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Abstract

A study is presented of the relationship between the density wave, molecular

gas and star formation in the molecule-rich, grand-design spiral galaxy MS51.

An interferometric map of CO emission covering most of the disk of M51 at
8” resolution is presented. A narrow, two-arm spiral pattern is seen in the molecular
gas. Streaming motions indicating the presence of a density wave can clearly be
seen. Giant Molecular Associations (GMAs) of typical mass 3 x 107 Mg, first
reported by Vogel, Kulkarni and Scoville, are seen in abundance along the arms.
The virial theorem indicates that these GMAs are roughly gravitationally bound.
A few unbound GMAs are also seen between the arms. There is evidence that these
interarm GMAs form in a secondary compression of the density wave. Substructure
in the GMAs is indicated by their CO spectra, which typically reveal a few discrete

velocity components.

Higher (2.5”) resolution maps of a small area south of the nucleus of M51 re-
veal patchy substructure along the southern molecular spiral arm and in the GMAs.
The above-mentioned streaming motions are confirmed at this resolution. The one-
dimensional velocity dispersion along the arms at this resolution is roughly 10 km
s~1. A more careful virial analysis confirms that the on-arm GMAs are bound while
the interarm GMAs are unbound. The on-arm GMAs are shown to be stable against

galactic tidal forces, while the interarm GMAs are close to the point of marginal
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stability. Along the spiral arm in this map, the detailed agreement between CO

and Ha luminosity is poor. There are several possible explanations for this.

Two consequences of star formation on the state of the ISM of M51 are dis-
cussed. Using the new, 8”-resolution VLA map of 21-cm emission, we find much new
evidence in support of the idea of Tilanus and Allen that the HI is predominantly a
product of dissociation in star-forming regions. The possibility is suggested that HI
emission may be used as an indicator of star formation efficiency in molecule-rich

galaxies.

IRAS pointed observations of M51 are used to probe the origins of the infrared
emission. Two independent tests indicate that a substantial fraction of the infrared
emission originates in a cirrus component, and not due to dust heating by star-
forming regions. One consequence of the existence of the cirrus component is that
infrared emission cannot be used in a straightforward way to test the hypothesis of

the triggering of star formation by a density wave.

A kinematic study of the old-disk stars, and the molecular, neutral and ion-
ized gas i1s presented. The old-disk stars, since they comprise most of the mass of
the galaxy, trace the underlying gravitational perturbation. Long-slit spectroscopy
of the absorption lines provides some evidence for radial streaming motions in the
massive old-disk population. The amplitude of the motion at 85” from the nucleus is
greater than that expected from linear density wave theory. A possible explanation
from nonlinear theory is given. Long-slit spectroscopy of the Ha and [NII] lines,

along with kinematic information from our CO map and the high-resolution VLA
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map of 21-cm emission, clearly reveal streaming motions in the molecular, neutral
and ionized gas. These motions are compared with the predictions of nonlinear

density wave models.

A quantitative analysis of possible GMA formation mechanisms, which draws
on our morphological and kinematic observations of the molecular gas, is presented.
Gravitational instability and collisional agglomeration are both viable mechanisms
for GMA formation on the arms. The interarm gas is close to the point of marginal
stability, and the postulated secondary compression of the density wave may be
sufficient to cause either weak instabilities in the gas, or low-level orbit crowding,
thereby explaining the unbound interarm GMAs. The relationship between GMA
formation and the triggering of star formation is briefly addressed. Problems with
the conclusion that the on-arm GMAs are gravitationally bound are discussed.
Disruption of bound on-arm GMAs must be rapid since they are confined to narrow
spiral arms. Although the arguments are by no means conclusive, the input power

of star formation is a plausible mechanism for GMA disruption.
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CHAPTER 1

Introduction and Overview

I. Introduction

What causes spiral structure in galaxies? How different is the spiral structure
in the various components of galaxies: the old stars, the young stars, and the cold,
warm and hot gas? Can one theory of spiral structure explain all types of spirals,
from the grand-design systems like M51 and M83, to the flocculent spirals such as
NGC 28417 What is the connection between the large-scale, internal dynamics of

a spiral galaxy and star formation?

The idea that density waves are responsible for spiral structure in galaxies was
proposed by C. C. Lin and F. H. Shu over 25 years ago (Lin and Shu 1964). Since
they first made their hypothesis that galactic spiral structure is a wave phenomenon,
the theory of spiral density waves has undergone substantial development. Roberts
(1969) and Shu, Milione and Roberts (1973) addressed the problem of how the
cold gas in a galaxy would react to a density wave. The results of these nonlinear
calculations were that the cold, dissipative gas should react very strongly to the
density wave, resulting in high compression factors, disturbed kinematics, and the
possibility of large-scale “galactic shocks” and the triggering of star formation. In
analogy to the expected stellar response (Lin, Yuan and Shu 1969), it was predicted

that the gas should experience a boost in its tangential velocity and a retardation
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followed by an increase in its radial velocity as it passed through the density wave
compression. These shifts were expected to be larger for the gas than for the stars
because the dissipative nature of the gas allows higher compression factors. The
gas density peak was predicted to be upstream from the spiral potential minimum.
Although such velocity shifts (“streaming motions”) in the gas may be difficult to
detect in the Milky Way, in an external galaxy the tangential and radial shifts should

be evident where the gaseous arms cross the major and minor axes, respectively.

Two important observational searches for the predicted response of gas to a
density wave were carried out by Tully (1974) and Visser (1980). Tully’s Fabry-
Perot study of ionized gas kinematics in M51 revealed some of the predicted velocity
shifts on and between the arms, with amplitudes of about 50 km s™!, but could not
distinguish between linear and nonlinear models as fits to the data. Visser’s study
of the neutral gas in Mél revealed strong spiral structure in the HI and kinks in the
velocity field all along the arms, indicating velocity shifts of amplitudes up to 20

1

km s™! as the gas passes through the arms. His work provided much observational

support for the predictions of the nonlinear density wave theory.

The nonlinear calculations of the gaseous response assumed that the gas could
_ be treated as a hydrodynamic fluid. However, after these theoretical studies were
carried out the field of millimeter wave astronomy flourished, and it was realized
that stars form out of dense, self-gravitating clouds of molecular gas. Hence, density
wave theory took a new direction when N-body codes were used to simulate the

response of a cloud population to a spiral perturbation (Bash and Visser 1981;
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Hausman and Roberts 1984; Combes and Gerin 1985; Tomisaka 1986; Kwan and
Valdes 1987; Roberts and Stewart 1987; Sundelius et al. 1987; Roberts, Adler
and Stewart 1990). The important processes of energy dissipa;tion, agglomeration,
star forrmation and supernovae unfortunately have to be handled in a somewhat
elementary way in such simulations, not only because of inherent limitations in
such methods but also because of our limited understanding of how such processes
work. Recently, the effects of the self-gravity of the gas have begun to be included
in N-body calculations (Roberts, Lowe and Adler 1990). The possible importance
of self-gravity in the gaseous reaction to a density wave was stressed at least as long

ago as 1973 (Shu, Milione and Roberts 1973).

The important result from these simulations was that strong spiral structure
should exist in the cloudy components of galaxies. Specific predictions for the
kinematics of the cloud system as it responds to the density wave were made by
Hausman and Roberts (1984) and Roberts and Stewart (1987). A key observational
result came from Vogel, Kulkarni and Scoville (1987, hereafter VKS), who mapped
the NW quadrant of M51 at 8” resolution with the Millimeter Interferometer of
the Owens Valley Radio Observatory (OVRQ). They demonstrated the existence
of strong, narrow molecular spiral arms in M51, and a velocity shift along the
entire extent of the detected NW arm in the sense predicted by the density wave
theory. The amplitude of the shift they found was 60-100 km s~ — much larger
than predicted by the models. Streaming motions in the molecular gas along the

major axis of M51 were first reported by Rydbeck, Hjalmarson and Rydbeck (1985).
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Another very important observational and theoretical aspect of the charac-
teristics of the gas cloud population is the mass spectrum, typical cloud size, and
the ﬁature of the most massive structures. An observational understanding of these
aspects can help lead to a theoretical understanding of how self-gravitating molec-
ular clouds form, and the possible role of density waves in their formation. The
Galactic GMC mass spectrum has the form N(M) o M™%, and the typical GMC
has a mass of 4 x 10° M and a diameter of 40 pc (Scoville and Sanders 1987). HI
superclouds of mass 107 M, have been observed in the spiral arms of many nearby
spirals (summarized in Elmegreen 1987a). More recently, VKS reported the dis-
covery of massive (3 x 10" M ) concentrations of molecular gas along the NW arm
of M51. These concentrations were termed Giant Molecular Associations (GMAs)
by VKS. The two currently popular theories for the formation of GMCs and more
massive structures are a) agglomeration by cloud collisions, and b) gravitational
instabilities. Of the N-body simulations mentioned above, Kwan and Valdes (1983,
1987) have concentrated on determining whether the Galactic GMC mass spectrum
can be reproduced through the process of agglomeration of initially small clouds as
they pass through the density wave compression. They have been able to reproduce
the observed GMC mass spectrum in this way. On the other hand, Elmegreen (1989)
has shown that the mass spectrum can be explained if the GMCs form by gravita-
tional instability out of a medium consisting of diffuse clouds. For the formation
of the more massive superclouds and GMAs, the same two mechanisms have been

invoked. Much analytic work showing how such large structures are expected to
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form through gravitational instability has been carried out in recent years (Jog and
Solomon 1984; Balbus and Cowie 1985; Elmegreen 1987b; Balbus 1990). N-body
simuiations with the effects of self-gravity included have also beén able to reproduce
structures of such high mass (Roberts, Lowe and Adler 1990). An important issue
1s whether these massive structures are gravitationally bound, as the GMCs appear
to be (e.g., Scoville and Sanders 1987). Another uncertainty in both pictures is
that, in order to maintain a steady state, the gas must be returned to its initial
state once it leaves the compressed region. In other words, if large concentrations
exist only on the arms, they must be destroyed before they drift into the inter-
arm regions. Diverging orbits (Roberts, Lowe and Adler 1990), energy input by
star formation (Balbus and Cowie 1985; Elmegreen 1990) and galactic shear forces
(Elmegreen 1987c¢) may all be important for “reversing” the effects of the density

wave compression on the molecular gas and thus maintaining a steady state.

Density waves, then, may alter the state of the molecular gas, but how might
they relate to star formation? Evidence has been brought forth recently that star
formation is more efficient on the arms of spirals than off the arms. Ha images are
generally used as tracers of the massive star formation rate, while CO observations
are used to estimate the molecular gas surface density. One potential uncertainty
is of course the conversioﬁ between CO luminosity and the mass of molecular hy-
drogen. However, for these kinds of studies, the only necessary assumption is that

there are no large variations in the conversion factor within a galaxy. VKS and
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Lord and Young (1990) have found that the star formation efficiency (SFE), as-
sumed to be proportional to the ratio of the Ha luminosity to the CO luminosity,
is eﬂhanced on the arms of M51, implying that star formation is triggered when the
gas is compressed. Such an effect has also been seen in NGC 6946 by Tacconi (1990).
These results are seemingly in contradiction with the conclusions of Elmegreen and
Elmegreen (1986), who found very little correlation between the global SFE and
the large-scale coherence of the spiral pattern for a large sample of spiral galaxies.
Their results suggested that density waves have little effect on the process of star
formation. However, VKS showed that although the density wave is an efficient
local star formation trigger, the global enhancement in the SFE due to density wave
triggering should be modest enough so as to be undetectable in the Elmegreens’

data.

It has been proposed that in our Galaxy, massive star formation occurs at
the interfaces of colliding clouds (Scoville, Sanders and Clemens 1986). If so, then
the star formation rate should depend on the frequency of collisions, which goes as
the square of the number density of clouds. Therefore, the SFE should depend on
the gas density, and should be higher on the arms of a spiral galaxy than between
them, as observed in M51 and NGC 6946. Alternatively, gas is expected to be
more gravitationally unstable and to collapse faster as it is compressed by the
density wave, and thus, if star formation happens by a process of gravitational
collapse, it may be more efficient on the arms (see Elmegreen 1990). The potential

importance of the stability of the gas for star formation has been addressed in a
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recent observational study by Kennicutt (1989), who has found evidence that there
1s a threshold in the gas surface density above which star formation is relatively
efﬁciént, and below which there is very little star formation. The threshold surface
density is very well predicted by a simple gas instability model. The important
lesson from this discussion is that a critical step toward understanding the global
processes and regulation of star formation in galaxies is to understand how galactic
dynamics, specifically spiral density waves in the case of the present study, affect

the state of the star-forming gas.

Another important issue is how star formation, in turn, affects the state of the
ISM. It was mentioned above how the input power from star formation may work to
maintain a steady state in the ISM. Star formation has other consequences for the
state of the gas besides the production of HII regions and the possible destruction
of clouds. In M83 (Allen, Atherton and Tilanus 1986) and M51 (Tilanus and Allen
1989), from Westerbork 21-cm maps, it was observed that the spiral ridges of HI are
not coincident with the dust lanes but are offset downstream. The HII region arms
are also offset downstream from the dust lanes in these galaxies (Allen, Atherton and
Tilanus 1986; VKS). These spatial relationships led Allen, Atherton and Tilanus
(1986) and Tilanus and Allen (1989) to conclude that the HI is predominantly a
product of dissociation of molecular gas in star forming regions in these molecule-
rich galaxies. This conclusion was in contrast to some previous ideas which assumed
the molecular clouds formed from neutral gas in the density wave compression. In

galaxies with an ISM dominated by molecules, though, this does not appear to be
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the case. In M51, only about 10% of the molecular gas is dissociated into HI on the
arms (Tilanus and Allen 1989). Hence, the gas remains predominantly molecular,

even in the dissociation regions.

Recent star formation also gives rise to infrared emission. It is therefore
possible in theory to use infrared emission to independently check the theory of star
formation triggered by a density wave. However, one must understand the origins
of the infrared emission before carrying out such a check. In particular, there is
mounting evidence that in the Milky Way and other nearby galaxies, there are two
important components which contribute to the mid- and far-infrared emission. The
first is emission from warm dust in star-forming regions while the second is emission
from dust which is more uniformly distributed and is heated by the interstellar
radiation field. The latter component has come to be known as “cirrus” (Low et
al. 1984). The cirrus component is potentially separable from the infrared emission
from star-forming regions by its more uniform spatial distribution. Its presence can
also be inferred by comparing the observed level of infrared emission in a galaxy to

that expected if the emission arose entirely from its star-forming regions.

II. Overview

This thesis is an attempt to understand the relationship between density
waves, molecular gas and star formation in the grand-design spiral galaxy M51.
General properties of this galaxy are listed in Table 1. M51, the first galaxy in which
spiral structure was found (Parsons [Third Earl of Rosse] 1850), was chosen for this

study because of its proximity, nearly face-on aspect, molecule-rich ISM, and strong,
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coherent, two-armed spiral structure. Specifically, the goals of this thesis are to
observationally characterize the density wave in M51 and the response of the various
compbnents to the wave, to understand the morphology and distribution of the
various components of the ISM (especially the molecular gas) and the distribution
of newly-formed stars, to apply current theories to relate the observed state of the
ISM and the process of star formation to the influences of the density wave, and to
examine how star formation in turn alters the state of the ISM. Each chapter is a
paper. The first has been published (Rand and Kulkarni 1990), while the second
and fourth will soon be submitted to the Astrophysical Journal, and the third has
recently been submitted to the same journal. For a more general observational

review of all aspects of the ISM of M51, see Rand and Tilanus (1990).

The first paper presents the initial results from the complete mosaic map
at 8” resolution made with the Millimeter Interferometer at OVRO. This mapping
project was initiated by S. Vogel (VKS). The main goals of the paper are to present
and discuss the full mosaic map consisting of 30 one-arcminute fields and to further
elucidate the nature of the GMAs. Are they gravitationally bound? Are they stable
against galactic tidal forces? Are they confined to the arms? Do any exist between
the arms? How might they form? Is there any evidence for substructure as seen in
Galactic GMCs? How might the GMAs be destroyed? A further goal is to provide

more evidence for density-wave induced streaming motions.

The 2.5” resolution mapping project that led to the second paper was largely

motivated by some of the results from the first paper. Many of the GMAs at 8”
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resolution were unresolved, giving possible cause for concern as to whether reliable
virial masses could be estimated. Also, the CO spectra of the GMAs indicated
that fhey generally consist of a few velocity components. The reason to use higher
resolution, therefore, was to resolve some of the GMAs that were unresolved at 8”
resolution so that more accurate virial masses could be calculated, and to look for
spatial substructure in the GMAs. Two fields from the mosaic were mapped at this
resolution. The fields include the region where the inner molecular spiral arm crosses
the southern half of the major axis. Hence, these high-resolution observations can
also be used to estimate more accurately the gradient of the tangential streaming

velocity across the arm.

The third paper addresses two consequences of star formation for the ISM of
M51. First, a new high-resolution VLA map of 21-cm emission by Rots et al. (1990)
1s used to determine whether the spiral and small-scale structure in the neutral gas
supports the idea of Tilanus and Allen (1989) that the HI is largely a product of
dissociation in star-forming regions. Second, IRAS pointed observations of M51
are used to probe the origins of the infrared emission. In particular, we compute
the global ratio of far-infrared emission to thermal radio emission and compare
the IRAS maps with optical images to address the question of whether all of the
emission detected by IRAS arises from star-forming regions, or whether there is a

substantial contribution from a cirrus component.

Finally, the fourth paper presents a detailed analysis of the reaction of the

various components of M51 to the spiral density wave. We present a velocity profile



11
of the old disk stars along the minor axis and discuss the kinematics of the massive
old stellar disk, which defines the underlying gravitational potential. The velocity
proﬁie is compared with the predictions of linear and nonlinear density wave theory.
We present observations of the kinematics of the ionized, neutral and molecular gas
along the major and minor axes, and compare the response of each of these compo-
nents with each other and with the predictions of nonlinear density wave theory. We
then use our kinematic results to carry out an analysis of GMA formation on and
off the arms. We first determine whether the on- and off-arm gas should be grav-
itationally unstable, and estimate the expected characteristic masses. Timescales
for GMA formation on and off the arms by gravitational instability and collisional
agglomeration are then computed. These are compared with the time available for
GMA formation, which may be limited by the rate of destruction by shear or the
time for passage of the gas through the arm and interarm regions. GMA disruption

1s considered in more depth here than in the first paper.

To conclude this introduction, it is emphasized that M51 was chosen for
this study because of its strong, coherent two-armed spiral structure, among other
reasons. It is perhaps the best observational laboratory we have for studying density
waves. The ultimate goal of such studies, of course, is to understand the process
of star formation in spiral galaxies of all types. Some of the results discussed
here may not be seen in other spirals with weaker or qualitatively different spiral
structure. However, this would not necessarily imply that the same processes are

not occurring at a lower level in other spirals. For instance, the large-scale spatial
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offsets between the spiral patterns of the various tracers may not be perceptible
in many galaxies with less coherent spiral structure. Other effects, such as the
existénce of GMAs, may require a strong compression so that fhe agglomeration or
instability process has sufficient time to operate. Hence, many spirals may not show
gaseous structures as massive as the GMAs of M51. The flocculent spirals may not
have density waves at all - star formation may be stochastic in such galaxies (Gerola
and Seiden 1978). Finally, many SOs are found to have star formation, with global
efficiencies comparable to late-type spirals (Thronson et al. 1989), implying that
density waves are not necessary for star formation. Therefore, we are only beginning
to understand what causes and regulates star formation in galaxies. This thesis is
an attempt to show how one physical process, the spiral density wave, affects the

distribution of molecular gas and and how it relates to star formation.
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Table 1. M51: General properties

R.A. (1950.0)*

Decl. (1950.0)®

Distance

Heliocentric Systemic velocity
Holmberg diameter

P.A. major axis

Inclination angle

Lrrr (NGC 5194)
LX (0.2—4 keV)

SZOcm
Lia (NGC 5194)

13227m465327 Ford et al. (1985)
47°27'10"25 Ford et al. (1985)
9.6 Mpc Sandage and Tammann (1975)
464kms™? Tully (1974b)
1472 x 9!5 Holmberg (1958)
170° Tully (1974b)

20° Tully (1974b)

5x 10° M, Rots (1980)
9 x 10° M Scoville and Young (1983)
3.8x10'° L de Vaucouleurs et al. (1976)
2x 10" L, Rice et al. (1988)
3 x 10%° erg s7! Palumbo et al. (1985)
1500 mJy Hummel (1980)

3.8 x 104 erg s™! Kennicutt and Kent (1983)

%nuclear radio-continuum source
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CHAPTER 2
M51: Molecular Spiral Arms, GMAs, and Superclouds

Abstract

We present an aperture synthesis image of the prototypical grand-design
spiral galaxy M51 in the CO (1-0) line made with the Owens Valley Millimeter
Interferometer. The image is a mosaic of 30 one-arcminute fields. Narrow (107 -20")
spiral arms are seen which are coincident with the optical dust lanes and non-
thermal radio emission, but are offset from the ridges of Ha and thermal radio
emission. There are many dense concentrations of emission, termed Giant Molecular
Associations (GMAs), both along and between the arms. The GMAs have masses

of 107 to 6 x 10" M_, and most of the on-arm ones appear to be bound. Thev

[OR
consist of several spectral components, termed Molecular Superclouds, which also
appear to be bound. The interarm GMAs are unbound and are probably due to a

secondary compression of the density wave. Streaming motions in the GMAs are

consistent with density wave theory.

Subject headings: Galaxies: individual (M51) — Galaxies: interstellar matter

- Galaxies: structure — Interferometry
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I. Introduction

While it is generally acknowledged that density waves are responsible for
galactic spiral structure, their role in triggering coherent star formation remains
obscure. Direct evidence for the existence of density waves has been provided by the
detection of streaming motions in the grand-design spiral galaxies M51 (Tully 1974b:
Rydbeck et al. 1985) and MS81 (Visser 1980). On the other hand, the observed
spiral structure - even in grand-design systems such as M51 — can be reproduced
by models of stochastic, self-propagating star formation (Seiden and Gerola 1979).
Furthermore, Elmegreen and Elmegreen (1986) found that the overall star formation
efficiency (SFE) is only weakly correlated with the large-scale coherence of the spiral
arms, suggesting that density waves have little to do with star formation. Finally,
Elmegreen (1987a) claims that the narrower and better defined arms seen in the
blue light of spirals as compared to the red can be explained by higher compression
of the molecular gas by the density wave relative to the old disk stars, with the

massive star formation rate depending merely linearly on the molecular gas mass.

To investigate the relationship between density waves and star formation, we
have undertaken a major program of radio synthesis mapping of M51 (NGC 5194)
in the 2.6 mm CO (1-0) transition with the Owens Valley Millimeter Interferometer.
Initial results for 8 one-arcminute fields revealed narrow molecular spiral arms and

demonstrated the existence of spatially resolved velocity shifts across the arms in

the NW quadrant of the galaxy (Vogel, Kulkarni, and Scoville 1988, hereafter VKS)
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in the sense predicted by densi:r wave theory. The SFE was found to be higher in

the arms than between the arms (VKS; Rand and Kulkarni 1989).

In this Letter, we present our interferometric mosaic map for 30 fields covering
most of M51 and discuss the implications of this map for the role of density waves

in star formation.

I1. Observations

The Millimeter Wave Interferometer of the Owens Valley Radio Observatory
was used in the years 1986 through 1989 to map M51 in the CO (1-0) line. The
three 10.4 m dishes are equipped with SIS receivers, cryogenically cooled to ~ 4 K.
Two filterbanks with 32 1-MHz and 32 5-MHz channels provided resolutions of 2.6

km s™! and 13 km s~ L.

A total of 30 positions in M51 were observed in two array configurations, and
each 12 hr track was shared between two positions. The synthesized beam is about
9" x 77 (PA=0°), corresponding to a linear resolution of 500 x 350 pc, assuming
a distance of 9.6 Mpc (Sandage and Tammann 1975). The primary beam is 65"
(HPBW). Phase calibration was based on observations of the quasar 141843546
every 15 min. Mars, Uranus, 3C 84 and 3C 273 were used to determine the flux
scale, giving an uncertainty of ~ 20%. The mapping was carried out using standard

NRAO AIPS software.
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The first eight positions were mapped in 1986-87 (VKS) and the remaining 22
by us in 1987-38 and 1988-89. The 30 maps were combined into a single data cube

through a simple mosaicing procedure which corrects for primary beam attenuation.

III. Features of the Mosaic Map

The mosaic is overlaid on an Ha CCD image of M31 in Figure la (Plate 1)

and on a red-continuum image in Figure 15 (Plate 2).

The most striking feature of the mosaic are the narrow spiral arms, especially
within about 100” of the nucleus. Two arms of width 10” — 20” can be traced for
about 270° of azimuth. The emission breaks up into discrete features along these
arms. Disconnected emission features delineate spiral arms further from the nucleus,
and are also seen between the main arms. We detect typically 25 — 35% of the flux

contained within a single-dish beam at a given position (Lord and Young 1989).

The molecular arms show excellent correspondence with the optical dust
lanes. There is also a close coincidence between the molecular arms and the ridges
of non-thermal radio emission (Tilanus et al. 1988). The arms are offset by 5”-10”
to the inside of the Ha ridge in the inner regions. The offset is larger in the outer
arms (10”-20"). Using the pitch angle, rotation curve and pattern speed from Tully
(1974b), the implied delay between the peak compression of the molecular gas and
the peak of massive star formation is ~ 107 years. Although this offset could be
due to optical extinction, we note that a similar offset is seen between the molecular

arms and the thermal radio emission arms (Tilanus and Allen 1989).
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IV. Discussion

The molecular emission shows dense concentrations of gas both on and be-
tween the arms. For the determination of the masses of these concentrations, we
first estimated the total flux in each. Using the Galactic conversion factor of inte-
grated CO flux to molecular column density, o = 3 x 10%° mol em™? (K km s~!)~!
(cf. Scoville and Sanders 1987), we derive masses of 107 —6 x 107 M, for the on-arm
concentrations, and 107 — 4 x 107 M, for the interarm ones (a factor of 1.36 for
the helium content is included). Sources of error in an individual mass estimate
are the uncertainty in the distance to M51 (the dominant source since the mass
depends on the square of the distance), measurement error in the exact extent of
the concentration, the uncertainty in the above conversion ratio, and the error in
our amplitude calibration. Assuming a distance uncertainty of 20%, the resulting

fractional error on the mass is about +£50% for all concentrations.

These concentrations have been termed Giant Molecular Associations by
VKS, to reflect the facts that a) the on-arm concentrations can only survive for
a small fraction of a galactic rotation as evidenced by the widths of the arms, and
b) their masses are more than an order of magnitude greater than those of typical
Galactic GMCs (10° — 108 M, ). We identify 26 GMAs in our map: 20 on the arms,
and 6 between the arms (Table 1). The 6 interarm GMAs represent the first such

detections.

a) The Nature of the On-arm GMAs
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To determine whether the GMAs are gravitationally bound, we have calcu-
lated the virial mass of each GMA from the velocity dispersion at the peak of its
flux, o, (in km s™!) and its estimated diameter, D, (FWZI, in pc), according to
the formula M, = 525D¢c? MQ. The GMA spectra are dominated by a few (1 to
3) distinct velocity components, hereafter referred to as “spectral components.” In
cases of multiple component GMAs in which a Gaussian fit is clearly inappropriate,
the dispersion of the component velocities was used to estimate the virial mass.
Sources of error in this determination are errors in ¢ and D (determined directly
from the data for each GMA) and the uncertainty in the distance to M51. The range
of fractional errors for the virial masses is about 30 — 100%, with the first of the
above sources dominating the error. A majority (16) of the GMAs are unresolved
— hence only upper limits on their virial masses can be calculated. The resulting
virial masses (My;,) and CO-flux-based masses (M¢cp) are shown in Table I. The
interarm GMAs do not show good evidence of being virially bound. In contrast,

many on-arm GMAs appear to be bound, especially within 5 kpc from the nucleus.

It 1s possible that the good agreement between My ;. and Mo is fortuitous
and that the GMAs are just random superpositions of a few large GMCs. To test
this possibility we simulated a random distribution of a population of large GMCs,
with a size spectrum of N(D) o D723% 40 pc < D < 160 pc. The exponent in
the above expression is the Galactic value (Scoville and Sanders 1987). GMCs were
drawn from this parent population and randomly placed on a two-dimensional grid.

Several simulations were run with varying mean column density. We then “mapped”
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these simulations using our uw-coverage. The total area simulated was about half
the area we have observed. In order for the 6 brightest simulated concentrations
to reproduce the mean flux of the 6 largest GMAs, a surface density of > 10?® mol
cm™? is needed, which is much too high to be consistent with both our observed
mean on-arm value (5 x 10*! mol cm~?) and the on-arm value (6 x 102! mol cm ™}

in the single-dish observations of Lord and Young (1989).

The simulations were checked for their sensitivity to the input assumptions.
Doubling the endpoints of the mass spectrum, to 80 and 320 pc, produced a clumpier
structure but reduced the required column density only by a factor of 2. Increas-
ing the exponent of the size spectrum to 2.82 also had an insignificant effect on
our results. Thus our simulations demonstrate that random superposition cannot
produce the observed on-arm GMAs, giving more support to the idea that most of

them are bound.

If the on-arm GMAs are bound, we must then ask whether they are stable
entities. For example, the mean density, 72, of large clouds must exceed n, = AQ/G
to be stable against tidal forces in the galactic disk. From the observed flat rotation
curve (e.g., Tully 1974a), we find A = 105/R km s~! kpc™!. From Table I, the
interarm GMAs are therefore generally unstable. Four on-arm GMAs are stable.
two are clearly unstable while the remaining 14 have only upper limits on the mean
density. However, as Elmegreen (1987b) has pointed out, the tangential streaming
motion induced by a density wave results in essentially solid-body rotation on the

arms and therefore a much smaller Qort’s constant A. Indeed, from the amplitude
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of the streaming motions we have detected (see § IVb), one finds that in the spiral
arms at 3 kpc from the nucleus, A is a factor of 2 smaller than the above value.
Thus, the minimum density for tidal stability is reduced on the arms, and therefore

the on-arm GMAs are probably not tidally unstable.

We can also check whether the individual on-arm GMA “spectral compo-
nents” are themselves virially bound. In Figure 2, My;, and M¢co are compared
for components which are well isolated in the spectra. Given the large uncertainty in
this type of comparison, the plot shows good evidence that these components, with
average mass ~ 107 M, , are in fact gravitationally bound. We therefore call these
components “molecular superclouds,” in analogy to the HI superclouds of compa-
rable mass seen in some spirals (Elmegreen 1987b). Although “normal” (10° — 10®
M, ) GMCs have been found embedded in these HI superclouds (e.g., Blitz 1985),
gravitationally bound 107 M, molecular clouds have not been seen before in spiral

galaxies.

How do these superclouds form? One possible mechanism is agglomeration
through cloud-cloud collisions, which has received observational support in our own
Galaxy (e.g., Scoville et al. 1986). However, it is not clear that the formation of

bound clouds with masses as large as 10’ M can be explained by this mechanism.

o
Given the high molecular gas density in the disk of M51 (Lord 1987) combined
with the strong density wave (Tully 1974b), one would expect a higher growth rate

for the assemblages, possibly leading to the formation of many 107 M, clouds.

Alternatively, such high-mass clouds are expected to form directly as a result of
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gravitational instability, especially in the spiral arms (Elmegreen 1987¢). This in-
stability is enhanced in the arms because the tangential streaming motions of the
gas tend to offset the stabilizing shear in the galactic disk, as discussed above. A

hybrid of these two scenarios is also possible (Elmegreen 1987c¢).

How do the GMAs form and what confines them to the spiral arms? The
formation of GMAs could be analogous to the formation of molecular superclouds:
collisions of superclouds, direct formation through gravitational instability, or a
hybrid of the two mechanisms. The confinement to the spiral arms implies that the
GMAs are short-lived, with a lifetime of roughly 3 x 107 years. One possibility is
that star formation within the constituent superclouds provides enough energy to
disrupt the GMAs. The gravitational binding energy of a typical GMA is 2 x 10%3
ergs. A cluster of 3000 OB stars, which is necessary to produce a typical supergiant
HII region, can therefore easily provide enough energy to disrupt a GMA (or a
supercloud). However, the coupling of the energy output to the bulk motion of the
gas 1s a large uncertainty. Another possibility is that the GMAs and superclouds
are only stable against tidal forces within the spiral arm, and are disrupted upon
leaving the arm. As discussed above there is some marginal evidence that this could

be the case.
b) Streaming Motions in On-arm GMAs
Simulations of the response of molecular clouds to a spiral density wave pre-

dict that the spiral potential disturbs the basic circular rotation by causing steep

velocity gradients both parallel and perpendicular to spiral equipotentials near the
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narrow region of spiral phase where the gas is highly compressed (see Figure 3 of
Roberts and Stewart 1987). Observationally, these velocity gradients translate into
a boost in the tangential velocity in the direction of robtation and a shift in radial
velocity toward the nucleus. These disturbances to the clouds’ orbits lead to longer
residence times of the clouds in the region of the spiral potential minimum (“or-
bit crowding”) and are the primary reason for molecular spiral structure in these

simulations.

One of the most important results of VKS was the detection of such tangential
and radial “streaming motions” in two GMAs near the major and minor axes,
respectively, in the directions predicted by the models. With the now more complete
data, streaming motions are detected in 4 additional complexes. In each case, the
velocity shift is in the direction predicted by density wave theory. We defer further

discussion of streaming motions to a future paper on the gas-dynamics of M51.

c¢) The Nature of the Interarm GMAs

The interarm GMAs are rather weak, but all are detected at > 7o in more
than one field. They have a mean mass of 2 x 10" M (half the mean on-arm GMA
mass) and show typically 3 or 4 distinct spectral components with a mean mass
of 6 x 10° M, . Evidence was presented above that these GMAs are probably not

bound.

The existence of interarm GMAs raises the question of whether they have a

dynamical origin, or are perhaps just random superpositions of a few large GMCs.
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Repeating our simulations with the same spectrum of very large GMCs ranging
from 80 to 320 pc, the surface density required for the 6 brightest simulated con-
centrations to reproduce the mean flux of the 6 interarm GMAs is 2 x 10?2 mol
ecm™?. This value is much greater than the typical observed interarm value, which
we estimate from Lord (1987) to be 5 x 10?! mol cm™? at about 1’ from the nu-
cleus. The interarm GMAs in M51 must therefore have a dynamical origin, possibly

analogous to the on-arm GMAs.

One possibility is that they are formed by secondary compressions of the
density wave. The gas-dynamical numerical calculations of Shu et al. (1973) showed
that high harmonic resonances of the epicyclic frequency and the frequency with
which the wave passes through the gas can lead to secondary spiral features over
narrow ranges of radii. The self-gravity of the gas should enhance this process.
Secondary compressions have been speculated to be present in M51 (Tully 1974b;

Rydbeck et al., 1985) and M81 (Visser 1980).

The best observational test of this idea is to look for the streaming motions
predicted by density wave theory in the interarm GMAs. The one interarm GMA
near the minor axis (I6 in Figure 15) does indeed show the expected radial velocity
shift (15 km s™1) tqward the nucleus, in accordance with the density wave predic-
tion. Also in support of this interpretation is the fact that we see faint, narrow
strings of HII regions giving the appearance of coherent spiral features (Figure la)
in the NE and SW interarm regions near concentrations of interarm GMAs, indi-

cating a large-scale, but relatively low-level, star forming event. All the evidence



28
therefore indicates that these GMAs are indeed formed by secondary compressions
of the density wave. The 6 x 10° M, spectral components are then likely to be

smaller versions of the molecular superclouds in the main arms.

V. Conclusions

Our high-resolution interferometric map of the CO emission in M51 shows
two narrow spiral arms with many bright concentrations of emission (GMAs). The
GMAs have masses of 107 —6 x 107 M, . The interarm GMAs are unbound whereas
many of the on-arm GMAs appear to be bound. Our simulations show that the
GMAs cannot be a simple random superposition of large GMCs, but instead must

have a dynamical origin.

The GMAs are composed of a small number of distinct components (super-

clouds) with a mean mass of 10” M_, which show good evidence of being virially

o
bound. These superclouds may be the extreme cases of agglomeration by cloud-
cloud collisions, or they may form directly as a result of enhanced gravitational
instability in the arms. An attractive feature of the former mechanism is that it

can explain the higher SFE on the arms in M51, whereas the situation is less clear

for the latter mechanism.

GMAs may also form through instabilities or collisions of superclouds. Be-
cause of the modification of the local rotation curve by the tangential streaming

motions, they are stable against galactic tidal forces while in the arms, and may
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become unstable as they leave the arms. Alternatively, they may be disrupted by

the energy output of the newly formed stars.

Streaming motions in on-arm GMAs are consistent with the predictions of
density wave theory. The discovery of streaming motions in interarm GMAs pro-

vides strong evidence for secondary compressions of the density wave.

These results demonstrate the need for new simulations of systems like M51
where the spiral potential may be more powerful than just a linear perturbation on
the axisymmetric potential, and where gaseous compression is high enough so that

the self-gravity of the gas may significantly affect the overall disk dynamics.
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Table 1. GMA Properties

R.A. Offset Dec. Offset Distance
from from from
Nucleus Nucleus  Nucleus Mco My
GMA (arcmin) (arcmin) (kpc) (10" M,) (10" M,) 7/ny
Al -0.18 0.88 3 4.6 <11 >0.6
A2 —0.65 0.82 3 5.4 <51 >038
A3 —1.45 —-0.08 4 1.1 0.7 1.0
A4 —0.42 —0.62 2 5.2 <51 >03
A5 -1.90 —0.42 6 2.3 <15 >13
A6 -1.62 —-1.32 6 3.1 1.4 1.9
AT —1.62 —1.78 7 3.5 3.4 1.6
A8 0.28 —1.02 3 6.2 <41 >09
A9 0.50 —-1.02 3 2.6 <22 >04
A10 1.08 —0.68 3.5 3.7 3.6 0.2
All 0.82 —0.48 2.5 2.7 <30 >03
Al12 1.32 1.02 5 2.8 <22 >11
Al3 1.25 1.28 5 3.3 <24 >1.2
Al4 0.42 2.08 5.5 6.2 5.2 0.4
Al5 —0.60 1.65 5 5.6 17 1.2
A16 —0.88 1.50 5 4.5 5.2 0.2
Al7 -1.22 1.70 6 3.8 <34 >21
A18 —1.28 1.35 6 2.0 <18 >1.2
A19 —1.55 1.40 6 2.4 <12 >14
A20 —-1.70 1.20 6 4.2 <24 >24
Il —0.88 —1.00 4 3.8 54 0.6
12 —0.65 —1.30 4 2.8 50 0.2
I3 —1.00 -1.90 6 0.9 15 0.2
14 —-0.40 —2.02 6 1.9 22 0.3
15 1.22 —-1.22 5 2.0 39 0.4
16 0.80 0.48 3 1.7 <77 >02
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Figure Captions

FIG. 1. Mosaic map of CO emission in M51 overlaid on a¢) an Ha CCD image
and b) a red continuum CCD image, with the GMAs labelled. The mapped region
i1s outlined by the dashed curve. No data from beyond the half-power point of
the primary beam are included in the mosaic. Due to improvements in receiver
sensitivity and atmospheric conditions over the three year span of the observations,
there is a variation in rms noise of about a factor of two over the mosaic. Sensitivity
generally improves from NW to SE in the map, ranging from about 2 Jy km s™!
beam™ to 4 Jy km s™! beam™!. The contour levels are 4.5, 7.8, 13.5, 22.5, 31.5
and 40.5 Jy km s™' beam™. The CCD images were taken with the 60” telescope
at Palomar. Registration of the mosaic map and optical images was achieved to an
accuracy of better than 1”7 by deriving the positions of secondary stars in the CCD

image from nearby SAO stars.

FIG. 2. Virial mass (Myi,) versus flux-based mass (Mc¢o) for distinct components
of GMAs. The solid line indicates equality between the two masses, while the
dashed line indicates the marginally bound case. Upper limits on virial masses are

indicated by the arrows.
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CHAPTER 3

Observations of Molecular Gas in M51 at 2.5” Resolution

Abstract

We present a CO (1-0) map of two one-arcminute fields in M51 at 2.57
resolution made with the Millimeter Interferometer of the Owens Valley Radio
Observatory. The fields include three on-arm and two interarm Giant Molecular
Associations (GMAs) identified earlier in our 8” mosaic map. The GMAs are well
resolved at this resolution. The tangential velocity shift across the arm at the
major axis crossing agrees with the shift measured from the 8” mosaic. The one-
dimensional velocity dispersion on the arms at this resolution is about 10 km st
We estimate virial masses with separate contributions from the random and sys-
tematic (streaming) motions within the GMAs. For the on-arm GMAs, the virial
masses indicate that they are roughly gravitationally bound. The virial masses of
the interarm GMAs confirm that they are unbound. Problems associated with the
apparent boundedness of the on-arm GMAs are briefly mentioned here and more
fully discussed in a later paper. We confirm that the on-arm GMAs are stable
against galactic tidal forces, while the interarm GMAs are close to the condition of
marginal stability. A possible reason, based on gravitational instability theory, for

the difference in on-arm and interarm GMA properties is discussed. The detailed

spatial coincidence between molecular emission and Ha emission is poor. Several
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possible explanations are given for this. The interarm GMAs have very little asso-
ciated Ha emission compared to the on-arm CO emission. This contrast may be

related to the GMA formation process.

Subject headings: galaxies: interstellar matter — stars: formation — galaxies indiv:

(M51) - interferometry
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1. Introduction

Over the past few years, we have been carrying out an observational program
to understand the relationship between the density wave, molecular gas and star
formation in the grand-design spiral galaxy M51. In previous papers (Vogel, Kulka-
rni and Scoville 1988; Rand and Kulkarni 1990a, hereafter RK) mosaic maps were
presented of CO (1-0) emission from M51 at 8” resolution made with the Millime-
ter Interferometer of the Owens Valley Radio Observatory. We briefly summarize
the relevant results from those papers here. There is a narrow, two-armed spiral
pattern in the molecular gas. The molecular arms well aligned with the dust lanes,
but offset upstream from the HII region arms. The tangential and radial velocity
shifts predicted by density wave theory are clearly seen where the arms cross the
major and minor axes of the galaxy. Using Ha emission as a tracer of the massive
star formation rate, we find that the star formation efficiency (SFE) is higher on
the arms than between the arms, implying that the density wave is triggering ex-
cess star formation from the compressed gas. This SFE contrast depends on our
knowledge of the molecular arm-interarm contrast, which is potentially difficult to
measure from interferometric data. However, we have confidence that we have re-
liably measured the SFE contrast, since single-dish observations have subsequently
confirmed our result (Lord and Young 1990). The molecular arms contain discrete
emission features which we termed Giant Molecular Associations (GMAs), which
have a typical mass of 3 x 107 M,. GMAs are also found between the arms. We

find indications that the on-arm GMAs are roughly gravitationally bound, while
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the interarm GMAs are unbound. The spectra of the GMAs show that they typi-
cally consist of one to five velocity components (see Figure 1). Possible formation
mechanisms for the GMAs include collisional agglomeration of pre-existing smaller
clouds and gravitational instability. There is evidence that the interarm GMAs are

formed in a weak, secondary compression of the density wave.

We chose to follow up these observations with higher resolution maps for three
reasons. First, because many of the GMAs, especially on the arms, were unresolved
or not well resolved, one may be concerned about whether reliable virial masses can
be estimated. Second, with higher resolution observations we expect to measure
more accurate, spatially-resolved velocity gradients across the arm. Third, the CO
spectra indicated that the GMAs consist of a small number of components which
might be spatially separated if mapped at higher resolution. For these reasons, we
mapped two adjacent fields, chosen to contain on-arm and interarm GMAs, at 2.5”
resolution. One of the fields includes a major-axis crossing of the molecular spiral
arm south of the nucleus. The on-arm GMAs in these fields were all unresolved in

our mosaic map.

II. Observations

The observations were made in the years 1988 through 1990 with the Millime-
ter Wave Interferometer of the Owens Valley Radio Observatory. The instrument
consists of three 10.4 m dishes which are equipped with SIS receivers, cryogenically

cooled to 4 K. The filterbank used for the data presented here consists of 32 1-MHz
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channels, giving a resolution of 2.6 km s™!. The low resolution data (two config-
urations with deprojected baselines ranging from 15 m to 55 m) were used in the
mosaic of RK and were taken in the months of February‘, May, and November 1988,
and January 1989. The high resolution data (three configurations with baselines

ranging from 60 m to 205 m) were taken in January and February 1990.

The synthesized beam is about 2.77 x 2.2” (P.A. = 0°), giving a linear res-
olution of 125 x 100 pc, assuming a distance of 9.6 Mpc (Sandage and Tammann
1975). The primary beam is 65” (HPBW). Phase calibration was based on observa-
tions of the quasar 14184546 every 15 min. Mars, Uranus, 3C 84 and 3C273 were
used to determine the flux scale, giving an uncertainty of about 10%. The mapping
was carried out using standard NRAO AIPS software. Pairs of channels were aver-
aged together before mapping to improve sensitivity. The final velocity resolution
is therefore 5.2 km s™1. The two maps were combined into a single data set through

a simple mosaicing procedure which corrects for the primary beam attenuation.
ITI. Results and Discussion

Shown in Figure 2q is the contour map of total intensity of CO emission for
the two fields. The spiral arm can clearly be seen, as well the on-arm GMAs A4,
A8 and A9, and the interarm GMAs I1 and 12 (see RK for identification of GMAs).
Some of the circumnuclear emission seen in the 8” map is detected, but most of the
gas in that region emits at velocities outside the range of the filterbank for these

observations, and so is missed in this map.
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Of the on-arm GMAs, A4 remains relatively compact at this resolution, while
A8 shows a significant amount of substructure. A9 is intermediate between these
extremes. All three GMAs were unresolved in the 8” moéaic (RK). The substructure
observed in the GMAs here confirms our expectations based on the CO spectra from

the 8” mosaic cube.

The brightness temperature of the gas along the arm ranges from 2 to 10
K, with 6 K being a typical value for the GMAs, and 3 K being typical of the gas
between the GMAs. These numbers are comparable to the brightness temperatures
of Galactic GMCs of 5-10 K (e.g., Scoville and Sanders 1987). The brightness
temperature reflects both the actual temperature of the clouds and their areal filling
factor. If the molecular clouds in M51 are actually at about the same temperature
as the Galactic GMCs, then the areal filling factor of the clouds along the arms
of M51 is close to unity. Alternatively, the clouds may be hotter than Galactic
GMCs and have a filling factor less than unity. Possible support for the latter
interpretation comes from the high 12C0O/!3CO ratio found for the disk of M51 by
Young and Sanders (1986). The ratio of about 11 that they find for regions 1-5 kpc
from the nucleus is about twice the value for clouds in the inner Milky Way. Hotter
gas is likely to lead to such a difference; however, there may also be a correlation of

the isotope ratio with metallicity (Young and Sanders 1986).

a) Streaming Motions and Velocity Dispersion
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The streaming motions we found at 8” resolution in RK along this arm are
confirmed at the higher resolution. Figure 3 shows velocity cuts through the major
axis GMAs A8 and A9 in directions across and along the arms. For tangential
motions on this side of the major axis, increasing Vis, corresponds to increasing
tangential velocities in the plane of M51. No systematic motions are seen in the
cuts along the arms. Whereas the underlying rotation curve is flat (Tully 1974), the
across-arm cuts both show a positive velocity shift of about dv/dR = 130 km s™?!
kpc™! in the plane of the sky, assuming an inclination of 20° (Tully 1974). Hence
the tangential streaming at this southern crossing of the major axis is somewhat
greater than the (spatially-resolved) streaming of 90 km s=! kpc™! reported for the
northern crossing by RK. This velocity gradient is steeper than that expected for
solid-body rotation at this radius, indicating that a condition of “reverse shear”
exists at this location. No streaming motion has been detected in the interarm
GMAs I1 and 12. The 1-d velocity dispersion along the arms was computed in two
ways. First, we used a “dispersion map” produced by the MOMNT program of
the NRAO AIPS package. The second method was to fit spectra at various points
along the arms with Gaussians. Both methods show that the dispersion along the
arms ranges from about 6 to 13 km s™1, with a mean value of 10 km s~!. The shift
expected over a resolution element from the tangential streaming is only 5 km s™!,
so the observed dispersion in each resolution element is dominated by random and

not systematic motions.

b) Virial Masses
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We recalculate the virial masses and masses based on CO flux reported in
RK to check the boundedness of the GMAs. We derive here a formula for the virial
mass which includes terms representing both the random and systematic motions in
a GMA. For equality between the gravitational and random kinetic energy, Scoville

and Sanders (1987) give for the virial mass in Mg:
Mvir,random = 550D(0'1d)2- (1)

where D is the observed FWHM diameter in parsecs, and o4 is the 1-d velocity

dispersion. This formula assumes a 1/r density profile.

Our measurement of the systematic velocity shift across the major-axis GMAs
implies that there is a shear across them. This shear has an energy associated
with 1t and therefore must be taken into account in the virial analysis. The shear
can be treated approximately as a kinetic energy term in the virial theorem. At
galactocentric radius R, the rate of shear is twice the generalized Qort A constant: -
2A(R) = (dv/dR — v/R). The shift for a fluid element at any distance r from the
center of the GMA 1s Av = 2A(R)r cosf, where rcos8 is the projected distance
of the fluid element from the GMA center along the tangeﬁtial axis. The kinetic

energy term in the virial theorem, 2T = [, p(Av)?dV, is then
T Rcl
2T = / / p(T)(2A(R) r cos 8)*2nr?cos 6 drdf (2)
o Jo

where p(r) is the density at radius r, and R, is the radius of the cloud. Integrating

using a 1/r density profile, p = pr,,Rc1/7, we find

2T = 4/3 M A(R)*R%, (3),
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where M is the mass. Setting this equal to the gravitational potential energy,
2GM?/3R,;, we find that virialization in the presence of the systematic shift alone
requires

Mvir,systematic = 5.6 X 10_5A(R)2D3 (4),

where the units of Myir systematic are Mg, A(R) is in km s™! kpe™!, and D, the

cloud diameter, is in pc.

The virial mass in the presence of both random and systematic motions

therefore reduces to

Myir = 550D(014)* + 5.6 x 107°A(R)*D? (5).

The virial masses calculated according to equation (5) are shown in Table 1 for
the five GMAs, along with the quantities D and o14. For the on-arm GMAs,
014 ~ 10+ 3 km s™!. For the interarm GMAs, the velocity dispersion was taken to
be the average value over the GMAs measured from our dispersion map smoothed
to 67 (still less than the size of the interarm GMAs). The rms of this mean provided
an estimate of the uncertainty. Diameters of the interarm GMAs were measured
from a map also smoothed to 6”. For the GMA A4, which is not near the major
axis, we assumed that the same tangential velocity shift exists across it as observed
in A8 and A9. The virial masses for the interarm GMAs include only the random
component. Along the major axis, the CO velocities indicate a typical rotation

speed of 200 km s™!. We use this value and a flat rotation curve (Tully 1974) to
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calculate A. The shear component turns out to contribute only a small fraction of

the virial mass (~ 10%).

The CO-flux-based mass, M¢o 1s calculated by assuming the Galactic con-
version factor between CO luminosity and H, column density of & = 3 x 102° mol

em™2 (K km s™1)71. Values of M¢co are listed in Table 1.

The sources of error in the two mass estimates are as stated in RK. The
fractional uncertainty in the CO-flux-based masses is about 50% , based on the
sources of error listed in RK. However, we consider the CO masses estimated from
the current map to be more uncertain than those estimated from the 8" map (see
RK). The reason is that the inclusion of the high resolution data should have little
effect on the total flux information but does add significantly to the noise in the
map. We therefore believe our CO-flux-based mass estimates of these GMAs from
the 8” mosaic to be more accurate. This is especially true for the interarm GMAs,
which are particularly extended, low surface brightness features. In reality the on-
arm GMA masses agree fairly well with our earlier measurements, but the interarm
GMA masses are significantly higher than the values of 3.8 x 10” Mg and 2.8 x 107
Mg given in RK for I1 and 12, respectively. The fractional uncertainties on the

virial masses are listed in Table 1.

At this resolution, we find that the virial masses for the on-arm GMAs are
certainly not higher than the CO-flux-based masses, and in fact are systematically
lower by about a factor of 2. This discrepancy exists whether we use the current CO-

flux based masses or those from the 8” mosaic. The disagreement may simply reflect
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the systematic uncertainty in the conversion factor, a. The high 12CO/*3*CO ratio in
- M51 may provide some evidence in favor of this explanation (see above). The virial
theorem indicates, however, that the on-arm GMAs are roughly gravitationally
bound. The interarm GMAs have virial masses greater than their CO-flux-based
masses and several times greater than those of the on-arm GMAs, and so they still

appear to be unbound.

If the on-arm GMAs are actually bound, then some problems arise. These are
only briefly mentioned here and will be discussed more fully in an upcoming paper
(Rand and Kulkarni 1990b). First, if the shear observed across A8 and A9 persisted
at its current rate, the GMA lifetime would be limited by the shearing disruption
to ~ 2 x 107 yr (Rand and Kulkarni 1990Db). Therefore, the energy associated with
the ‘shear must quickly be dissipated or converted into rotational or random kinetic
energy in order for these GMAs to remain bound. However, no major-axis GMAs
in the 8” mosaic are observed to have evolved into this state, i.e., none is observed
without streaming across it. In fact, there is no evidence that any of the GMAs show
streaming that is any different from the gas observed between them (see Figure 2 of
Vogel, Kulkarni, and Scoville [1988]). For the northern major axis, shear disruption
may not be such a problem since the local rotation curve is close to solid-body and

the shear timescale is much longer (~ 10® yr; Rand and Kulkarni 1990b).

The second problem is that in order to explain their confinement to narrow

spiral arms, bound GMAs must be rapidly destroyed as they move off the arms.
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In Rand and Kulkarni (1990b), we discuss the plausibility of and uncertainties

associated with disruption by star formation or galactic tidal forces.

¢) Tidal Stability

In RK, we suggested that the on-arm GMAs are stable against galactic tidal
forces while the interarm GMAs were not stable. Thus, bound GMAs may be
disrupted by tidal forces when they move off the arms. We can make a stronger
statement regarding tidal stability with the new high-resolution data. The minimum
density for stability against galactic tidal forces is ny(R) = A(R)Q(R)/G where
A(R) is the Oort constant at radius R, Q(R) is the orbital angular frequency, and
G is the gravitational constant. This expression can be derived by balancing the
tidal acceleration (e.g., Stark and Blitz 1978) with the gravitational force per unit
mass of the cloud. Using the flat rotation curve and the tangential streaming motion
mentioned above, we calculate n; at R = 2 kpc to be 8 mol cm™, and at R = 3
kpc, ng = 11 mol cm™2. The average column densities and FWHM diameters of the
GMAs can be used to find the mean densities, assuming spherical symmetry. The
resulting densities are 36, 34 and 17 mol cm™2 for on-arm GMAs A4, A8, and A9,
respectively. Hence the on-arm GMAs appear to be tidally stable. The interarm
GMAs (at R ~ 4 kpc) have ratios of true to tidal densities a few times smaller and
are therefore close to the point of marginal stability, assuming the rotation curve is

essentially flat in the interarm regions.

d) Spatial Relationship with Ha Emission
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Figure 2b shows the CO contours overlaid on our continuum-subtracted Ha
CCD image (see RK). While it is clear that CO and Ha emission is concentrated to
the arms, the detailed agreement between regions of CO and Ha emission along the
arms is poor. A4, for instance, is a relatively massive GMA, but only has a faint HII
region associated with it. A9, on the other hand, has a lower mass but has a very
bright HII region associated with it. To the west of A8, there are HII regions with
no detectable CO in their vicinity. The interarm GMAs have little Ha emission
associated with them. What are the possible explanations for this breakdown in

correlation on small scales?

Simple variations in the star formation efficiency (SFE) may be one expla-
nation for the lack of correlation. If so, then A4 would be a region of low SFE,
while A9 would have a high SFE. The interarm GMAs would have particularly low
SFEs in this explanation. If they are formed in a weak, secondary compression of
the density wave, as suggested by RK, then this SFE contrast between the main
and secondary arms may be an example of how the SFE depends on the spiral
arm strength. Elmegreen (1987) has suggested that, for formation of large struc-
tures by gravitational instability in spiral arms, there is insufficient time in weak
compressions for the instabilities to fully develop, so that preexisting clouds are
only temporarily brought together into loose agglomerations. The rate of dissipa-
tion would be much less than in a strong compression, so that little star formation
would occur before the agglomerations disband again due to the expanding flow. In

Rand and Kulkarni (1990b) we demonstrate, by carrying out an analysis based on
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Kennicutt (1989), that the interarm gas is close to the condition for gravitational
instability. A weak compression could be sufficient to trigger weak instabilities in
the gas. These ideas would explain both the unbound nature of the interarm GMAs

and the lack of much associated Ha emission.

Second, the poor correlation may be reflecting the temporal sequence of star
formation. Two effects can lead to the disruption of GMAs into a diffuse enough
state to be undetectable interferometrically: ) energy input from star formation
(e.g., stellar winds and supernovae), and 4) increased shear when the GMAs move
off the arm. In this explanation then, the high-mass GMA A4, which has little
associated Ho emission, is near the beginning of its star formation episode and has
thus suffered little disruption by these effects, while A9, with its bright associated
HII region, is more evolved and may already be significantly disrupted. There may
once have been a GMA associated with the HII regions to the west of A8, but it

may have been severely disrupted by this time.

Finally, patchy extinction might be naively expected to cause anticorrelation,
since a higher gas surface density implies more extinction from the associated dust.
We can test this possibility by comparing the Ha emission with the thermal radio
emission. Tilanus et al. (1989) have carried out a separation of the 6 and 20-cm
VLA maps of M51 into thermal and nonthermal components. Since the thermal
fraction is very low, the sensitivity of the map of thermal emission is somewhat
poor. However, there does seem to be a relatively bright thermal feature at about

the position of the faint HII region near A4, indicating that there is in fact relatively
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high extinction in that region. The bright HII region associated with A9 also shows
a bright thermal feature, while the HII regions with little associated CO emission
show very little detectable thermal emission. From thevthermal and Ha fluxes, we
can estimate rough visual extinctions using the formula given in van der Hulst et
al. (1988), who used the 6-cm VLA map (as an indicator of thermal emission)
and an Ho image to estimate extinctions toward giant HII regions. The extinction
we estimate for the HII region near A9 is 1.9 mag, which compares well with the
value of 2.2 mag found by van der Hulst et al. Near A4, we estimate an extinction
of about 3 mag, while for the HII regions to the west of A8 the extinction is less
than 0.5 mag. Hence, the thermal radio data indicates that there are significant
small-scale variations in the extinction which contribute to the anticorrelation. For
these three regions at least, a higher extinction does seem to correlate with a higher
gas surface density. A more systematic study over the disk of the galaxy should be

carried out to test this correlation.

It would be interesting to know how the SFE varies along and between spiral
arms on small scales in order to test various theories of star formation triggering. An
example is the consequence of a possibly low SFE for interarm GMAs as mentioned
above. Another interesting question is whether the GMAs have a higher SFE than
other on-arm gas. A caveat arising from this discussion, however, is that it is
difficult to interpret such small scale CO and Ha emission in terms of potentially
interesting real SFE variations without understanding these other decorrelating

effects in greater detail.
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IV. Conclusions

We have reported high-resolution CO observations of two 1-arcminute fields
in M51 south of the nucleus. The molecular spiral arm and the GMAs are well
resolved at this resolution. The GMAs show much substructure, often with several
peaks of emission. The brightness temperatures of the GMAs are about equal to
the typical value for Galactic GMCs, indicating either hotter gas or a high cloud
filling factor in M51. The tangential streaming motions noted by RK where the arm
crosses the major axis are confirmed, and the streaming velocity gradient across this
southern arm is steeper than the gradient across the northern arm. The 1-d velocity
dispersion of the molecular gas along the arms at this resolution is roughly 10 km
s~1. The virial theorem — with both the random and systematic motions within
the GMAs included - indicates that the on-arm GMAs are roughly gravitationally
bound while the interarm GMAs are unbound. There are some problems, however,
with the conclusion that the on-arm GMAs are bound. The on-arm GMAs are
probably stable against galactic tidal forces while they are on the arms. The in-
terarm GMAs are only marginally stable. The poor small-scale agreement between
CO and Ha fluxes has several possible causes, including «) real SFE variations, b)
star formation at different stages along the arm, and ¢) patchy extinction. There

1s evidence from the thermal radio emission that extinction variations are indeed a

contributor to the lack of agreement.
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Table 1. GMA Properties at 2.5” Resolution

R.A. Offset Dec. Offset
from from Fractional
Nucleus Nucleus o1q D M¢o My, Uncertainty
GMA  (arcmin) (arcmin) (km s™!) (pc) (107 M) (107 M) in Myir 1n/n,

A4 —0.42 —0.62 12 230 4.2 1.8 0.58 4.5
A8 0.28 -1.02 12 300 4.9 2.6 0.35 3.1
A9 0.50 -1.02 12 230 2.4 1.9 0.58 1.5
I —0.88 —-1.00 22 630 6.1 17 0.33 1.1
I2 —0.65 -1.30 20 510 6.1 11 0.63 1.1

* Mco is the mass based on the CO flux in the high resolution map. However,
we consider the masses from RK to be more accurate, especially for the interarm
GMAs (see text). The masses from RK are 3.8 x 107 Mg and 2.8 x 107 Mg, for I1

and 12, respectively.
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Figure Captions

FIG. 1. Spectra of the GMAs @) Al and b) A10 from the mosaic map.

FIG. 2. a) Contours of CO flux at 2.5” resolution. Contour levels are 3, 4, 6, §,

10, 13, 16 and 19 times the noise level of 0.7 Jy km s™!. &) Contours of CO flux

overlaid on an Ha image.

FIG. 3. Velocity profiles across GMAs A8 and A9, in directions across and along
the spiral arm: a) A8, across the arm, b) A8, along the arm, ¢) A9, across the arm,
and d) A9, along the arm. For the profiles across the arm, the abscissa is in the
direction of increasing galactocentric radius, while for the profiles along the arm,
the abscissa is in the direction of increasing Right Ascension. The increase in Vi,
across the arm for both GMAs indicate a boost in the tangential velocity in the

sense predicted by density wave theory.



57

009

0S¢ 006G

L98'GY LZ €1 VY LV d3IN3D
dST-0O713A OftA

0S¥ 00¥

_ _

_ _

-001 -

001

—00¢

—00¢

—00%

004G

—009

— 00,

—008

L 'SNVYL LGWNO

10dl

L¥'8 8¢ (¥ O30

ONNLGAKN

S-———x<——0

Figure 1a



8GC'¢S LC €1 VY 1V ¥3INIO
dST1—013A oM
009 0SS 00S 0193 4 00¥

_ _ _

58

00

¢'0

¥0

80

80

Ol

Figure 15

Xr<+——0O

_ _ I
L'SNVHL'LGND  10dl 06°G¢ 9¢ /¥ 03d ONNLGA




Declination (1950) + 47°

26

27

26.5

59

I i 1 L 1 1 i

50
Right Ascension (1950) + 13" 27™

Figure 2a




60

27

Declination (1950) + 47°
26.5

26

Right Ascension (1950) + 13! 27™

Figure 20



61

(0osduae) J91ULd WOJI] 13SI0
2 0 S~

| | b !

| _ | _ ~ _ | ~ | | | _ | _

(UOT100JIP WIIB—SSOJOR) QY SSO0J0® NO A}I00[aA

G1S

0cS

GcG

0€S

(oes/uly[) BN

Figure 3a



62

(09sode) J9qULd WIOJ] 19SIIQ

i 2 0 - b 9

(uorjoeJaIp WIe—JFUOlR) @Y SS0J0e INO AJI00[oA

0cS

STAS

0€S

GEG

0¥S

(oos /wusy) "I

Figure 35



63

(09sode) J9jued WOoJdJ }3SJI0

e [ ! 0 = S~ €

_.________*______~___w____________l

(UOT}08JIp WIR—SSO0JOR) BV SSO0J0e 1Nd A}I00[9A

GES

SvS

(oes/tuy[) SN

Figure 3¢



64

(o9sdae) J9quU9d wWoJj 19SJI0

|

| | _ | | | l _ | _ | _ _ _ |

(Uor}oedalp wWJae—Juole) gy SSoJdoe Nd A}100[8A

SES

S¥S

(OSS/LU}{) ISIA

Figure 3d



65

CHAPTER 4

Star Formation and the Distribution of HI

and Infrared Emission in M51
Abstract

HI, infrared, CO, Ha and B-band observations of M51, the prototypical
grand-design spiral galaxy, are used to study the consequences of star formation for
the distribution of HI and dust. Using the VLA map of 21-cm emission, the OVRO
CO mosaic map, and an Ha image, we carry out new tests of the idea of Tilanus and |
Allen that the HI is largely a photodissociation product in star-forming regions. We
confirm that the HI spiral arms are generally coincident with the HII region arms,
and offset downstream from the CO arms. The radial distributions of total gas, Ha
and HI surface density have a simple explanation in the dissociation picture. The
distributions also demonstrate how the surface density of HI might be related to the
star formation efficiency in molecule-rich galaxies. The large width of the HI regions
along the arms compared to that of the HII regions can be understood in terms of a
simple calculation of the expected size of an HI region associated with a typical HII
region. The longer lifetime of the stars producing dissociating radiation vs. those
producing ionizing radiation and the relatively long molecule formation timescale
will also contribute to the greater width of the HI arms if stars are continuously

forming on the arms. The lack of detailed coincidence of the HI and HII regions
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along the inner arms has a variety of possible explanations within the dissociation

scenario.

We carry out two simple tests to probe the origins of the JRAS emission in
M51. First, we find that the infrared excess (IRE) of M51 is 24, suggesting that
a substantial fraction of the infrared emission arises from dust heated by photons
which do not originate in massive star-forming regions. Second, radial cuts through
the TRAS bands show that at 12, 25 and 60 pm, the arm-interarm contrast of
the JRAS emission is substantially less than that of the Ha emission, convolved to
matching resolutions, providing further evidence for the above explanation and for
the existence of a broadly distributed dust component. Deconvolved IRAS maps

have improved resolution but do not change this finding.

Subject headings: galaxies: interstellar matter — galaxies: individual (M51) - stars:

formation - infrared: sources
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I. Introduction

Great advances in our understanding of how spiral density waves organize
atomic and molecular gas in galaxies and how they therefore relate to ongoing star
formation have been made possible in the past few years with the advent of high-
resolution centimeter- and millimeter-wave interferometers. M51 has been a popular
target for such studies because of its proximity (9.6 Mpc; Sandage and Tammann
1975), nearly face-on aspect, strong spiral structure, and molecule-rich ISM (about
90% of the ISM is molecular; Scoville and Young 1983). Observations of the ISM

of this galaxy have been recently reviewed by Rand and Tilanus (1990).

In two previous papers (Vogel, Kulkarni, and Scoville 1988, hereafter VIKS;
Rand and Kulkarni 1990a, hereafter RK) we have presented mosaic maps of CO
(1-0) emission from M51 at 8” resolution made with the Millimeter Interferometer
of the Owens Valley Radio Observatory (OVRO). We detected molecular spiral
arms which are well aligned with the dust lanes but offset upstream from the HII
region arms (see Figure 1la,b), implying that the onset of massive star formation
occurs several million years after the peak compression of the molecular gas. The
spiral arms represent about one-third of the total emission measured with single
dish instruments. The tangential and radial velocity shifts predicted by density
wave theory as the gas is being compressed can be clearly seen where the arms
cross the major and minor axes of the galaxy. Using Ha emission as a tracer of the
massive star formation rate, we found that the star formation efliciency is higher

on the arms than between the arms, implying that the density wave is triggering
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excess star formation from the compressed gas. This result has been confirmed in
single-dish CO observations (Lord and Young 1990). The molecular arms contain
well-organized structures which we termed Giant Molecular Associations (GMAs).
The typical mass of a GMA is 3 x 107 M, . GMAs are also found between the arms.
The on-arm GMAs show a rough equality of virial and CO-flux based masses, while
the interarm GMAs have virial masses several times their CO-flux based masses.
The CO (1-0) spectra of the GMAs show that they typically consist of one to five
velocity components. The GMAs may form through collisional agglomerations of
pre-existing smaller clouds or by gravitational instabilities in the molecular gas (see
Rand and Kulkarni 1990b). The interarm GMAs may owe their existence to a weak,

secondary compression of the density wave.

VKS and RK examined how the density wave organizes the molecular gas
and discussed the consequences for star formation from analysis of Ha images. In
this paper, we further examine the “back reaction” of star formation on the ISM
of M51 by considering, in conjunction with molecular data and an Ha image, the
distribution of atomic gas and infrared emission from two new data sets: the VLA
map of 21-cm emission by Rots et al. (1990, hereafter RBHAC), and the IRAS

(Infrared Astronomical Satellite) pointed observations of M51 (Rice et al. 1988).

Recently, evidence has been presented that in the molecule-rich galaxies M51
(Tilanus and Allen 1989, hereafter TA) and M83 (Allen, Atherton, and Tilanus
1986) HI is predominantly a product of dissociation of H, in star-forming regions.

If the detected HI were distributed in the same way as all the gas we would expect
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to see the peak of the 21-cm emission along the dust lanes, where the highest
compression of the gas is occurring. However, the observations show that in these
galaxies HI is concentrated downstream from the dust lanes but coincident with the
HII region arms. TA estimate that in M51 approximately 10% of the molecular gas
is dissociated in star-forming regions. Compared to the WSRT map of TA, the VLA
map of RBHAC has higher angular resolution (8” ws. 12” x 18”) and sensitivity. In
this paper we use this map, along with our Ha and B-band images, CO data (see
RK) and published single-dish CO data to carry out further quantitative tests of the
dissociation scenario. In particular, we examine whether ) the radial distributions
of total gas, Ha and HI, b) the small-scale structure of the HI emission and c¢) the »
detailed spatial relationship between the HI and HII regions can be explained in
this picture. We find that the new VLA map provides further evidence in favor of

the dissociation scenario.

Radiation from young stars not only ionizes HI and dissociates Hy but also
heats the interstellar dust. The infrared emission from dust allows yet another probe
of the back reaction of star formation on the ISM. In the second part of this paper,
we use the TRAS pointed observations of M51 to study the distribution and origins
of the infrared emission. Recent work on the IRAS spectra of our Galaxy and other
spirals (Cox and Mezger 1987; Lonsdale-Persson and Helou 1987; Helou 1986) has
led to a picture for the dust emission in which the 12 pm emission is dominated by
very small grains transiently heated by the interstellar radiation field (ISRF; there

may also be a contribution from OH/IR stars), the 25 and 60 pm emission is from
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warm dust in star-forming regions but may also have a substantial contribution
from generally distributed dust heated by the ISRF (or intermediate-mass young
stars), and the 100 um emission is dominated by relatively large grains heated by
the ISRF. The very small grains are expected to be destroyed in star-forming regions
(Puget, Léger, and Boulanger 1985), so little 12 um emission is expected from such
regions. Broadly distributed dust heated by the ISRF has come to be referred to
as “cirrus” (Low et al. 1984). We use this term here to refer to both dust heated

by the ISRF and by non-ionizing young stars.

We attempt to interpret the infrared emission of M51 in terms of these two-
components: dust in star-forming regions and cirrus. Our goal is to understand the
origins of the IRAS emission in M51. In particular, we carry out two tests designed
to distinguish between infrared emission arising from massive star-forming regions,
and emission from a cirrus component. We first calculate the “Infrared Excess”
(IRE; Mezger 1978), a dimensionless quantity which provides a measure of the
fraction of the infrared flux which arises from dust heated by photons which originate
in massive star-forming regions. We then compare cuts through the JRAS maps
with cuts through Ha and B-band CCD images convolved to the JRAS resolutions
to determine whether the infrared emission is distributed in the same way as the
optical line emission from star-forming regions. If the infrared emission shows a
reduced concentration to the spiral arms compared to the Ha emission, then one

can conclude that a fraction of the infrared emission arises from generally distributed
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dust. We find that the results of both these tests indicate that a substantial fraction

of the emission detected by IRAS is in fact in a cirrus component.

II. HI and Dissociation

a). Radial Distributions

The radial distributions of the total gas, Ha and HI surface density are shown
in Figure 2. To estimate the total (H, and HI) gas surface density, we have used
the FCRAO CO data at 45” resolution by Lord and Young (1990) and Scoville
and Young (1983). To convert the CO emission to molecular column density, we
assume the Galactic conversion factor of @ = 3 x 102 mol cm™? (K km s™1)71.
A rough Ha calibration was carried out by comparing our measured fluxes for
nine HII regions in the inner disk to the published values of van der Hulst et al.
(1988, hereafter HKCR)). The scatter in this comparison is 20%, which 1s sufficiently
low for our purposes. We corrected for extinction by assuming a mean value of
Ay = 2 mag from HKCR. These authors found no significant dependence of Ay
on galactocentric radius. The total gas profile shows a roﬁghly exponential fall-off
with radius, while the Ha profile shows a similar fall-off, but with a pronounced
enhancement at R ~ 150” (the Ha intensities may not be reliable for the region
R < 25”: the continuum images used for the continuum subtraction were saturated
over parts of this region). The HI profile shows a central hole (R < 307), a relatively

flat inner disk (30” < R < 100”), a large enhancement in the outer disk peaking

at R =~ 150”, and finally a falloff at R 2 175”. This profile can be understood
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in terms of the theory of Federman, Glassgold, and Kwan (1979), who consider
the shielding of a molecular cloud to dissociating radiation by an outer envelope
of HI. In this picture, the thickness of the dissociated envelope depends on the
ratio of the dissociation and formation rates of Hy. This ratio has been shown
by Hollenbach, Werner and Salpeter (1971) to depend on a power of G/n, where
G is essentially the flux of dissociating radiation times the cross section in the
Lyman bands of Hy, and n is the density of the gas. Here we are considering the
creation of dissociation regions in massive star-forming regions by energetic photons
from young stellar associations. Since Ha traces the high-mass stars it should also
trace the dissociating radiation. The flat HI profile in the inner disk and the large
enhancement in HI around R ~ 150” can then be understood in terms of this simple
balance between molecule formation and dissociation in star-forming regions. In
the inner disk at R < 100”7, the Ho and total gas profiles show a similar falloff with
radius, so that the balance between dissociation and formation changes little with
radius and a constant column density of HI is produced. At R ~ 150", the “excess”
of dissociating radiation in the outer arms relative to the gas density tips the scales
in favor of dissociation, and thus more HI is produced. Beyond R = 170", the Ha
enhancement ends, and the HI returns to roughly its inner disk value. The radial

distributions therefore support the dissociation picture.

An interesting consequence of such an interpretation for the origin of the HI
is that, since the Ha emission traces the star formation rate, the HI surface density

is actually related to the star formation efficiency (the star formation rate per unit
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gas mass). The possibility of using HI as an indicator of star formation efficiency

in molecule-rich galaxies such as M51 and M83 should be pursued further.

b). The Small-scale Structure

In Figure 1¢,d we show the VLA HI map of RBHAC overlaid on our CO map
and Ha image. It is clear that compared to the CO distribution there is enhanced HI
emission in the outer (R X 100”) arms, although the azimuthally averaged surface
density of HI never contributes more than about 25% of the total gas surface density
(Figure 2). Comparing with the OVRO CO map, we find a typical ratio of H, to
HI column density in the inner arms of about 16. Therefore the new VLA map
confirms the low HI/H, ratio on the arms, and the conclusion of TA that only a

small fraction of the molecular gas is dissociated.

Figure 3 shows cuts across typical gaseous features on the NW arm: a giant
HIT region (No. 83 of Carranza, Crillon, and Monnet [1969]), an HI emission feature
30” south of this HII region from the 13”-resolution VLA map, and a cut across the
CO (2-1) arm measured by hand from the contour map of Garcia-Burillo and Guélin
(1990) at 12” resolution. The purpose of this figure is to give a rough indication
of the low ionized and neutral gas surface densities relative to the molecular gas
surface density. The peak Emission Measure of 4000 pc cm™% corresponds to a
surface density of about 10 (¢/0.1)}/2 Mg pc™2, where ¢ is the filling factor of the
1onized gas. This surface density is found assuming a full-thickness of 250 pc for the

ionized gas, a temperature of 10* K, and a visual extinction of Ay = 3.3 mag, the
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value measured for this HII region by HKCR. Giant HII regions in nearby galaxies
tend to have low filling factors, with perhaps 0.02 being a typical value (Kennicutt
1984). The 13”- resolution version of the VLA data was used because of its better
sensitivity to interarm emission relative to the 8” version. The CO (2-1) brightness
temperatures were converted to surface densities using the observed CO (2-1)/ CO
(1-0) ratio of 0.7 from Garcia-Burillo and Guélin (1990) and assuming the above
value of a. The figure demonstrates that only a small fraction of the molecular gas

1s dissociated or ionized.

Table 1 gives typical arm and interarm surface densities for the inner disk.
The Ha image was convolved to 13” resolution for the purpose of calculating these
numbers to allow a comparison at matched resolutions. Because of scattering and
reflection problems in the point-spread function of the reimaging camera used to ob-
tain the Ha image, the Ha arm-interarm surface density contrast may be somewhat
reduced from its true value. A filling factor of ¢ = 0.1 is assumed for the ionized
gas. These numbers again demonstrate how little molecular gas is dissociated or

ionized on the arms, and that the interarm gas is almost completely molecular.
From the VLA HI map (Figures l¢,d) we note the following:

i) Over large sections of the inner (R < 100”) arms (see Figure 1¢) an offset
can be seen between the centroids of the HI arms and CO arms, but the broad HI
emission in many places extends upstream to the CO arms and often even further

upstream into the pre-compression zone.
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i) The inner HI arms show a patchy structure and are broader than the Ha
arms. The typical diameter (FWHM) of the bright HII regions in the inner arms
1s 5.5” or 250 pc, while the typical diameter of the HI arms is about 17” or 800 pc,

although there is much variation in the latter quantity.

w1) While parts of the inner arms show a simple morphology in which HI
envelopes exist around HII regions, there are many HI clouds which have very little
Ha emission associated with them, as in M83 (Allen, Atherton, and Tilanus 1986).
Figure 4 is a close-up view of an arm segment which shows the detailed spatial

correspondence of the CO, 21-cm, and Ha emission.

w) There are a few HI clouds in the interarm regions, where there is also
very little or no Ha emission. It should be pointed out that the total mass of HI
in the VLA 8”-resolution map is 2 x 10° M, , which is only 40% of the mass found
in the single-dish observations of Appleton, Foster, and Davies (1986) and Rots
(1980). In fact, RBHAC report that in their lower resolution VLA observations,
there is broadly distributed HI between the arms at the level of about 102° c¢cm™2
which has been missed in the 8” map. This interarm emission may not make up
the entire missing flux, but the fact that the total flux is well below the single-dish

value indicates that some emission has been resolved out in the 8” map.

We now explore whether these diverse observational results can be explained

in the framework of the dissociation model.

i) The HI-CO Offset
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First, the fact that the HI arms are, like the Ha arms, offset downstream from
the CO arms supports the idea that the HI is produced in star-forming regions.
If the HI arms seen in the VLA map simply consisted of gas compressed by the
density wave, then we would expect the HI emission generally coincident with the
CO emission. This is not the case, although in some places the HI arms do overlap
the CO arms, sometimes even extending upstream of the CO emission. In the
dissociation model, this latter fact would imply that a small fraction of the molecular
gas is dissociated by downstream star formation before it reaches the zone of peak

compression.

ww) The HI Arm Width

We now address the issue of whether the greater width of the HI arms com-
pared to the Ha arms in the inner disk can be explained by a simple calculation of
the expected size of an HI region associated with a typical giant HII region along
the arms. Certainly the patchiness of the inner HI arms would be expected if each
emission feature corresponded to a dissociated region around a young stellar cluster

or clusters.

In the Appendix, we calculate the expected sizes of the HII and HI regions
along the inner arms of M51 using the observed Ha luminosity of a typical inner-arm
giant HII region to estimate the ionizing photon rate. The effects of dust opacity
are included in the calculation by using the HII region extinctions published by

HKCR. The gas is considered to consist of dense and diffuse components, with a
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varying fraction in each. We find that almost all of the HI surface density in the
dissociation features is contributed by the diffuse medium. With our simple model
we can reproduce HI regions with diameters of about 500 to 700 pc, in reasonable
agreement with the observed sizes, but slightly underestimating them for most
values of the free parameters in the calculation. However, the calculation ignored
any clumpiness or porosity in the diffuse medium, which would allow dissociating
photons to travel further from their sources. The characteristic size of the HI

features, therefore, has a reasonable explanation in the dissociation picture.

A perhaps surprising result from the calculation in the Appendix is that we
find from two independent methods of estimating the dust surface density that the
dust-to-gas ratio (which is a necessary number for calculating the H, formation
rate) is about equal to the Galactic value. This near equality of dust-to-gas ratios
in M51 and the Galaxy may be a cause for concern given that the typical metallicity
in the inner disk of M51 is three times the Solar value (Pagel and Edmunds 1981),

so that one might expect a higher dust abundance.

The H; reformation timescale, (Rny )™, where R is the molecule formation
constant (units cm™2 s7!), and ny is the total gas density, is about 10° yr. If the
gas is clumped with filling factor ¢, this timescale will be reduced by a factor of ¢.
The timescale can be compared to the time between arm passages, (20 — Qp) ™1
(where §2,,; is the rotational angular velocity and 1p is the pattern speed of the
density wave), to see whether a steady state between dissociation and reformation

can be maintained. Tully (1974b) determined a pattern speed, scaled to a distance
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of 9.6 Mpc, of 37 km s™! kpc™!. The rotation curve is essentially flat at v,.o, = 210
km s™! (Tully 1974a; Scoville and Young 1983). With these parameters, the time
between arm passages is 5 x 107 yr at 2 kpc from the nucleus, and 2 x 10® yr at 4
kpc. Thus it is plausible that the dissociated gas can reform into molecules before
the next arm passage such that a steady state is maintained if the gas 1s moderately
clumpy. The HI features on the arms should be rapidly diluted as they move off

the arms by the expansion and shear of the underlying flow.

As mentioned above, our calculation may not be able to fully explain the
characteristic HI arm width. Other effects may contribute to the greater HI arm
width. Since the hotter stars evolve more rapidly, the ionizing radiation from a
stellar cluster will disappear faster than the dissociating radiation, to which B and
A stars can contribute significantly. Thus, if young stellar clusters are continuously
being formed in the arm, then the zone over which dissociating stars are found will
be broader than the zone over which ionizing stars are found. The dissociation zone
will also be broader than the typical size of a single HI region corresponding to
a giant HII region. Some of the HI regions, then, may be due to dissociation by
multiple clusters formed at different times on the arms. Furthermore, the relatively
long molecule-reformation timescale implies that the 21-cm emission will persist
for a significant time after the dissociating radiation disappears, leading to further
downstream extension of the dissociation regions. The width of the zone due to these
two effects can be estimated as follows. From simple blackbody approximations,

we find that the stars that dominate the dissociating flux are late O and early B
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stars, which have main sequence lifetimes of Tp75 ~ 1 — 2 x 107 yr. For ¢ ~ 0.1,
the reformation timescale is about 3 x 107 yr. The component of circular velocity
perpendicular to the arms is approximately (2,,¢ — Qp)vR sinz, where 7 is the pitch
angle of the spiral arms and R is the galactocentric radius. Tully (1974b) measured
7 to be 18.5°. Therefore, at a distance from the nucleus of R = 3 kpc, the width
perpendicular to the arms of the zone where dissociating stars should be found,
assuming that they are all formed at about the same spiral phase, i1s 0.7 " 7375 (Myr)
~ 7 —13”. The width perpendicular to the arms corresponding to the reformation
timescale 1s ~ 21”. Hence the width of the HI arms is likely due in part to these
effects. However, these numbers are upper limits since the orbits in a density wave
compression bend to become more aligned with the spiral pattern compared to
purely circular orbits, so that the effective sini is reduced. The width expected

from these effects is larger near the Inner Lindblad Resonance of the wave and

smaller near corotation.

i) Poor Detailed Spatial Coincidence of HI and HII Regions

It remains to be explained why the detailed spatial coincidence of HII and
HI regions is poor, particularly in the inner regions where the existence of the den-
sity wave has been established. One possibility, still within the above dissociation
scenario, is that some of the HI clouds on the arms are simply regions of low total
gas density compared to the typical on-arm density. In terms of the Federman,

Glassgold, and Kwan (1979) model, for a given flux of radiation, the HI column
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density is high in these regions because the molecule formation timescale is rela-
tively long. In other words, G/n is relatively high. However, a visual inspection
of Figures 1¢ and 1d shows that HI regions not associated with Ha emission are
sometimes associated with CO emission, and sometimes not, indicating that the HI

1s not necessarily found in regions of low total gas density.

We prefer the following effects as the more likely reasons for the lack of cor-
relation. First, as mentioned above, the ionizing radiation from a stellar cluster
disappears faster than the dissociating radiation because of the longer character-
istic lifetime of the stars providing the dissociating radiation. Also, the molecule
reformation timescale is much longer than the recombination timescale, so the 21-
cm emission will persist well after the dissociating radiation disappears, whereas the
ionized gas will quickly recombine once the ionizing radiation disappears. These ef-
fects would not only lead to a lack of correlation but would also explain why some
HI regions extend preferentially downstream from the HII regions (Figure 1d). An-
other possible contributor could be the inevitable supernovae, which will clear out
the immediate vicinity of the cluster, where the Ha emission is concentrated, much
more effectively than the regions where the HI is found, much further away from
the cluster center. The timescale for this clearing process may be comparable to
the age of ~ 107 yr inferred by Brinks and Bajaja (1986) for the ~ 500 pc diameter
HI holes they found in M31. Finally, if some clusters form without many OB stars,

they may produce HI regions with little Ha emission.

w) Interarm HI
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The surface density of the smoothly distributed interarm component is 102°
cm™2. This component presumably consists of diffuse gas and dense cloud envelopes
which are dissociated either by the ISRF or interarm star formation. The few
interarm clouds compact enough to be seen in the 8”-resolution map do not have
much associated Ha emission. They may be dissociation regions around stellar

clusters with few OB stars.
III. Infrared Properties

The aim of this analysis is to understand whether or not the infrared emission
in M51 arises purely from star-forming regions. Figure 5 shows the IJRAS maps of
M51, while Table 2 lists some of the global properties of the infrared emission. Ty
and T¢ in Table 2 are the resulting temperatures in a two component fit to the
IRAS data by Rice et al. (1988). T¢ is < lo above the mean value of all large

optical galaxies modelled in this way by Rice et al. (1988).

Our first diagnostic is the dimensionless IRE, which is defined as the total
IRAS flux (vf, summed over the four JRAS bands, although some authors use the
60 and 100 pm bands only) divided by the Lyman continuum flux. Mezger, Smith,
and Churchwell (1974) calculate the infrared emission expected from an HII region
for a given ionizing photon rate, and show how this photon rate can be estimated

from the thermal flux density. The IRE is calculated as follows (Rice et al. 1990):

F]RAs(IO-ISWm_Z) (1)
So1(mJy)

IRE = 9.4 (Hz™ 1)
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where Fras is the total JRAS flux and S2; is the thermal continuum flux at 21
cm. The IRE is defined such that a value of unity means that all of the infrared
emission can be explained as arising from dust heated By Ly-c photons which have
been absorbed and degraded to Lya by gas. An IRE greater than one implies that
some of the infrared emission arises from dust heated directly by photons from

H-ionizing stars and from dust heated by stars which provide little ionization.

The typical IRE found by Myers et al. (1986) for Galactic HII regions is 6.
It 1s possible, however, that their balloon observations may have missed some of
the shorter wavelength infrared emission since they employed only two detectors
at 150 pm and 350 pym. However, Scoville and Good (1989), using all four JRAS |
bands to calculate the IR luminosity, found IREs ranging from 3 to 7 for four HII
regions 1n the M17 and W51 regions. Furthermore, the IRAS study of M33 by
Rice et al. (1990) showed that ten well-isolated HII regions with measurable IREs
have values in the range 4-9 (the mean IRE over the whole galaxy is 14). Hence,
these studies all indicate a typical IRE of 6 for HII regions. For a galaxy, an IRE
well in excess of the value for Galactic HII regions indicates a substantial amount
of infrared emission not due to dust heating by photons which originate in massive

star-forming regions, but rather due to a “cirrus” component (see the Introduction).

In order to calculate the IRE, we need an estimate of the thermal contin-
uum flux at 21 cm. Thermal-nonthermal flux separations have been carried out
independently by Tilanus et al. (1988) and Klein, Wielebinski, and Beck (1984),

with both studies finding a thermal flux at 21 cm of about 75 mJy. Thus the IRE
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of M51 is about 24, which is much higher than the typical value for Galactic HII
regions, indicating that a large fraction of the infrared luminosity arises from a
cirrus component. One way to escape this conclusion is to invoke a much higher
dust-to-gas ratio in M51, such that in the HII regions of M51, dust grains compete
more effectively for ionizing photons than HI atoms relative to Galactic HII regions.
However, we show in the Appendix that the dust-to-gas ratio is not significantly
different from the Galactic value. Another possibility is that some fraction of the
energetic photons escape from the HII regions in M51 and is available to power a
cirrus-like dust component and perhaps a diffuse, ionized medium. The thermal
radio emission from the diffuse ionized gas may be too weak to detect, while the
dust emission may be significant. However, to explain in this way the IRE of M51,
which is fully four times the typical HII region IRE, almost all of the energetic pho-
tons responsible for the IR emission would have to escape from each HII region and
be absorbed by generally distributed dust. Given that the typical visual extinction
within the giant HII regions of M51 is about 0.5 mag (see the Appendix), the ex-
tinction at about 1000 A is about 2.2 mag, assuming the Galactic extinction curve.
Although some of this extinction may be due to scattering and not absorption, it

is unlikely that almost all of the photons around 1000 A escape the HII region.

Our second test involves comparing the arm-interarm contrast in the IRAS
maps with that in our Ha image convolved to the resolutions of the IR AS maps. The
beam of the JRAS detectors is such that the resolution along the in-scan direction

(P.A. =~ 45° for M51) is significantly better than that along the cross-scan direction.
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The in-scan resolution of the IRAS observations is sufficient for the measurement
of an arm-interarm contrast at 12, 25 and 60 pum. The in-scan and cross-scan
resolutions are listed in Table 3. If all of the infrared emission arises in star-forming
regions, we would expect to see the same arm-interarm contrast in the infrared

maps as in our Ha image.

Cuts in the in-scan direction of the original 12, 25 and 60 pm maps are
presented in Figure 6 along with cuts through Ha and B-band images which have
been convolved to the TRAS resolutions using the elongated TRAS beams. Ongoing
star formation is traced by the Ha emission while the ISRF is best traced by the
B-band light. The 100 gm cut is not shown because at the low resolution of the

100 pm data no spiral structure can be seen in either the map or the cut.

Features corresponding to the nuclear region and the outer NE and SW spiral
arms can be seen in all of the cuts in Figure 6. The arm-interarm contrast in the
12 um cut is slightly lower than that at 25 pym. It is clear that the arm-interarm
contrast in the JRAS cuts in all three bands is lower than in the Ha cuts but higher
than in the B-band cuts. This result implies that in all three bands there is emission
both from dust in star-forming regions and cirrus. For the warm dust (25 and 60
g m) this is not too surprising given the above discussion of the IRE. This result
is also understandable for the 12 pum emission if it is dominated by emission from

very small grains which are destroyed in star-forming regions.

Deconvolved images of the TRAS pointed observations (see Neugebauer et

al. 1984) of M51 at all four JRAS bands were produced at the Infrared Processing
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and Analysis Center (IPAC) using a Richardson-Lucy deconvolution algorithm (Au-
mann, H. H., private communication). We examined maps at various stages of the
deconvolution procedure and chose ones for the analysis below based on the level of
spurious structure introduced in the blank regions around M51 by the deconvolution
process. We judged that maps produced using more than 5 iterations at 12 and 25
pm, and 20 iterations at 60 and 100 pum, were possibly unreliable due to this rather
subjective criterion. The deconvolved maps using the above numbers of iterations
are shown in Figure 7, and the achieved resolutions are listed in Table 3. Cuts were
made through these images as before, and are shown in Figure 8, along with Ha
and B-band cuts at matched resolutions. Increases in the arm-interarm contrast
can be clearly seen in the 12, 25 and 60 gym maps, but in the 100 ym map, the
companion is only partially resolved and the outer arms remain unresolved. The

100 pm cut (not shown) shows no evidence for spiral structure.

The smoothness of the 100 ym map and cut is surprising when compared to
Smith’s (1982) map at 170 pm with 49” resolution (his Figure 2) made with the
Kuiper Airborne Observatory. This map, at only slightly better resolution, shows
clear spiral structure in the NE and SW. The longer wavelength of his observation
should guarantee a smaller contribution to the emission from dust in star-forming
regions, since this wavelength traces colder dust, thus reducing the expected contrast
relative to that at 100 um. The likely reason for this discrepancy is that the original

100 pm map had insufficient resolution to detect any spiral structure at all, even in
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the in-scan direction. Naturally, the deconvolution procedure would not bring out

any spiral structure if there were none in the original data.

Figure 8 shows the same ordering of cuts by arm-interarm contrast as in
Figure 6, and thus point to the same conclusion as that drawn from the original
maps: there are at least two components to the infrared emission in the 12, 25 and

60 pm bands.

The deconvolution we have presented is by no means unique. For compari-
son, we show in Figure 9 a deconvolution of the 60 um survey data by W. N. Weir
(personal communication) using the MEMSYS software (based on the Maximum
Entropy Method). This deconvolution method, unlike the Richardson-Lucy algo-
rithm, does not assume that the point-spread function is constant over the field.
The achieved resolution, although 1t almost certainly varies over the map, is obvi-
ously much better than that of Figure 7¢, and a higher arm-interarm contrast in
the outer arms can be seen. Unfortunately, a comparison of this map with the Ha
image would be perilous since the resolution varies over the map. It is therefore not
clear how to perform the necessary convolution of the Ha image before the compar-
ison. Compared to the pointed observations, the IRAS survey data unfortunately
has a worse problem with striping in the in-scan direction, and a stripe can be seen

running through the center of M51 in Figure 9 which confuses the interpretation.

We emphasize that our conclusions which are based on differences in arm-

interarm contrast between the JRAS and Ha images do not depend on the reliability
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of the Richardson-Lucy deconvolution since the differences can be seen from the cuts

through the original IRAS maps (Figure 6).

We can make a very rough estimate of the fractions of infrared emission
which are associated with star-forming regions and ISRF-heated cirrus. Since the
emissivity per dust grain of the cirrus component should be roughly proportional
to the ISRF intensity, and since the cirrus arises from dust which is associated with
the general gas distribution, the profile of cirrus emission should roughly resemble
the product of the B-band profile and the profile of total gas surface density. The
emission profile of dust in star-forming regions should roughly resemble the Ha
profile. For the construction of the total gas profile the resolution of the FCRAO
map is insufficient. We therefore use the new map of CO emission at 15” resolution
from the Nobeyama 45-m and convolve it to the IRA S resolutions. Using this simple
model and the profiles shown in Figure 6, we estimate that at 60 pm, 75% of the
emission comes from the cirrus component, while 25% of the 25 ym emission and
75% of the 12 um emission is due to cirrus. For M33, by way of comparison, a more
careful decomposition by Rice et al. (1990) showed that cirrus accounts for 50% of
the 12 and 60 ym emission, and 10% of the 25 um emission. For both these galaxies
then, the 25 pum band contains the highest fraction of emission from star-forming

regions.

The results from these two tests imply that a direct interpretation of the
IRA S luminosity of M51, either the total JRAS luminosity or Lp;g alone, in terms

of a star formation rate, would be spurious. The same conclusion has been reached
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in studies of many other nearby spirals, where the IRE’s range from 13 to 24 (M33
[Rice et al. 1990]; M101 [Beichman et al. 1987]; and NGC 4565, NGC 891 and
NGC 5907 [Wainscoat, de Jong, and Wesselius 1987]). Furthermore, studies of M31
(Walterbos and Schwering 1987) and the Galaxy (Bloemen, Deul, and Thaddeus
1990) have shown that most of the FIR emission arises from cirrus in these galaxies.
Finally, Bothun, Lonsdale, and Rice (1989) found for most spiral galaxies in an
optically selected sample — using fso/f100 as a diagnostic of dust heating sources
along with a simple dust-heating model — that dust in star-forming regions and

cirrus are both important contributors to the total FIR luminosity.

The position of M51 in the color-color diagram of Helou (1986) confirms the
above conclusion. In his Figure 2, M51 lies below the line where half of the infrared
emission derives from star-forming regions, implying that the cirrus contributes the

majority of the emission.

These results may not be surprising given that the galaxy is very gas-rich.
The total mass of gas has been estimated by Scoville and Young (1983) to be
1.2 x 101° M, , of which 9 x 10° M, is in molecular form. In comparison, Scoville

and Young estimate a dynamical mass of about 10! M_, so that the gas accounts

[oR
for fully 13% of the dynamical mass. The high SFR in M51 implies significant dust
heating in star-forming regions, but should also imply a relatively intense ISRF,
since, for a normal IMF, there will be copious production of intermediate-mass

stars which dominate the ISRF. This combination of a rich ISM with an intense

ISRF could be the reason for the significant cirrus component.
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Throughout this analysis, we have used the term “cirrus” to refer to emis-
sion from dust outside of regions of high-mass star formation. It should be noted,
however, that Cox, Kriigel, and Mezger (1986) conclude that non-ionizing young B
and A stars could heat dust in star-forming regions to 30-40 K and provide some of
the emission detected by JRAS in the Galaxy. It has been suggested for our Galaxy
(see Scoville and Sanders 1988), although there is no direct evidence for M51, that
B and A star formation is more uniformly distributed than O star formation. If
this is the case in M51, then such an infrared emission component from regions of
low-mass star formation may have a spatial distribution more like the cirrus compo-
nent and thus be observationally indistinguishable from cirrus based on the spatial
distribution of far infrared (FIR) emission alone. It is therefore worth keeping in
mind that radiation from “generally distributed dust” may have more than one
origin. However, regardless of the nature of the cirrus, our tests have shown that

the infrared emission cannot be accounted for by high-mass star formation alone.

An important consequence of the main conclusion of this section is that in-
frared emission cannot be used to independently test the hypothesis of density wave
triggering of star formation unless the component of emission from star-forming re-
gions can be effectively isolated, both spatially and spectrally. One should keep
in mind that the arms which have been resolved or partially resolved by IRAS are
beyond the radius of corotation of the density wave and are probably tidal arms gen-
erated by the passage of the companion (Tully 1974a; Elmegreen, Elmegreen, and

Seiden 1989). Therefore, even the deconvolved IRAS images do not begin to resolve
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the density wave arms and hence cannot be used to test density wave triggering of

star formation.

IV. Conclusions

We have used VLA HI data and IRAS maps of M51 in an attempt to further
understand the consequences of star formation in this molecule-rich galaxy with a
strong density wave. From the HI map, we find compelling evidence which favors
the idea that the HI is almost entirely a product of dissociation of H, in star-
forming regions. The radial distribution of HI as well as the characteristic size of
the emission features along the arms have simple explanations in the dissociation
scenario. The lack of detailed correlation between HI and HII regions has a variety
of possible causes. HI between the arms may be dissociated by the ISRF or by
interarm star formation. There are indications that the gas-to-dust ratio is about

equal to the Galactic value.

The IRE and the reduced arm-interarm contrast of the IR A S maps compared
to the Ha image both indicate that a substantial fraction of the infrared emission
detected by IRAS does not arise in star-forming regions, but rather from dust
associated with generally distributed gas (“cirrus”). Given the high surface density
of gas in M51, this result is perhaps not too surprising. The same conclusion has
now been drawn for several nearby galaxies. An important implication of this result
1s that it will be difficult to interpret the FIR emission from M51 in terms of recent
star formation, and thus to use FIR emission to check the hypothesis of density

wave triggering of star formation. Regardless of whether a reliable separation of
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emission components can be done, the resolution of the JRAS maps is insufficient

to resolve the inner, density-wave spiral arms.
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Appendix

We show here through a simplified radiative analysis that the large observed
sizes of the discrete HI regions along the inner arms can be understood if they owe
their existence to photo-dissociation by the OB associations (as indicated by the
giant HII regions) along the arms. These HI regions have FWHM diameters of
about 700 pc (when deconvolved from the 8” beam) and peak surface densities of

about 20 Mg pc™2 (see Figure 3).

A typical giant HII region has an extinction-corrected Ha luminosity of
5%10% erg s™! (HKCR), which corresponds to about 3.5x10%! ionizing photons per
second, or the equivalent of 70 O5 stars (Kennicutt, Edgar, and Hodge 1989). We
assume that all photons shortward of 13.6 €V are absorbed by H atoms, while pho-
tons with energies between 11.2 and 13.6 €V are available to dissociate Hy molecules.
Using simple blackbody approximations and a Salpeter Initial Mass Function, we
estimate that the photon rate in the above energy range for a stellar cluster is about

50% of the ionizing photon rate. We use this ratio for the HI regions of M51.

Dissociation of Hy occurs by excitation through phéton absorption followed
by a decay to the ground level with vibrational quantum number » > 14. Only
about 23% of such absorptions lead to a dissociation (Dalgarno and Stevens 1970).
We calculate the dissociation rate by the method of de Jong, Dalgarno, and Boland
(1980), who consider only photon absorption in the Lyman band, and approximate
that all 60 Lyman bands have an identical oscillator strength. The dissociation

rate is given by their equation (Al). For the line opacity, we assume the regime
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in which photon absorption in the Lorentz wings of the lines dominates. For the
¢ Oph cloud, de Jong, Dalgarno, and Boland estimate that this regime pertains
for 10'¢ cm™2 < Ny, < 10%? em™2, hence covering most cases of interest. The line
opacity is then given by equation (A4) of de Jong, Dalgarno, and Boland. The

dissociation rate is therefore
Rp =2 x 10°1/Iye~23 AV N7 2 n(H,) (A1)

where I /Iy is the intensity of the radiation field in units of the Habing (1968) ISRF
(2 x 1078 photons cm™2 s™! Hz~! at 1000 A), Ay is the visual extinction, Ny is
the column density of H atoms, and n(H,) is the number density of molecules. The
radiation field intensity, I, is readily calculated from the dissociating photon flux,

geometrically diluted for the radius of interest.

The molecule formation rate is given by
Rp = Ran(HI) (AQ)

where ny is the total density of H and n(HI) is the density of atomic H. R is the H,
formation constant (Spitzer 1978, p. 123), which is proportional to the projected
area of dust grains per H nucleus, so that it must be scaled from the Galactic value
of Rgar = 3.0 x 10717 cm?® s~! by the estimated dust-to-gas ratio contrast between

M51 and our Galaxy (assuming similar grain properties). So equation (A2) becomes

D
Rr = Rgal DM

2Lngn(HI) (A3)
Gal
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where Dprs; and Dggap are the dust-to-gas ratios in M51 and the Galaxy. By
balancing molecule formations with dissociations, one can solve for the neutral

fraction at any distance from the source of dissociating radiation.

The extinction in the HI and HII regions can be estimated from HKCR. From
a comparison of the extinction at H3 and the Ha-HpB color excess with the models
of Caplan and Deharveng (1986) for 11 giant HII regions, they deduce that only
about 0.5 mag of the typical 1.8 mag of visual extinction could arise from within
the HII regions, and that the remaining extinction occurs in foreground dust. We
therefore assume that Ay = 0.5 mag over the ~ 125 pc radius of the giant HII

regions.

The dust-to-gas ratio can simply be estimated from the typical HII region
visual extinction of about 1.8 mag and the mean gas surface density at 3 kpc from
the nucleus of about 100 Mg pc™? (Lord and Young 1990; the surface density
is calculated assuming the value of & in the text). This extinction represents the
contribution from the HII region and the dust layer above it. There should therefore
be an additional 1.3 mag of extinction from the dust associated with the gas layer
on the opposite side of the plane, leading to a total extinction of 3.1 mag in a
gas column. Assuming the gas and dust are coextensive, these numbers imply a
column density of 2.1 x 10*! ¢cm™?2 per magnitude of visual extinction, compared
to the Galactic value of 2 x 10*! c¢m™2 (Spitzer 1978, p. 156, 161). The inferred
dust-to-gas ratio is thus about equal to the Galactic value. A check on this number

can be obtained from Smith’s (1982) estimate of the dust mass surface density in
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the inner disk of M51 (Smith’s “Bar” region) of 0.64 Mg pc™2. The dust-to-gas
mass ratio calculated in this way is thus 0.006, again about equal to the Galactic
value. We also use this result to calculate the extinction in the ISM outside of the

HII region for use in equation (A1l).

In contrast to our Galaxy, M51 should have a diffuse medium which is pre-
dominantly molecular as opposed to atomic (except near star-forming regions). In
the interarms, the HI surface density is ~ 1 M pc™? (RBHAC) while the Hy sur-
face density inferred from the CO (2-1) map of Garcia-Burillo and Guélin (1990) is
~ 50 M pc ~2. Hence, if the diffuse medium has any appreciable surface density
at all relative to the cloudy medium, it should be largely molecular. We assume the
ISM outside of the HII region consists of two components: a uniformly distributed
population of homogeneous dense clouds all with properties of a canonical Galactic
GMC (M = 4 x 10° M, D = 40 pc), and a uniformly distributed diffuse molecu-
lar medium between the dense clouds. The total molecular surface density in the
region where the HI emission features are found, just downstream of the peak of
CO emission, is estimated from the map of Garcia-Burillo and Guélin (1990) to be
about 140 M, pc ~2. The full-thickness of the gaseous layer is initially taken to be

150 pc. Finally, we assume that there is no neutral gas within the HII region.

Our method is to assume fractions of the total surface density which are in
dense clouds and diffuse gas, and calculate first the neutral fraction in the diffuse gas
as a function of the distance from the cluster center. We call the distance at which

the neutral fraction drops to 0.5 the “radius”of the HI region. For this calculation
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we need to know the volume filling factor of the dense clouds. This we calculate from
the areal filling factor (equal to the assumed surface density of dense clouds divided
by the observed total molecular surface density) and the assumed full-thickness of
the gas layer. For any radiation field intensity of interest, the dense clouds will
be completely opaque and can be treated as opaque disks in the calculation for
the diffuse component. For computational purposes, we arrange the dense clouds
in equally-spaced shells around the HII region, with the linear separation between
clouds in each shell and the shell-to-shell separation both equal to the inverse of
the linear filling factor, and the height of each shell set by the full-thickness of the

gaseous layer.

Having determined the neutral fraction in the diffuse gas as a function of
radius, we calculate the thickness of the dissociated envelopes of the dense clouds
as a function of distance from the cluster, taking into account the attenuation in
the diffuse molecular gas between the cloud and the cluster. We use a plane-parallel
geometry for the cloud surfaces. The “thickness” is defined as the depth at which
the neutral fraction drops to 0.5. Finally, we calculate the total HI surface density
as a function of distance from the cluster, approximating that the HI surface density

per dense cloud will equal the volume density times the envelope thickness.

We first show that the dominant contributor to the HI surface density in a
dissociation feature is the diffuse, not the dense, component. If the gas is all in
canonical dense clouds, then we calculate that a dense cloud at the edge of the HII

region (125 pc from the cluster) will have a dissociated envelope with a thickness
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of 0.3 pc. The corresponding surface density for the entire cloud system (for which

the areal filling factor will be about 0.2) is only 1 Mg pc™2.

For an alternative
estimate of the envelope thickness, we use the calculations of Federman, Glassgold,
and Kwan (1979). Using their equation (10) and our parameters at 125 pc from the

cluster, we find an envelope thickness of 0.7 pc. Hence, the negligible contribution

to the surface density is confirmed.

Figure 10 shows surface density profiles for various dense-diffuse fractions. To
reproduce the observed HI region radius of 350 pc, most of the gas must be in the
dense component. However, for diffuse fractions too low, the central surface density
begins to drop below the observed value. The necessary fraction in the diffuse

component can be doubled by assuming that the gas layer has a full-thickness of

300 pc (Figure 10).

Our results, therefore, depend on the rather uncertain gas layer thickness
and dense-diffuse fraction. We can, however, approximately reproduce an observed
HI region with reasonable parameters. The sizes are somewhat underestimated for
some cases. However, in the text we describe other effects which may lead to the

large observed sizes of the dissociation features.
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Table 1. Typical Arm and Interarm Gas Surface Densities

Component Sarm (Mg pe™?) Sinterarm (Mo pe™?)
Molecular Gas 180 45
Neutral Gas 10 1

Ionized Gas 2 1
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Table 2. Infrared Properties of M51

Reference
fu(12 pm) 11 £ 5 Jy Rice et al. 1988
£ (25 pm) 17+ 6Jy K
fv(60 pm) 109 + 4 Jy ”
fv(100 pm) 202 +£ 7 Jy ”
fu (170 pm) 393 Jy Smith 1982
Lrrr (40 pm-120 pum) 1.9 x 101° L, Rice et al. 1988
Lrir/Lp 0.7 ?
Lrras (5 pm-1 mm) 5.0 x 101 L »
Infrared Excess (IRE) 24 This work
Tw 2094 K Rice et al. 1988

Tc 334 K Rice et al. 1988
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Table 3. Original and Deconvolved IRAS Map Resolutions

Band Original Resolution Deconvolved Resolution

In-Scan/Cross-Scan FWHM In-Scan/Cross-Scan FWHM

12 um 457 /2717 307 /78"
25 ym 437 /2717 327 /81"
60 pm 83" /278" 33" /56”

100 pm 1707 /2907 597 /69"
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Figure Captions

FIG. 1. Shown in the top left panel are contours of CO emission from the OVRO
mosaic overlaid on a red CCD image. The contour levels are as stated in RK. The
top right panel shows CO contours overlaid on an Ha CCD image. The bottom
left panel shows contours of CO overlaid on a grey-scale representation of the VLA
21-cm map. The bottom right panel shows contours of 21-cm emission on the Ha
image. The contour levels are 1, 1.5, 2, and 4 times 8.4 x 102° cm™2 in the bottom

right panel.

FIG. 2. The radial distributions of total gas (H2 plus HI) surface density, Ha
emission, and HI surface density. The radial profiles of Lord and Young (1990, for
R < 150”) and Scoville and Young (1983, for R > 150”) have been converted to
surface density units assuming a = 3 x 102° mol cm™? (K km s~!)7!. The Ha

intensities have been corrected for Ay = 2 mag of extinction (see van der Hulst et

al. (1988).

FIG. 3. Cuts in surface density through typical on-arm molecular, neutral and
ionized gas features along the NW arm: (solid line) a cut across the CO (2-1) arm
of Garcia-Burillo and Guélin (1990; see text for the conversion from CO (2-1) flux
to surface density), (dashed line) a cut through a prominent HI emission feature on
the NW arm, and (dot-dashed line) a cut through a typical giant HII region on the
same arm (see text for the conversion of Ha flux to surface density). The peak EM
of the HII region roughly corresponds to 10 (¢/0.1)"1/2 My pc~2, where ¢ is the

filling factor of the ionized gas.



106
FIG. 4. A close-up of a spiral arm segment south of the nucleus showing the small
scale relationship between HI, Ha and CO emission. The solid contours are HI
emission. The levels are 1, 2, 3, 4, and 5 times 8.4 x 10?° cm™2. The dashed
contours are CO emission from the OVRO mosaic. The grey-scale represents Ha
emission. The flow direction is indicated. The area labelled “A” is an example of a
region where an HI peak coincides with an HII region. The areas labelled “B” are

examples of HI peaks between HII regions.
FIG. 5. The original maps of JRAS emission in M51: a) 12um, b) 25um, ¢) 60um,
and d) 100pm. The unit contour interval is the estimated noise in the map.

FIG. 6. Cuts through the original IRAS maps and Ha and B-band CCD images

along the IRAS in-scan direction from NE to SW.

FIG. 7. The deconvolved maps of JRAS emission in M51: @) 12um, b) 25um, c)

60pm, and d) 100pm. The unit contour interval is the estimated noise in the map.

FIG. 8. Cuts through the deconvolved IRAS maps and Ha and B-band CCD images

along the JRAS in-scan direction from NE to SW.

FIG 9. Deconvolution of the JRAS 60um survey data on M51 by W. N. Weir using
the MEMSYS package. The contour levels are 5, 10, 15, 20, 25, 30, 35, 40, 50, 60,

70, 80, and 90 percent of the peak.

FIG 10. Profiles of HI surface density for five model dissociation regions with varying

dense cloud-diffuse gas fractions and gas disk full-thicknesses: (solid line) all diffuse
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gas, full-thickness 150 pc, (dotted line) 50% diffuse gas, full-thickness 150 pc, (short-
dashed) line 25% diffuse gas, full-thickness 150 pc, (long-dashed line), 13% diffuse

gas, full-thickness 150 pc, and (dot-dashed line) 25% diffuse gas, full-thickness 300

pc.
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CHAPTER 5

Kinematics, Density Waves, and GMA Formation in M51

Abstract

New spectroscopic observations of the ionized gas (Ha and [NII] lines) and
old-disk stars (Mg B band) are combined with published CO, HI and Ha data
to study the kinematic response of these components to the spiral density wave.
Evidence for radial streaming motions in the old-disk stars is presented. By using
information from the K-band image of Wright et al. to trace the underlying mass
distribution, we find that the amplitude of the radial motions for the minor-axis
crossing of the arm at 85” from the nucleus is larger than predicted by linear density
wave theory. The 4:1 resonance, which is at about this radius, may account for this

large amplitude.

We present CO and HI rotation curves from the OVRO and VLA maps of
M51 at 8” resolution. By comparing the CO rotation curve with an Ha rotation
curve calculated from the new 8”-resolution Fabry-Perot data of Tilanus and Allen,
we find that the ionized gas appears to be rotating faster than the molecular gas.
We show that this effect is due to a conspiracy of beam-smoothing, tangential
streaming motions, and the CO-Ha spatial offset. The molecular, neutral, and
ionized gas components all show the tangential and radial streaming motions along

the major and minor axis at the arm crossings as predicted by nonlinear density
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wave models. However, the amplitude of the radial velocity shift for the arm at
85” from the nucleus, in analogy to the old-disk stars, is much greater than even
nonlinear models predict. Interarm streaming is also clearly detected in the ionized
gas, and in places in the molecular gas. Along the major axis, velocities from our
spectra show small-scale differences from the predictions of the Ha rotation curve.
Motions of the ionized gas out of the plane of the galaxy and random motions of

the HII regions are the probable causes of the discrepancies.

Using kinematic and morphological information, we carry out an analysis of
the stability of the gas on and off the arms. We first use the observed streaming
motions to calculate an arm-interarm contrast of 3-5 for the molecular gas. We find
that the surface density of the on-arm gas is somewhat above the critical value for
instability based on the Toomre criterion, while the interarm gas is close to the point
of instability. The characteristic mass associated with the instability on the arms is
close to the typical Giant Molecular Association (GMA) mass of 3 x 10" M. There
is sufficient time available while the gas is on the arms to form bound GMAs by
gravitational instability or by collisional agglomeration of smaller clouds. Between
the arms, there is probably insufficient time to build a GMA through either process.
The minor, secondary density wave compression between the arms suggested by us
in an earlier paper may be sufficient to cause mild short-lived instabilities in the
gas or sufficient orbit crowding to explain the existence of the unbound interarm
GMAs. Finally, we discuss problems with the conclusion that the on-arm GMAs

are bound, virialized entities — in particular, the observed shear across them and
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the requirement that they be destroyed rapidly (probably by star formation) — and

discuss the case for their being unbound.

Subject headings: galaxies: interstellar matter — galaxies: internal motions — galaxies

indiv: (M51), — stars: formation
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I. Introduction

While many favor self-sustaining spiral density waves as the origin of spiral
structure in galaxies, detailed comparisons of the kinematic response of galaxy com-
ponents to density waves have been scarce. Observationally, still less is understood
about how density waves organize the star-forming gas in galaxies and the conse-
quences for star formation. Searches for the kinematic indications of density waves
have focussed on gaseous components in galaxies with pronounced spiral structure
(e.g., M51, M81) because it is reasonable to expect that the peculiar kinematics pre-
dicted by density wave theory should be most obvious in the dissipative components
of galaxies with strong density waves. Tully’s (1974b) important Fabry-Perot study
of M51 revealed on-arm tangential streaming and interarm radial streaming in the
ionized gas as predicted by the theory. Visser’s (1980) study of the kinematics of
the neutral gas in M81 provided much support for non-linear density wave calcula-
tions (Shu, Milione, and Roberts 1973). More recently, Rydbeck, Hjalmarson, and
Rydbeck (1985), Vogel, Kulkarni, and Scoville (1988, hereafter VKS) and Rand and
Kulkarni (1990a, hereafter RK) demonstrated the existence of large velocity shifts
in the star-forming molecular spiral arms of M51. These shifts (60-100 km s™!
in the plane of the galaxy) are much larger than predicted by even the nonlinear
density wave studies ((Shu, Milione, and Roberts 1973; Roberts and Stewart 1987)
and presumably indicate that the strength of the density wave in M51 is unusually
large. Rydbeck, Hjalmarson, and Rydbeck (1985) and RK have also presented some

kinematic and morphological evidence for minor density wave compressions in M51
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between the main arms — a possibility first suggested by Shu, Milione, and Roberts

(1973).

In studying the gaseous response to a density wave, a large uncertainty is the
actual strength of the spiral gravitational perturbation in the massive old disk. A
much less pronounced spiral pattern and much lower amplitude streaming motions
are expected for the old-disk stars because of the relatively large velocity dispersion

and the non-dissipative nature of stellar systems.

In this paper, we use information from the new K-band image of M51 by
Wright et al. (1990) to trace the old disk light. This image shows a very smooth,
low-level spiral pattern. Wright et al. state that the arm-interarm contrast in their
image over the radii 70” < R < 180” ranges from 1.2 to 2.1 in linear units, whereas
the contrast found in an I-band image by Elmegreen, Elmegreen, and Seiden (1989)
showed a range of 2.5 to 13 over the same range of radii, or typically a few times
higher than at K. However, in the region of the galaxy of interest for this paper
(near the western half of the minor axis), our own I-band image (obtained with the
“Wide Field PFUEI” camera on the 1.5 m telescope of the Palomar Observatory)
shows an arm-interarm contrast very similar to that at I, and agrees well with that
measured by Elmegreen, Elmegreen, and Seiden. Hence, in the inner disk at least,
it is not clear if the contrast at K is significantly reduced from that at I. Regardless
of the issue of the I-band contrast, a further advantage of K-band is that the dust
lanes, which are still visible at I, are not seen at K. Hence the extinction problem

1s much reduced.
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The peculiar motions corresponding to this low-level spiral perturbation in
the old disk should be much smaller than those of the gas and show a much smoother
spatial variation. However, as far as these authors know, the existence of streaming
motions 1n the old disk stars of M51 has not been demonstrated. This 1s under-
standable since the absorption lines from the old stars are much weaker than the
gaseous emission lines, and the amplitude of the stellar streaming motions should
be much lower than that of the gas streaming motions. If the parameters of the
underlying gravitational perturbation can be directly measured, however, then they
can be used to check for self-consistency between the density contrast and the stellar
streaming motions. Linear density wave theory should be sufficient since the spiral

pattern i1s smooth and of low amplitude.

A more recent focus of observational and theoretical work has been the ef-
fects of density waves on the distribution and state of the interstellar gas, and how
such effects might be related to star formation. HI “superclouds” of mass ~ 107
Mg have been observed along the arms of many nearby spirals (summarized in
Elmegreen 1987a). These HI superclouds may form in a density wave compres-
sion by gravitational instabilities (Jog and Solomon 1984; Balbus and Cowie 1985;
Elmegreen 1987b; Tomisaka 1987; Balbus 1990), or by agglomeration of smaller,
self-gravitating clouds (K{wan and Valdes 1983, 1987; Roberts and Stewart 1987;

Roberts, Adler, and Stewart 1988).

The existence of massive (~ 3 x 107 Mg) concentrations of molecular gas in

the arms of M51 has been recently reported by VKS. These concentrations were
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termed Giant Molecular Associations (GMAs). RK found more GMAs in the arms
of M51 and also a few between the arms, and demonstrated from the 8”-resolution
mosaic map that the on-arm GMAs have virial masses réughly equal to their masses
based on their CO fluxes, while the interarm GMAs have virial masses several times
their CO-flux-based masses. In RK, we assumed that the line widths used to calcu-
late the virial masses were entirely due to random cloud motions within the beam.
However, a fraction of the line width is due to the velocity gradient (streaming)
across the GMA. This is not an issue for the interarm GMAs, most of which were
resolved with little detectable streaming. A more careful virial analysis was car-
ried out by Rand and Kulkarni (1990b). Observations at 2.5” resolution allowed
two on-arm GMAs near the major axis to be resolved, and an accurate value for
the tangential streaming velocity gradient to be measured. The observed gradient
across a resolution element (~ 5 km s™!) was found to be generally substantially
less than the observed line width (~ 10 km s™!), hence it was concluded that the
line width is predominantly due to random motions. This allowed virial masses in-
cluding contributions from both the random motions and the systematic streaming
across the GMAs to be calculated. The result was still rough equality between the
virial and CO-flux-based masses. The suggested formation mechanisms for the HI
superclouds are also possible GMA formation mechanisms. A purpose of this paper
1s to address the question of whether or not the GMAs are truly bound, virialized

objects.
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Is the formation of these massive structures directly related to star forma-
tion? Kennicutt (1989, hereafter K89) recently used global data on the molecular,
neutral and ionized gas in spirals in an attempt to connect star formation activity
to the state of the gas. In particular, he has found evidence that significant star for-
mation in galaxies only occurs above a certain gas surface density threshold which
is apparently related to gravitational instabilities in the gas (essentially the Toomre
criterion; see also Quirk 1972). Below this threshold, there is very little massive
star formation, while above it, the star formation rate goes as a power of the surface
density (a Schmidt law) with an exponent between 1 and 2. K89’s analysis suggests
that the star formation threshold depends on gravitational instabilities in the gas
and is therefore really a massive cloud formation threshold. Hence, the fundamen-
tal physical process underlying his results may be the formation of massive clouds,
which then leads to the nonlinear Schmidt law because the gas surface density is
above the threshold. A simple explanation for density wave triggering in M51 would
therefore be that the on-arm gas is unstable by this criterion while the interarm
gas is stable. However, observational information on how density waves affect the
stability of the gaseous component is lacking. Such information could allow an as-
sessment of whether star formation could be triggered by density waves in this way.
Alternatively, if massive star formation occurs at the interface of colliding clouds,
then to first order the star formation rate should depend on the square of the cloud
number density (Scoville, Sanders, and Clemens 1986). Hence, the density wave

increases the star formation efficiency by increasing the cloud collision rate.



132

The first goal of this paper is to present as complete an observational analysis
as is currently possible of the density wave in M51, and the response of the various
components. From absorption-line spectroscopy, we séarch for streaming motions
in the old-disk stars along the minor axis, and compare with the predictions of
linear density wave theory, using the K-band image of Wright et al. (1990) to
infer the mass distribution (§III). In §IV, from optical emission-line spectroscopy
and CO and HI interferometric observations, we compare the kinematics of the
molecular, neutral and ionized gas components along the major and minor axes

with the predictions of current density wave models.

In §V, we use observations of the gas surface density and kinematics to test
the two suggested mechanisms of arm and interarm GMA formation. In particular,
we compute the instability criterion discussed in K89 for both the arm and interarm
regions to find out whether the gas should be gravitationally unstable to collapse,
and then calculate whether there is sufficient time for the GMAs to form by such
instabilities while the gas is in the arms. We also estimate the time required to
build GMAs by collisional agglomeration of smaller clouds. The possible connection
between GMA formation and the triggering of star formation is briefly discussed.
Finally, we address the issue of the boundedness of the on-arm GMAs and the
problem of rapidly disrupting bound GMAs to explain their confinement to narrow

spiral arms.

Throughout this paper, we assume Tully’s (1974a) value of the inclination

(20°) of M51, the position angle of the major axis (170°), and the systemic velocity
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(Visr = 472 km s™!). The distance to M51 is taken to be 9.6 Mpc (Sandage and

Tammann 1975), so that 1” = 46.5 pc.

I1. Observations

a) Optical Spectroscopy

The spectroscopic observations were carried out using the Double Spectro-
graph on the Hale 5-m telescope at the Palomar Observatory on the nights of May
23-25, 1989. All three nights were photometric, and seeing ranged from 1”7 to 2”.
Both sides of the spectrograph were equipped with Texas Instruments 800 x 800
pixel CCDs. The blue side was blazed at 5000 A and covered the wavelength range
4900-5340 A , while the red side was blazed at 7100 A and covered the range 6220~
6875 A . The spectral and spatial resolutions were 0.56 A and 0.82 A4 , and 0.8” and

0.56”, on the blue and red sides, respectively.

Between each sky exposure arc lamp exposures were taken to obtain the
wavelength calibration and incandescent lamp exposures were taken for the purpose
of flat-fielding the data. The r.m.s. of the wavelength calibration was 0.03-0.05 A on

the blue side, and 0.01 A on the red side.

Three one-hour exposures were taken with the slit oriented along the northern
half of the major axis of M51 (P.A.=350°) and three exposures of the same duration
with the slit oriented at P.A.=270°, close to the western half of the minor axis at

P.A.=260° (see Figure 1). The length of the slit is 2’. One end of the slit was
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placed near the nucleus for all exposures. Since the emission from M51 extended
over the entire length of the slit, separate sky exposures had to be taken between
each exposure of M51. Due to a problem of unknown cause, a sensible sky-line
subtraction could not be carried out for the third minor-axis exposure; hence i1t is

not used in this analysis.

The data were reduced with standard software from the FIGARO pack-
age. Accurate spatial alignment of the exposures was achieved by examining the
wavelength-integrated emission profile along the slit of each exposure. The expo-

sures were added after spatial and spectral alignment.

Velocities of the line-emitting gas were obtained using a line-profile fitting
routine. Ha and the two NII lines at AA6548,6584 were simultaneously fitted, with
the ratio of their wavelengths being held constant at the laboratory value. The SII
lines at AA6717,6731 were also easily detected, but the signal-to-noise ratio of these
lines was significantly worse than the Ha and NII lines, so that including them
in the fit did not improve the uncertainties. Although both the Ha and NII lines
were used in the fitting, we will often refer to the emission line velocities as “Ha
velocities.” The variation along the slit of fitted wavelengths of sky lines of various
strengths provided reliable estimates of the combined uncertainty of the wavelength

calibration and line fitting.

Of the absorption lines on the blue side, the strongest was of course the

Mg band at AA5167,5172,5180, but many weaker Fell lines were also present. The
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absorption lines in the disk of M51 were weak enough so that line fitting was unreli-
able, hence a cross-correlation routine was used to estimate velocities. The template
spectrum used was a nuclear spectrum with an excellent signal-to-noise ratio in the
absorption lines, and the absolute velocity of this spectrum was found with the line
fitting routine. The cross-correlations covered the wavelength range 5020-5300A4 ,
thus avoiding the bright OIII emission line at A5007. Uncertainties were estimated

according to the method described in Tonry and Davis (1977).

For both emission and absorption lines it was necessary to spatially average
spectra together before the velocity determinations to improve the uncertainties.
The number of spectra averaged depended on the relative signal to noise at each
position along the slit. For most of the data, averaging over 5 pixels proved suffi-
cient; however, for the absorption lines beyond 1’ from the nucleus, up to 20 pixels
(12”) had to be averaged together to yield useful uncertainties. For the major axis
absorption line data, the resulting uncertainties were too large to allow any peculiar
velocities to be determined. These major axis spectra will therefore not be discussed

further.

b) The CO Data

The CO observations employed in this paper are described more fully in RK.
To summarize, our mosaic cube of CO emission in M51, made with the Millimeter
Interferometer of the Owens Valley Radio Observatory (OVRO), covers most of

the optical disk with an angular resolution of 8” and spectral resolution of 5.2 km
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s~1. The cube is a mosaic of 30 fields, each with a primary beam of 1’ (HPBW).
The intensity-weighted velocity has been calculated at each 1.5” pixel using NRAO
AIPS software to yield a map of the velocity field. Only velocities for pixels meeting

a certain signal-to-noise threshold are included in the velocity map.

We also use maps of two of these fields at 2.5” resolution. These high res-
olution observations are discussed in Rand and Kulkarni (1990b). The two fields
include the southern major-axis crossing of the molecular arm. The GMAs near
this crossing were unresolved at 8” resolution, but have been resolved in the high-
resolution map, allowing a more accurate determination of the tangential streaming

velocity gradient across the arm.

¢) The K-band Data

For our linear density wave analysis, we use information from the A’-band
image of Wright et al. (1990). We use the K-band light as a tracer of the distribution
of stars in the massive old disk. Specifically, we employ the distributions along the
directions of the slit in our spectroscopic observations (essentially the major and
minor axes). We assume that the position of the K-band nucleus coincides with

that of the optical nucleus given by Dressel and Condon (1976).

d) The HI Data

We use the VLA map of 21-cm emission in M51 by Rots et al. (1990) with

8” resolution to provide kinematic information on the neutral gas. The velocity
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field is computed in the same way as the CO velocity field described above. Again,

a velocity is calculated only for pixels in which there is sufficient signal-to-noise to

calculate a reliable value.
e) The Fabry-Perot Data

We use new TAURUS-I Fabry-Perot data by Tilanus and Allen (1990) to
calculate an Ha rotation curve. The field of view of this data set is about 3°. The

spatial resolution is 8”, and the velocity resolution is about 12 km s™!.

ITI. Kinematics of the Old Disk and

Comparison with Density Wave Theory

Figure 2 shows the velocities derived from the absorption lines along the slit
running west from the nucleus (P.A. 270°, close to the minor axis). Qualitatively, the
profile shows evidence for two dips in radial velocity which bottom out at R ~ 25”
and R = 80—90”, in analogy to the gaseous response discussed below, although the
dip at R ~ 25” is essentially defined by only one data point with a large error bar.
The exact location of the second velocity minimum is not well determined, and, in
fact, within the errors, the velocity could still be decreasing at the end of the slit.
Figure 3 shows the intensity profile from the K-band image along the direction of
the slit. From Figure 3, there is indeed a smooth, low-amplitude spiral arm centered
at about R = 85”7, with an arm-width of about 30”, which is roughly the width of
the velocity trough. The extent of this K-band arm is also indicated in Figure 2.

Hence we are seeing qualitatively the predicted radial velocity response from linear
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density wave theory to the underlying potential as defined by the K-band light

distribution, at least in the position and width of the radial velocity minimum.

Since the slit 1s not exactly aligned with the minor axis there will be a small
contribution to the velocity profile of Figure 2 from the rotation curve. To test
whether the velocity shift between R = 30” and R = 90” represents a significant
deviation from the rotation curve, we fit a flat rotation curve to the final five points
in Figure 2. The best-fit curve has a reduced chi-squared of 5. Therefore, the
deviation from a flat profile is significant. Alternatively, the true rotation curve
could be rising in this range of galactocentric radius. A rising rotation curve would
need a slope of 116 km s™! kpc™! over the region 30” < R < 90” to produce the
observed shift. If the P.A. of the minor axis were in error by 20° such that the slit
was 30° from the minor axis, the required slope of the rotation curve would be 40
km s™! kpc™!. The rotation curves shown in the next subsection rule out such a
rotation curve. Finally, the shift could be due to a warp in the disk. However, this

explanation is unlikely since this shift is found at R ~ 4 kpc, whereas warps are

generally found in the outer parts of galaxies.

We now calculate whether the amplitude of the velocity shift is consistent
with the predictions of linear density wave theory using the K-band image to trace
the old-disk mass. From the equations for the response to the density wave in the

linear theory (Lin, Yuan, and Shu 1969), one can derive the following relationship
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between the density enhancement and the amplitude of the radial velocity shift for
a tight winding spiral: .

uR:zl—Rtani (2 —Qp), (1)
o

where ug is the amplitude of the radial velocity shift, o; and ¢ are the surface
density amplitude and the unperturbed surface density, R is the galactocentric
radius, ¢ is the pitch angle of the spiral pattern, {2p is the pattern speed of the spiral,
and () is the angular rotation frequency. From Tully (1974b), we take : = 18.5° and

Qp =37 km s~ ! kpc™?! (for a distance of 9.6 Mpc).

For the K-band arm centered at R ~ 85”, - reaches a maximum of about
75%, so ug =~ 20 km s™! is predicted. The expected radial velocity profile from
linear theory is sinusoidal, with a wavelength of twice the extent of the K-band arm
and centered on it. We therefore find the amplitude of the observed shift by fitting
such a sinusoid to the final four data points of Figure 2. The observed shift in the
plane of the galaxy found in this way is about 55 km s™! 4+ 20 km s~!. There is
therefore a significant discrepancy between the observed and predicted shifts. The
predicted shift of only 8 km s™! in the plane of the sky is hard to reconcile with
Figure 2. The position of the velocity minimum is not well determined from our

data.

The failure of the linear theory for this arm has the following possible ex-
planation. Using the fit to the density wave pattern by Tully (1974b), Elmegreen,
Elmegreen, and Seiden (1989) determine that the position of the 4:1 resonance of

the spiral pattern is at R = 80”. At this resonance, Contopoulos and Grosbgl
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(1986) find that for strong spirals, the stellar orbits become more non-circular and
the spiral pattern begins to become washed out (as opposed to the linear theory,
which predicts that spirals end at the corotation radius). Hence, from their orbit
calculations, one expects larger radial streaming motions and a lower spiral pattern

amplitude near the 4:1 resonance than predicted by the linear theory.

Parenthetically, we note that the spiral pattern can be seen in the K-band
image to continue beyond this radius. This outer spiral structure is presumably due
to the passage of the companion (Toomre and Toomre 1972, Tully 1974b, Elmegreen,

Elmegreen, and Seiden 1989).

Although we have seen some kinematic evidence for streaming motions in the
old disk, more sensitive data are clearly needed before any firm conclusions can be

made about the stellar response to the density wave.

IV. Kinematics of the Gas and

Comparison with Density Wave Models

a) The Rotation Curve

The rotation curves derived from our CO velocity field and the HI velocity
field are shown in Figure 4. Also shown along with each of these curves in Figure 4 is
the Ha rotation curve. Only points within 45° of the major axis have been included
in the curves. All three velocity fields used to calculate the rotation curves contain

only data above a certain signal-to-noise threshold. Consequently, all three curves
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mainly represent velocities of gas on the arms, where the emission is strongest. We
have independently solved for the kinematic center and find it to be close to the
position of the nuclear radio source found by Ford et al. (1985). We also confirm

the position angle of the major axis found by Tully (1974a).

The basic features of the three curves agree: both the CO and Ha curves rise
steeply for 0” < R < 25” (the central HI hole precludes a determination of the HI
rotation curve in this region), and all three show a minimum at R ~ 40” followed
by an increase to a peak at R =~ 75”. Since only points within 45° of the major
axis are included, the curves are very sensitive to tangential streaming motions. In
this range of position angles, the gaseous spiral arms are centered at R &~ 20” and
R =~ 60” (see Figure 1). Hence all three curves show the expected tangential velocity
boost across the arms, with a velocity falloff between the arms. However, there is a
significant discrepancy between the rotation curves over the range 45” < R < 75”.
The CO velocities are lower than the Ha velocities by 20-40 km s™! in this region.

The HI velocities are also somewhat lower than the Ha velocities in this range.

To attempt to explain these discrepancies, we first reemphasize that these
rotation curves mainly represent on-arm emission. We believe that one reason
behind the large discrepancy between CO and Ha velocities is the spatial offset
between the molecular and HII region spiral arms reported by VKS and RK. The
magnitude of this offset is about 5-10”, and the sense is that the HII regions are
displaced downstream from the molecular arms. This offset is clear even though

the resolution of the CO map is 8”. Because of the tangential velocity boost across
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the arms, then, the Ha emission, which is concentrated to the back of the arm,
should show larger rotational velocities than the CO emission. However, with the
resolution of both data sets being 8”, this spatial offset is found to almost completely
vanish. Since the tangential streaming velocity gradient across the arms is very steep
(~ 100 km s™! kpc™! from §V), the smearing of the spatial offset should result in
a difference in rotation curves at the position of the arms of about 35 km s™!,

assuming the offset has been completely smeared out.

Additional mixing of spatially distinct regions is expected in the rotation
curve regardless of the spatial resolution because of the non-zero pitch angle of
the arms. A “downstream” HII region from one segment of a spiral arm may lie
at the same distance from the nucleus as “upstream” CO emission from further
along the arm. Hence, gas at different spiral phases can appear at the same radius
in the rotation curve, giving rise to a velocity difference because of the tangential
streaming motion. For an Ha-CO spatial offset of 57-10” and the pitch angle of
the inner spiral pattern of M51 of 18.5° (Tully 1974b), Ha and CO emission from

the same galactocentric radius will be separated by 15° — 30° in azimuthal angle.

Since the HI spiral arms are also offset downstream from the CO arms (RK,
Tilanus and Allen 1989), one might expect the HI rotation curve to show better
agreement with the Ha rotation curve. This turns out to be the case, although an
average discrepancy of about 10 km s™! still exists between the two curves over the
range 457 < R < 75”. From the above discussion, because the velocity gradient

across the arms is steep, only a small offset is needed to produce such a gradient.
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b) The Major Azis

For our spectroscopic observations, the first slit position was along the north-
ern half of the major axis with one end at the nucleus. In Figure 5 we show velocities
of the ionized gas along this segment of the major axis along with velocities of the
CO and HI averaged over a 10° sector centered along the northern half of the major
axis. Figure 5 also shows the position and extent of the molecular arm from the
OVRO map, and the position of the dust lane. Since the basic rotation brings the
gas towards the observer along this half of the major axis, higher rotational veloci-
ties correspond to lower Vi,,s. In gross detail, the Ha velocity profile is reminiscent
of the Ha rotation curve discussed above. The peak-to-peak variations in the disk
have an amplitude of about 60 km s™! in the plane of the galaxy. The Ha velocities
and the positions of the peaks and troughs agree very well with earlier spectroscopy
by Goad, DeVeny and Goad (1979; see their Figures 3a-c¢). There are some small-
scale differences, however, between our spectroscopic profile and the Ha rotation
curve of Figure 4. Over the region 45” < R < 65”, the Ha Vj,,s are lower than
expected from the rotation curve, while for 70” < R < 807, they are higher than ex-
pected. One could obtain the impression from the spectral velocities alone that the
maximum rotation velocity of the ionized gas occurred at about the position of the
dust lane, R = 55”, displaced from the maximum CO and HI rotational velocities.
However, the Fabry-Perot data give us confidence that this is not the case. We sus-
pect that the reasons for these small-scale discrepancies are random motions of HII

regions and acceleration of the ionized gas out of the plane of the galaxy. These two
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effects are plausible since a) dense clouds with HII regions may well react differently
from diffuse gas to a density wave (Bash and Peters 1976), and b) the young OB
associations should be able to accelerate gas up out of fhe plane (for example, Chu
and Kennicutt [1990] have reported high-velocity expanding shells in many of the
giant HII regions of the Magellanic Clouds). Because of extinction (typically 2 mag
for the giant HII regions; van der Hulst et al. 1988) we should preferentially see
blueshifted rather than redshifted outflowing gas. These peculiar motions would be
averaged out in the rotation curve. There are, in fact, HII regions approximately
centered at the three positions — 507, 60” and 75” — where the discrepancies are

greatest.

The CO and HI velocities also show a falloff from high Vs to low Vj,.s
between R = 40” and R = 60”, as in the rotation curves, with the minimum Vi,
occurs at about R = 707, displaced from the position of the Ha minimum. The CO
and HI velocities agree fairly well for this small segment of the spiral arm. However,
this may not be surprising in light of the above discussion because the CO-HI offset
in this particular region is practically non-existent (see Figure 1 of Rand, Kulkarni,
and Rice 1990). For the inner arm at R = 20”, the CO velocity trough is not as
deep as the Ha trough. Since the trough is rather narrow in Ha, this discrepancy

1s probably due to beam-smoothing in the CO data.

Finally, we note that within R = 10” there is high-velocity ionized gas which
has no molecular counterpart. This discrepancy was noted previously by Rydbeck,

Hjalmarson, and Rydbeck (1985) from their single-dish CO data at 30” resolution
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and the Ha spectroscopy of Goad, DeVeny, and Goad (1979). These latter authors
discussed several possible origins for these peculiar velocities, including z-motions of '
the ionized gas. Since this paper addresses the disk kinematics, the nuclear region

will not be discussed further.

b) The Minor Azis

Our second slit position ran west from the nucleus — in other words, 10°
away from the kinematic minor axis as inferred by Tully (1974a). Figure 6 shows

velocities along this cut through M51 in the same way as Figure 4.

Within R = 107, we see once again a high velocity Ha component which has
no counterpart in CO. The fact that this discrepancy occurs along both the major
and minor axis suggests that the peculiar Ha velocity component is not in the plane
of the galaxy, but is more likely to arise from motion perpendicular to the disk. The
same conclusion was reached by Goad, DeVeny, and Goad (1979) and Goad and
Gallagher (1985). Alternatively, Tully (1974b) modelled the peculiar motions of the
ionized gas in the nuclear region as gas streaming in elliptical orbits. Since we are
focusing here on the density wave in the disk, we will not address the issue of the

gas motions in the nuclear region further.

At the inner arm crossing (R = 25”) both Ha and CO data show a dip in
velocity followed by an increase. The depth of the trough in Ha is about 40 km s™!
in the plane of the galaxy. Between the two arms, both Ha and CO show a slow

increase in velocity which turns into a decrease as the outer arm is approached. At
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the outer arm crossing (R = 85”) the Ha, CO and HI velocities agree very well and
show a decrease followed by an increase as in the inner arm case. The amplitude of
the decrease is 125 km s~! and that of the subsequent increase is 25 km s in the

plane of the galaxy.

d) Comparison with Density Wave Models

We can compare our kinematic profiles with the predictions of nonlinear
density wave models. Such models predict that, as a function of position across an
arm starting at its inner edge, there should be an increase in the tangential velocity
of the gas, and a decrease followed by an increase in radial velocity. These shifts are
a consequence of the equation of continuity and angular momentum conservation

as the gas responds to the spiral potential.

Figure 7 is taken from Roberts, Lowe, and Adler (1990) and shows the density,
tangential velocity, and radial velocity profiles as a function of spiral phase for
their simulation of the reaction of a galactic cloud population to a spiral potential.
For tightly wound spirals, a cut through spiral phase is nearly equivalent to a cut
through galactocentric radius. In this particular simulation the cloud system is
allowed to dissipate energy through cloud collisions. The nonlinear response to the
~ 10% spiral perturbation in their simulation is clear: the peak density contrast
reaches about 6:1, and the amplitude of the streaming motions is about 40 km s™.
This model predicts that the tangential velocity should increase in the region of

peak compression of the molecular gas, and the maximum tangential velocity is
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reached beyond the peak compression. This is exactly the behavior seen in Figure 5
for the molecular gas. The observed amplitude of the velocity shift is about 60 km

s~! in the plane of the galaxy, somewhat larger than in the simulations of Roberts,

Lowe, and Adler (1990) and Roberts and Stewart (1987).

The predicted radial velocity behavior of Roberts, Lowe, and Adler (1990) is
shown in the bottom panel of Figure 7. In simulations with dissipative collisions,
the sharp radial velocity decrease at the molecular arm is a persistent feature and
1s characteristic of a large-scale galactic shock. This characteristic “steep drop
followed by slow rise” profile can be seen in Figure 6 in the ionized gas response
at R = 25”7 and the response of all three tracers at R = 85” (although the error
bars are sometimes large for CO and HI at the second arm crossing). Hence, the
agreement of the observed and predicted profiles is very good. The amplitude of
the inner arm velocity shift in Ha, 40 km s~! in the plane of the galaxy, is in good
agreement with the simulation. The amplitude of the outer arm shift, however, is
about 125 km s™! — much larger than in the simulation. Beam smoothing of the
CO velocity profile at R = 25” precludes a statement about whether the predicted

characteristic response exists in the molecular gas there.

The reason for the very large radial velocity shift in the gas at R = 85” may
be the same as the reason for the failure of the linear density wave theory for the
stars. From a rough calculation, Contopoulos and Grosbgl (1986) expect the same
nonlinear effects to occur at the 4:1 resonance for the gas orbits as for the stellar

orbits — namely highly non-circular orbits and a washing out of the spiral pattern.
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Interestingly, it is very close to this radius where we see a rather abrupt termination
of the molecular spiral arms in our CO map on both sides of the galaxy (RK). The
break on the west side can also be seen in the single-dish CO (2-1) map of Garcia-
Burillo and Guélin (1990), so that it is not an artifact of incomplete coverage of
the u-v plane in the interferometric data. The spiral pattern in the molecular gas
therefore does wash out at this radius. It is quite possible, then, that the kinematics

at this radius are significantly disturbed by the presence of the 4:1 resonance.

V. GMA Formation, Disruption and Star Formation

As mentioned in the Introduction, our CO map of M51 at 8 resolution
shows many GMAs of typical mass 3 x 107 M. Two possible formation mechanisms
discussed in the Introduction for GMAs and superclouds are large-scale gravitational
instability in a clumpy, diffuse medium and collisional agglomeration of preexisting,
self-gravitating clouds. The GMAs on the arms appear to be gravitationally bound,
while the interarm GMAs are unbound. If the on-arm GMAs are bound, then since
they are confined to narrow spiral arms, their formation and destruction timescales
must be relatively short. One could imagine that interarm GMAs are the disrupted
remnants of GMAs which formed on the arms. However, the interarm GMAs tend
to be well separated from the main arms. If we could detect significantly disrupted
GMAs as they moved off the arms, we would expect to see more of them at the
“back” of the arms, where disruption would just be beginning, and fewer of them
further into the interarm region as they become too disrupted to be observable with

an interferometer. This is not the case, so we conclude that the interarmm GMAs
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are not remnants of on-arm GMAs, and that the disruption of on-arm GMAs must

be rapid.

The goals of this section are a) to quantitatively determine whether the above-
mentioned processes are viable mechanisms for building bound GMAs, b) to discuss
how the triggering of star formation might be related to GMA formation, and c¢)
to discuss the difficulties with the conclusion that they are bound, particularly the

problem of their destruction.

a) Gravitational Stability Analysis

Our first goal is to test the viability of the instability theory for GMA forma-
tion by simply calculating whether the on-arm and interarm gas in M51 should be
unstable to collapse by K89’s criterion and to calculate the expected characteristic
masses. In the next subsection, we calculate the collapse timescales in the arms
and interarms, and compare these with the time required to build up GMAs by
collisional agglomeration. These GMA building timescales are then compared with
the time available for the growth of GMAs in the arm and interarm regions. The
time available may be limited by shear forces or the amount of time the gas spends

on the arms.

The threshold surface density for gravitational instability as given by K89 is

essentially the simple Toomre (1964) stability criterion:

KRC
5, = 2
336G (2)
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where ¥, is the threshold surface density, x is the epicyclic frequency and c is the
gas velocity dispersion. The parameter « is a constant near unity (K89) which is
included to account for the effects of two-fluid (gas and stars) instabilities. Jog and
Solomon (1984) have demonstrated that the two-fluid system may be unstable even
if each of the components, treated individually, is not. This increased tendency
toward instability is accounted for by values of a below unity. Jog and Solomon

give a more exact treatment of the two-fluid problem.

Naturally, since the on-arm gas has a higher surface density, it is much more
likely to be unstable than the interarm gas. However, & also changes between the
arm and interarm regions because of the streaming motions induced by the density

wave. For gas with orbital velocity v at galactocentric radius R,

v R dv
h“\/i—(1+;ﬁ

7 ). (3)

We first evaluate the stability criterion for M51 using the axisymmetrically
averaged gas density and rotation curve. We use the parametrization of the molecu-
lar gas surface density by Lord (1987), £g, = 210/R Mg pc™? (R in kpc), and a flat
rotation curve from §2 of 200 km s~!. We assume that a = 0.7 (the value determined
by K89). From our 2.5” resolution CO observations, we measured a one-dimensional
velocity dispersion of 10 km s~!. We therefore assume that ¢ = 10v/3 = 17 km s™!.
One should keep in mind that errors of a factor of 2 may be introduced by these
assumptions. We find that &, = 215/R Mg pc™2, so that the gas is roughly at the

instability threshold throughout the disk.
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However, this conclusion is modified by the existence of density waves. Bal-
bus and Cowie (1985) demonstrate for a tight winding spiral that because mass and
angular momentum are conserved as the gas passes thfough the zone of compres-
sion, the epicyclic frequency is related to the gas surface density by x* « QI,
where Q is the rotation frequency (see also Balbus 1990). As gas flows in and
out of arms, the change in {2 is much less than the change in ¥, so that approxi-
mately, k2 o I. Because of tangential streaming, dv/dR is non-zero in equation
(3). Therefore from measurements of the tangential streaming, we can compare
the on-arm and axisymmetric values of k¥ and calculate the enhancement in surface
density on the arms relative to the unperturbed value. Then, by mass conserva-
tion, as a fluid element passes in and out of the spiral arms, ¥;A; is constant,
where ¥; and A; are the surface density and surface area of fluid element 7. Hence
YarmAarm = ZintAint = 1/253A, where the three subscripts refer to arm, inter-
arm, and unperturbed quantities respectively, and A = Asrm + Aine. With these

equations, it is easy to solve for the arm-interarm contrast in surface density.

We now reevaluate the stability criterion at a galactocentric radius of 2.7
kpc, where we have measurements of the tangential streaming motions. For the
north side, the CO streaming motions indicate dv/dR =~ 60 km s™! kpc™! at this
radius, so that « is increased over its axisymmetric value by a factor of 1.4, and ¥
is increased by 1.9. Hence, we deduce an arm-interarm contrast in surface density

of 2.7. The corresponding arm-interarm contrast in « is then 1.6.
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From the high-resolution CO data, the tangential velocity gradient at the

1 50 that k is increased

southern major-axis crossing is dv/dR = 130 km s~ kpc™
over its axisymmetric value by a factor of 1.7. The arm-interarm contrast in ¥ is

therefore 4.7, and in &, 2.2.

Note that although the increase in x alone would make the gas in the arms
more stable against collapse (equation [3] can be reexpressed to show that « is pro-
portional to the local angular momentum gradient, and it is angular momentum
which stabilizes the gravitational perturbations), the increase in T is always greater
than that in x so that on-arm gas is always more gravitationally unstable than inter-
arm gas. We reemphasize that these arm-interarm contrasts are only approximate
because of the “tight-winding” approximation, which is valid for cot: >> 1, where
¢ is the pitch angle of the spiral arms. For ¢ = 18.5° Tully (1974b), cot¢ = 3, so the

approximation is only marginally valid.

With these numbers, and Lord’s (1987) parametrization of the surface den-
sity, the threshold surface density on the arms at R = 2.7 kpcis £, = 110 Mg pc™2,
while the actual surface density is g, = 150 Mg pc~2. Between the arms, &, =
70 Mg pc™?, while g, = 55 Mg pc™2. On the south side, . = 130 Mg, pc™? and
21, = 220 Mg pc~? on the arms while ¥, = 60 Mg pc~™2 and Ty, = 45 Mg pc™?2
between the arms. Therefore, the on-arm gas may well be unstable by this crite-
rion, while the interarm gas may be close to the threshold. From this analysis, then,
large-scale gravitational instability remains a plausible mechanism for the trigger-

ing of GMA formation (and possibly star formation) by the density wave. The role
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of the suggested secondary density-wave compression which may be responsible for
the interarm GMAs might then be to push the surface density slightly above the

threshold, leading to weaker instabilities than on the main arms.

The characteristic mass of the instabilities is the Jeans mass: M; = nc*/G?*ZT
(Elmegreen 1987a). Using the above parameters for R = 2.7 kpc, we calculate Jeans
masses of M; = 7x 10" Mg on the arms and M = 2.5 x 108 Mg between the arms.
Since the Jeans mass is very sensitive to the sound speed, the calculated masses are
rather uncertain, especially in the interarms where we have no direct estimate of
the sound speed. If the sound speed is lower by a factor of two in the interarms,
then the characteristic interarm mass agrees well with the typical interarm GMA

mass.

b) GMA Formation Timescales

In the previous subsection, we demonstrated that the gas on the arms may
indeed be gravitationally unstable to collapse, possibly explaining the existence of
bound GMAs and the enhancement in star formation efficiency. We also found that
the interarm gas may be close to the point of marginal instability. However, we
have not yet demonstrated that there is sufficient time available while the gas is on
the arms to form bound GMAs by either gravitational instability or agglomeration
and thus explain their concentration to the arms. Neither have we explained the

unbound nature of the interarm GMAs. These are the goals of this subsection.
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In the gravitational instability theory (e.g., Toomre 1964; Balbus and Cowie
1985; Elmegreen 1990a), clouds collapse out of the gas and become self-gravitating

on a timescale of about twice the Jeans timescale,

Tyrav = 2T5 = ¢/(nGX) (4)

(e.g., Elmegreen 1990a). Using the parameters in the above discussion for R = 2.7
kpc, we find Tyre, = 7 X 10® yr on the arms and Tyrav = 2.6 X 107 yr between the

arms.

Elmegreen (1990b) has calculated the time to build up a large cloud of a given
mass from initially smaller, self-gravitating clouds. For an on-arm surface density of
180 Mg pc~?2 and a gas layer with a half thickness of 100 pc, and assuming the size
spectrum of clouds has a power-law exponent equal to the Galactic value, a GMA
can be built up on the arms through collisions as fast as by gravitational instability

if the initial (interarm) mass spectrum extends up to ~ 10° Mg,

The time available for the growth of on-arm and interarm GMAs by either
process may be limited by the time the gas spends on (or between) the arms or the
shear timescale (Elmegreen 1988). In general, the shear due to differential rotation
will tend to disrupt growing instabilities, but because of the tangential velocity
boost in the gas on the arms caused by the density wave, the shear timescale can be
much longer than the value for a flat rotation curve. The shear timescale is simply

proportional to the inverse of the Qort A constant, and is the time required for two
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fluid elements separated radially by dR to move apart in the tangential direction
by dR:

Ton = (—RdQ/dR)™! = (v(R)/R — dv(R)/dR)™". (5)

Note that for solid-body rotation, the shear timescale is infinite, i.e., there 1s no
shear. At 2.7 kpc from the nucleus, as mentioned above, the velocity gradient due
to the tangential streaming is dv/dR = 60 km s™! kpc™! at the northern major-
axis crossing, and dv/dR = 130 km s™! kpc™?! at the southern crossing. Therefore,

I would be about

while the shear timescale for a flat rotation curve of 190 km s~
1.4 x 107 yr, with the tangential streaming, it is increased on the north side to 108
yr. Locally, then, the rotation curve is closer to the solid-body case because of the
tangential streaming. On the south side, the streaming is great enough so that a

condition of reverse shear exists, and the timescale remains relatively unchanged at

about 1.7 x 107 yr.

The amount of time the gas spends on the arm is given by the fraction of

2T
m(2—Q,)°

o

time spent in the arm, Tia

times the time to flow from arm to arm,

where m = 2 for a two-armed spiral:

g

forn = T o)z — ) ©

where « is the arm-interarm contrast, and €2, is the pattern speed. Using Tully’s
(1974b) determination of the pattern speed in M51 scaled to our adopted distance

of 9.6 Mpc (2, = 38 km s~! kpc™!), and the average arm-interarm contrast at
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2.7 kpc of 3.7 from above, we find Torm = 10% yr. Thus the gas spends about one

rotation period in the arms at this radius. The time spent between the arms is

T

Tin erarm — m (7)
ererm = T a3 = %)

or 2 x 107 yr.

The various timescales calculated above are reproduced in Table 1. There is
sufficient time, then, to form GMAs by either process on the arms at this typical
radius, although the gravitational instability timescale is several times shorter. It is
possible that both processes are acting simultaneously on the arms: the self-gravity
of the gas may force the growing agglomerations to merge more rapidly into even

larger agglomerations (Elmegreen 1987a).

The timescale for a GMA to virialize depends on its energy dissipation rate. If
the dissipation occurs primarily in collisions of clouds, then the dissipation timescale
will be roughly T4iss = R/ fc, where R is the typical cloud radius, f is the volume
filling factor of the clouds, and ¢ is the velocity dispersion (Elmegreen 1988). If the
typical cloud has a mass (4 x 10° M) and radius (20 pc), characteristic of a typical
Galactic GMC (Scoville and Sanders 1987) and the full-thickness of the gas layer
is 150 pc, then the volume filling factor is about 0.1. The dissipation timescale is
then Ty;s ~ 107 yr, which is short compared to the shear and arm-flow-through

timescales, so that the GMAs should be able to virialize while they are on the arms.
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Between the arms, there is probably not enough time to build a GMA through
either collisional agglomeration or gravitational collapse. Therefore, GMA forma-
tion should be generally inhibited between the arms. There are, however, GMAs
observed between the arms, and we have presented evidence (RK) that they are
formed by a weak, secondary compression of the density wave. If the interarm
GMAs are formed in this way, then they are not “true” interarm GMAs since they
owe their existence to a density wave compression, albeit a weak one. For weak
compressions, the period of growth by either process will be more severely limited
by shear and the shorter arm residence time than in the strong compression case.
If the interarm GMAs are formed in this way, then the compression could be suf-
ficient to bring the surface density somewhat over the threshold and cause mild
gravitational instabilities. Alternatively, they could be transient features temporar-
ily brought together by crowding of cloud orbits. The fact that they are unbound
could then be understood as being due to the insufficient time available to form a

bound GMA by either gravitational instability or agglomeration.

¢) Star Formation

Star formation will follow only after the gas has dissipated enough energy
to allow dense cores to form. In the gravitational instability scenario, continued
fragmentation is expected to occur after the formation of the largest structures as
a result of energy dissipation, eventually leading to the formation of dense cores.
The dissipation is provided by collisions of small, diffuse clouds. The rate of energy

loss therefore goes as the square of the gas density and occurs at an increased
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rate on the arms (the dissipation rate within a bound GMA should be even higher
than in on-arm gas between the GMAs). Hence, GMA formation and density wave
triggering of star formation can be explained in this w#y, as would K89’s generally
observed nonlinear Schmidt law above the star formation threshold. Alternatively,
if the dense cores form at the interface of colliding, self-gravitating clouds, then
the star formation rate should be proportional to the square of the number density
of such clouds, thus providing the mechanism for density wave triggering of star
formation. Again, both GMA formation and the triggering of star formation would

be consequences of one physical process, in this case cloud-cloud collisions.

d) Are the GMAs Really Bound?

So far, we have presented calculations and arguments to show how bound
on-arm GMAs and unbound interarm GMAs might form. In this subsection, we
address the issue of whether or not the GMAs are actually bound, and the difficulties

associated with each conclusion.

If the GMAs are bound, then it is curious that the tangential and radial
streaming motions observed across them are virtually the same as those across the
arm material between the GMAs (see Figure 2 of VKS). Some of the tangential
velocity shift in the GMAs could be due to rotation, but the signature of rotation
is not seen in the radial velocity shift of GMAs near the minor axis. A cut across

the minor axis GMA A3 (see RK) along the direction of the arm is shown in Figure
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8. No large radial gradient is seen which would indicate significant rotation. The

velocity shifts across the GMAs, then, are due to density-wave streaming.

If the gravitational binding energy of a GMA is indeed greater than the
kinetic energy associated with the systematic shear across it (Rand and Kulkarni
1990b), then the shear energy should be dissipated or converted to random motions
or rotation as the GMA forms. Otherwise, the shear would simply disrupt the GMA
on a shear timescale. It is strange, then, that we would observe the GMAs after
significant condensation has taken place but before the shear has been removed.
Why don’t we observe any GMAs at a later stage with relatively little shear? Are
they disrupted rapidly enough by some other agent before the shear disappears? We
believe that these are important problems with the finding from the virial theorem

that the GMAs are bound.

We now consider the rapid disruption of bound GMAs, which is necessary to

explain their confinement to narrow spiral arms.

It was shown in Rand and Kulkarni (1990b) that the GMAs are probably
stable against disruption by tidal forces while on the arms. The tidal forces should
increase when the GMAs move off the arms. However, it is not clear whether the
GMAs will be tidally disrupted. The tides will increase both because the tangential
streaming reverses itself (Figure 6), leading to a larger value of A, and because there
will be some radial migration to lower R as the GMAs slowly drift through the arm
region. Assuming the tangential streaming reverses sharply as the gas moves off

the arms, such that the velocity gradient becomes dv/dR = —60 km s~! kpc™! (as
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indicated by the regions of negative dv/dR in Figure 6), then the minimum density
for tidal stability, AQ/G, is 5 x 10723 g cm™® at R = 2.5 kpc. The density of a
3 x 10" Mg mass GMA with diameter 300 pc is about 10”22 g cm~3. Hence, there
is at best rough equality of the true and tidal densities at the back of the arms, so

it is unclear whether the GMAs would become unstable to disruption by tides.

The other possible mechanism for disrupting bound GMAs is star formation.
We can present some plausibility arguments that star formation can provide suffi-
cient energy and momentum to disrupt GMAs. However, the arguments are by no

means conclusive.

The typical binding energy of a GMA is ~ 10°® erg. For a conservative true
star formation efficiency of 1% (the value estimated for the central 50” of M51 by
Thronson and Greenhouse 1988), a GMA should produce about 10* OB stars in its
lifetime, assuming a Salpeter mass function. These OB stars will return energy to
the ISM via winds and supernovae. Typical stellar wind parameters for Galactic OB
stars are a mass loss rate per OB star of 3x 107% Mg /yr and a wind velocity of 1000
km s™! (e.g., Bieging, Abbott, and Churchwell 1989). Therefore, the mechanical
energy input in winds should be ~ 3 x 105 erg. Supernovae from this many OB

0°* erg. Hence, there is sufficient energy

stars will release roughly an additional ~ 1

in stellar winds and supernovae to disrupt a GMA, as long as the efficiency of

coupling between the kinetic energy output and the bulk motion of the gas is not
1

too low. The momentum associated with stellar winds is ~ 3 x 10* Mg km s™! per

OB star, and from supernovae ~ 2 x 10* My km s™! per OB star, assuming 2 M
® g ®
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of ejecta at 10* km s~!. The total momentum input is therefore ~ 5 x 10® Mg km
s~!. This is roughly equal to the momentum necessary to draw apart a GMA at a
velocity of 10 km s™!. Hence, these minimum energy aﬁd momentum requirements
are crudely satisfied. If the fragments of the GMA are drawn apart at a velocity
of 10 km s™!, then significant disruption could occur in about 3 x 107 yr after star

formation begins.

A major uncertainty is the efficiency with which the energy output of winds
and supernovae is coupled to the bulk motion of the gas. Typical values in the lit-
erature are 1-3% for expansion into relatively dense media (Chevalier 1974, Spitzer
1978). However, these values are sensitive to the efficiency of the cooling processes,

which may be more efficient if the medium is predominantly molecular, as is the

case in M51 (Rand, Kulkarni, and Rice 1990).

The efficiency may be higher if the winds and supernovae are correlated in
space and time. The OB associations which power the giant HII regions in M51
could create superbubbles and thus evacuate large regions around them. MacLow
and McCray (1988) calculate that the kinetic energy of the cold shell surrounding
a hot superbubble is 10-20% of the input energy from the supernovae. From the
formulae given in MacLow and McCray (1988), we can estimate the diameter and
expansion velocity of a superbubble shell in M51 in the “supernova phase” of its
lifetime. Using simple scaling relations of Kennicutt, Edgar, and Hodge (1989), we
find that an OB association responsible for a typical giant HII region on the inner

arms (see van der Hulst et al. [1988] for HII region fluxes and extinctions) should
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contain about 500 OB stars. For 500 supernovae in 107 yr, and an ambient medium
with density 20 cm™3, the diameter of the superbubble and the expansion velocity
should be ~ 300 pc and ~ 10 km s~!. Hence, the correlated power of winds and su-
pernovae are relatively effective in disrupting the local ISM. Again, an uncertainty
is the rate of radiative cooling when the ambient medium is predominantly molecu-
lar. A greater fraction of the input energy may be radiated away rather than being
converted into bulk motion of the gas in this case because of the efficient molecular

cooling.

It is therefore plausible, at least, that star formation provides sufficient input

energy into to ISM to disrupt bound GMAs, although there are many uncertainties.

If the GMAs are unbound, then their disruption is not as problematic. As
is presumably the case for the detected on-arm material between the GMAs, the
shear and expansion of the underlying flow will eventually disrupt them into a
diffuse enough state to be undetectable with the OVRO Millimeter Interferometer.

No special agent, such as star formation, need be invoked for their disruption.

The fragmentary appearance of the molecular spiral arms suggests that the
self-gravity of the gas is important, even if the fragments (GMAs) are not bound.
In fact, this is precisely the case in the N-body simulations of Roberts, Adler, and
Stewart (1990), who simulate the reaction of a cloud population to an imposed spiral
potential. In their simulations in which the self-gravity and dissipative collisions are

included, the arms do show a fragmentary appearance. The fragments, however, are
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only temporary, loose associations of clouds, brought together by their collective self-
gravity, and they disperse upon leaving the arms. It is not clear, however, that if a
simulation were run with the very high gas surface density of M51, these associations
would not be able to become bound. The surface density is an important parameter
since the collision and dissipation rates depend on the square of the number density
of clouds. The high surface density in M51 implies that instability rates and collision

rates will be much faster than in a more normal spiral.

The upshot of this discussion is that it is difficult to state with any cer-
tainty whether or not the GMAs are bound, virialized entities. The virial theorem
indicates boundedness, and the analysis in this section shows that it is plausible
that bound GMAs may form on the arms by gravitational instability or collisional
agglomeration. However, their subsequent disruption remains problematic. Sim-
ulations of the response of the cloudy ISM to the density wave, with parameters
appropriate for M51, would help in determining whether massive structures with
approximately equal virial and molecular masses can be produced in a density wave
compression, and whether they are truly bound or can be disrupted when the flow

expands and the orbits diverge.

Disruption of interarm GMAs is not as problematical since they never become
bound. Shear and diverging orbits as the gas passes out of the minor compression

should pull them apart.

VI. Conclusions
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We have presented new kinematic observations of the response of the old-disk
stars and various gas components to the density wave in M51, and we have compared

our results with the predictions of linear and nonlinear density wave theory.

We have found some evidence for density-wave induced radial streaming mo-
tions in the old-disk stars. We find quantitative deviations from the predictions of
linear density wave theory and support for the predicted nonlinear stellar response
associated with the 4:1 resonance. Very sensitive data are needed for such absorp-
tion line kinematic studies and we expect that more detailed studies will be made

possible with the advent of large telescopes in the near future.

We have found much evidence for large-amplitude streaming motions as pre-
dicted by density wave theory in the molecular, neutral, and ionized gas. We suspect
that motions of the ionized gas out of the plane of M51 and random motions of HII
regions are the cause of the detailed discrepancies in the kinematic profiles. The on-
arm streaming motion profiles agree well with the predictions of nonlinear, density
wave simulations with dissipative cloud-cloud collisions, although the amplitudes
of the velocity shifts are often greater than in the simulations. Nonlinear effects
associated with the 4:1 resonance may be the cause for the very large radial veloc-
ity shift at the minor-axis crossing of the molecular arm at 80” from the nucleus.
At this same crossing, the molecular emission peak appears to be shifted upstream
from the position of the potential minimum as inferred from the K-band image, in

agreement with nonlinear hydrodynamic calculations.
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Both gravitational instability and collisional agglomeration are viable mech-
anisms for producing bound GMAs on the arms. There are problems, however,
with the conclusion that the on-arm GMAs are bound. The shear observed across
them must somehow eventually be removed, otherwise it would disrupt them in
a finite amount of time (~ 2 x 107 yr for the southern arm), so that they would
not be truly bound. It is plausible that star formation can disrupt bound GMAs,
especially if the stellar winds and supernovae are correlated in space and time, but
there are many uncertainties. If the on-arm GMAs are actually unbound, then the
shear and expansion of the underlying flow will naturally disrupt them. This is
presumably the case for the unbound interarm GMAs. An auxiliary result of our
GMA formation analysis is that the arm-interarm contrast in the molecular gas as

inferred from the tangential streaming motions is 3-5.
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Table 1. Timescales

Timescale Arm Interarm

Tarav 7 x 108 3 x 107

Tshear 1x 108 7 % 106
1.7 x 107

Tarm 1 X 108 -

- 2 x 107

Tinterarm

NOTE TO TABLE 1: All timescales are in years. Where two entries are given,
the first refers to the northern major axis crossing, and the second to the southern

Crossing.
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Figure Captions

FIG. 1. An Ha CCD image of M51 indicating the positions of the slit for the

spectroscopic observations.

FIG. 2. Velocity profile along the slit running west from the nucleus (10° away
from the minor axis) for the old-disk stars. The origin is at R. A. = 13h 27™ 46.4%,
Dec. 47° 27’ 13” (1950). The arrows indicate the rough extent of the outer A'-band
arm. Increasing Vi,, corresponds to increasing radial velocity. Density wave theory

predicts radial velocity dips followed by rises at the positions of the arms.

FIG. 3. Cut through the K-band image of Wright et al. (1990) along the extent of

the minor-axis slit. The cut has been smoothed to 3” resolution.

FIG. 4. o) Inner disk rotation curve for CO (open circles) and Ha (closed circles),
and b) inner disk rotation curve for HI (open squares) and Ha (closed circles). The
molecular velocities are taken from the 8”-resolution map of CO emission by Rand
and Kulkarni (1990b). The neutral gas velocities are from the 8” HI map of Rots et
al. (1990). The Ha velocities are from the Fabry-Perot data of Tilanus and Allen

(1990).

FIG. 5. Velocity profile along the slit running along the northern half of the major
axis for the ionized gas (solid circles), molecular gas (open circles) and neutral gas
(open squares). The origin is at R. A. = 13" 27™ 46.3%, Dec. 47° 27’ 12”7 (1950).
The solid arrows show the extent of the molecular arm. The dashed arrow shows

the position of the dust lane. Increasing Vj,, corresponds to decreasing tangential
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velocity. The tangential velocity increase across the arms and the decrease between

the arms are in the sense predicted by density wave theory.

FIG. 6. Velocity profile along the slit running west from the nucleus (10° away
from the minor axis) for the ionized, molecular and neutral gas. The origin is as in
Figure 2. The symbols are as in Figure 5. Increasing Vi, corresponds to increasing
radial velocity. The radial velocity dips and rises at the positions of the arms are

in the sense predicted by density wave theory.

FIG. 7. A reproduction of Figure 3 of Roberts, Lowe, and Adler (1990) showing as
a function of spiral phase (essentially radius for a tight-winding spiral), from top to
bottom, the density contrast, velocity profile parallel to the arms (essentially the
tangential velocity), and velocity profile perpendicular to the arms (essentially the
radial velocity) in their simulation of the response of a dissipative cloud population
to a spiral density wave. Reprinted by permission of the New York Academy of

Sciences.

FIG. 8. Cut across the minor axis GMA A3 along the direction of the arm (essen-
tially the tangential direction). The lack of a large gradient indicates that there is

no detectable rotation in the GMA.



Declination (1950) + 47°

173

60 50 40
Right Ascension (1950) + 13" 27™

Figure 1



174

(oesoae) snipey

08 09 0¥

1

_ I _ | I _

|

|

so1}10079A aul] uorjdaosqe

SIXe JOUIN

007

006G

06§



175

(oosouae) snipey
08 09 0¥

| _ S _ N _ |

I

I

GHHMO.HQ SiIXe Jouilwua pueq—3

0

0G
'®) ™
g &
5 2
/)]

00T

0G1



176

(0es0uD) AXD|DD Ul snipDy

oGl 001 0§

[ Jeo)

SaAIN) UOIID}OY ©YH PUD OO LGN

00¢

00+

(08s /W) A1100/9A UOIIDIOY

Figure 4a



177

(oesou4p) Axp|pb ul snipoy

0Gl 001 0§

o0

Oe

SaAIN) U0I1D}OY ©OH PUD |H |G

00¢

00+

(o8s /W) A1100[3A UOIIDIOY

Figure 45



178

(oesouae) snipey

08 09 0¥ 0c

IH
0D
YH

se1}10o0loA jusuodwiod sed sixe Jolepy

007

0S¥y

006G

(oes/way) )\

Figure 5



179

(oosouae) snipey

08 09 )%

_ I _ 1 _ [

sa1]100[9A jusuoduwiodo sed sixe

JOUIN

007

006

009

(oss/uy) "\

Figure 6



180

Simulated profiles of cloud number density and
velocity components vs. spiral phase.

4
30 —3
‘o‘ >
> e <
-
— - * ™~
— 20 - . -2 -
o Teast e B w
=z + T a
w 10 ~ : N 0‘0“— 1
d -*
(&l ‘0“ . s -3
oL 0
“‘M\.
w 1S0( - ]
s - -
X 130~ o S —
he [
o, ‘w4 .
=S ol _J
e,
ot hA
n 40 E‘.‘“ ' . _1
~N -
= * St
H s
X 20 ol + -t
!u.. ”o‘«‘«
-
D o A i 1 1 1

!
!
] 6C 120 180 240 300 360

PHASE

Figure 7



181

(0osouae) a9qudd wWoJ} }9SII0

| _ | l ] I _ l _ | _ _ |

(uoryoaaip urie—3uole) gV Ssoude jnd A}I00[59A

01597

0S¥y

09%

Figure 8



