at all points in the arms and two
points in the interarms. The line profiles are almost
the same as those of 12CO. The temperature ratio of
12C0/3CO in the arms is about 13, which is consistent
with other results (Young, Sanders 1986; Encrenaz et
al. 1979). If we assume that the excitation temperature
(Tex) of 13CO is the same as that of 12CO, the ratio gives
the optical depth of 7(12C0) = 5 and 7(}3CO) = 0.08 for
an abundance ratio of 2CO/!3CO = 60. On the other
hand, the 2CO/'3CO ratio in the interarms (= 25) is
about twice of that in the arms, indicating that 7(}2CO)
~ 2 and 7(1¥CO) =~ 0.03. This means that 12CO in the
interarms is less optically thick than in the arms. This
may also mean that the diffuse component of molecular
gas is more dominant in the interarms, as suggested by
Garcia-Burillo et al. (1993a).

We detected HCN at all points in the arms, but not at
any points in the interarms. The temperature ratios of
1200/ HCN in the arms are 40-90, which are much larger
than 12 in the central region of M51 (Nguyen et al. 1992).
The noise levels in the interarms are not small enough to
be compared with the ratio in the arms, except for one
point at (—22.6, 41.7). The lower limit at the point is
194, which is larger than that in the arms. Since HCN
is considered to trace dense molecular gas (> 10° cm™3),
this means that the fraction of the dense molecular gas
to the total molecular gas in the arms is higher than
that in the interarms. This is consistent with the results
derived from the 2CO/!3CO ratio. Here, we observed
only 3-4 points in the spiral arms and the interarms,
each. Further observations of both regions are required
in order to compare the physical state of molecular gas
in the arms and interarms.

7. Summary

The concluding remarks are summarized as follows:

(1) The arm-to-interarm ratio of the CO integrated
intensity is 1.5-7 at 2 kpc < R < 7 kpc.

(2) The mass fraction of the molecular gas (Hz) to
the total gas (H1+Hs;) increases along with the total gas
density, and decreases along with the intensity of the ra-
diation field. Thus, the molecular gas dominates in the
inner disk and the fraction decreases outward. In the
outer region, R > 100", where the arm-to-interarm ratio
of the gas density is large, the fraction is also larger in
the arms (0.7-0.9) than in the interarms (< 0.7), while
the fraction is almost constant in the inner region with
the small arm-to-interarm ratio of the gas density.

(3) The surface density of the total gas exceeds the
critical density of the gravitational instability (o) in the
spiral arms, but not in most of the interarms. The spa-
tial separations of GMAs agree with the wavelength of
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the fastest growing mode of the gravitational instabil-
ity. These results support the gravitational instability as
being the formation mechanism of GMAs.

(4) Since the time scale of cloud-cloud collisions in the
arms are one order of magnitude shorter than the arm-
crossing time of molecular clouds, cloud-cloud collisions
occur in the arms frequently when the clouds cross an
arm. Thus, cloud coagulation may also work for GMA
formation together with a gravitational instability.

(5) The star-formation rate (SFR) correlates with the
surface density of the total gas better than that of molec-
ular gas alone. SFR depends on the total gas density with
a power of 1.2 without any correction for extinction.

(6) The star-formation efficiency (SFE = SFR/gas
density) in the arms is higher than in the interarms. The
results of (3) and (5) suggest that the enhanced SFE in
the arms could be caused by a large-scale gravitational
instability in the arms: since the surface density of the
total gas exceeds o in the arms and does not exceed in
the interarms, SFE in the arms is enhanced, if massive
star formation is induced by a large-scale gravitational
instability. Since the time scale of cloud-cloud collisions
in the arms are much shorter than the arm crossing time
of a molecular cloud, cloud-cloud collisions may also con-
tribute to star formation in the arms.

(7) The 2CO/*3CO and 2CO/HCN ratios in the arms
and the interarms suggest that the molecular gas is op-
tically thicker in the arms than in the interarms, due to
the denser gas density in the arms. Since the observed
points were only 3—4 in the spiral arms and interarms
each, further studies are necessary to confirm the results.

We thank A.H. Rots for providing HI data with the
same resolution as our CO data. We also thank the staff
members of the Nobeyama Radio Observatory for en-
couragement to carry out this project.
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