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Abstract

New millimeter-wave and optical data are used to study high-mass star
formation and its relationship with the interstellar medium in the inner 4’ radius
of the nearby spiral galaxy M33. The total mass of molecular hydrogen in this
region is 3.4x107 Mg, roughly twice the mass in atomic hydrogen. The predicted
atomic hydrogen column density from atomic mantles of molecular clouds is
similar to the observed mean atomic hydrogen column density. Thus probably
only a small fraction of the atomic hydrogen is in a diffuse component not directly
associated with molecular clouds.

The properties of 38 individual molecular clouds in M33 (velocity widths,
diameters, peak brightness temperatures, and masses) are very similar to those
of Galactic molecular clouds. Masses derived from the virial theorem and from
the integrated CO fluxes agree to within 10%, which implies that the value of the
conversion factor from CO flux to H, column density, «, is the same in M33 and
the Galaxy. This is the first direct measurement of the value of « in an external
galaxy.

The mass distribution of clouds in M33 is consistent with that derived in
the Galaxy for M = 0.8 — 4 x 10° Mg, but shows a total lack of clouds with
masses greater than 4 x 10° M. A simple model is proposed to explain the high-
mass cutoff to the mass distribution as arising from the competing processes of
cloud growth through accretion and cloud destruction dué to star formation.
Comparison of the flux detected with the interferometer with single dish data
indicates that 50% of the molecular gas resides in structures less massive than
0.8x10° Mg, in contrast to the Galaxy where only 15% of the molecular gas
mass is in these smaller structures.

41 OB associations each containing at least ten blue stars have been identi-
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fied in this region of M33. The associations have mean radii of 40 pc, masses in
stars of mass > 20 Mg of 600 M, and ages of 8x10% yr. No evidence is found
for a gradient in the ratio of blue to red supergiants in the inner two kiloparsecs
of M33, despite a factor of two decrease in the metallicity over this range of
radius. The blue luminosity function for stars in the field is deficient at bright
magnitudes relative to the luminosity function for stars in associations. In ad-
dition, the associations in the northern arm contain no stars more massive than
20 M while associations in the southern arm contain several stars with masses
of 60 M. These differences may be due to a sudden cessation of star formation
resulting in a larger mean age for the stars or to a smaller upper mass cutoff to
the initial mass function in the field and the northern arm.

The offset between the molecular and atomic gas peaks in the southern
spiral arm is consistent with streaming motions expected as the gas enters a
spiral density wave. In addition, the OB associations in the southern spiral arm
show a weak age gradient perpendicular to the arm, consistent with the presence
of a density wave. However, the northern arm has an age gradient running along
the arm, as would be expected for a stochastic star formation arm.

A comparison of the spatial distributions of the Ha, CO, and HI emission
peaks indicates that the atomic gas is probably formed via photo-dissociation of
the molecular gas by recent high-mass star formation. Roughly two-thirds of the
molecular clouds with M > 0.5 x 10° M contain recent massive star formation
with inferred high-mass star formation rates for individual clouds ranging from
5%107% to 5x10~* Mg yr~!. The photo-dissociating flux produced by these
stars is sufficient to produce the amount of atomic gas near the molecular clouds
if the molecular clouds have a clumped structure.

The high-mass star formation rate and efficiency are measured by combining
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optical, far-infrared, and millimeter data. The high-mass star formation rate

! over an area of 5 kpc?, which

calculated from the Ha emission is 0.007 Mg yr~
corresponds to a total star formation rate of 0.04 Mg yr~!. The star formation
rate obtained from the far-infrared emission agrees with the rate obtained from
the Ha emission to within a factor of two. A lower limit to the high-mass star
formation rate obtained from number counts of blue stars is consistent with the
rates obtained from Ha and far-infrared emission. The southern spiral arm and
the molecular complexes have similar star formation efficiencies to regions of the
galaxy containing little molecular gas. Thus the large amount of star formation

occurring in the spiral arms of M33 is due to the presence of large amounts of

molecular gas and not to an increased star formation efficiency.
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CHAPTER 1

Introduction and Review of Previous Work

I. Introduction

How star formation proceeds in galaxies has important consequences for un-
derstanding the structure and evolution of galaxies. Massive stars are important
sources of kinetic energy for interstellar gas through both strong stellar winds
and HII regions occurring early in the star’s lifetime and red giant mass loss and
supernova explosions at the end of the star’s life, which return most of the ma-
terial in the star to the interstellar medium. High-mass stars are also a primary
source of gas enriched with elements heavier than lithium. How much longer
galaxies will continue to form stars is determined by the star formation rate and
the total reservoir of interstellar gas. Thus blue dwarf galaxies and starburst
galaxies are apparently forming stars at a much greater rate now than their aver-
age past rate, since otherwise they would exhaust their gas supply in a relatively
short time (10% — 10° yr). Finally, the prominence of spiral arms in disk galaxies
is produced by the presence of many young, high-mass stars. The mechanism
by which these massive stars form is thus important for understanding spiral
structure in galaxies.

Many basic questions concerning the details of how star formation occurs
remain poorly understood. For example, what causes the star formation rate to
vary so dramatically between normal and starbursrt galaxies and even between
adjacent arm and interarm regions within the same galaxy? Such issues can best
be addressed through detailed, high resolution studies of the stellar content and

interstellar medium in nearby galaxies. Studies of individual stars are limited to
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the high-mass stars, since stars with masses less than 10 M cannot be resolved
from the background light except in the Magellanic Clouds. However, since
these stars have a disproportionately large effect on the heating, ionization, and
dynamics of the gas, the study of them is most important for understanding
the interrelation between star formation, the interstellar medium, and galactic
structure.

The critical issues addressed in this thesis are the interaction of high-mass
stars with the interstellar medium and how the star formation rate and efficiency
vary between different regions of a single galaxy. In Galactic studies, our position
within the plane of the Galaxy makes it difficult to separate objects at different
distances along the line of sight. In addition, obscuration by dust limits many
optical studies to areas within 2 kpc of the Sun. In addition, the locations of the
spiral arms in our Galaxy are not well known, which makes comparative studies
of arm and interarm regions difficult. Therefore, the face-on spiral galaxy M33,
which at a distance of 0.8 Mpc is one of the closest spiral galaxies, was chosen
for this study.

This study differs in important ways from previous similar studies of M31
(Walterbos 1986) and M33 (Deul 1989). In both studies, the molecular gas
component was neglected in favor of a global mapping of atomic hydrogen and
little detailed analysis of the stellar populations was done. These are serious
defects since molecular clouds are probably the main sites of star formation and
the young stars dominate much of the optical morphology. In the present study,
the molecular gas distribution has been mapped at both high and low resolution.
In addition, the properties of the stellar associations and HII regions have been
analyzed. Thus all the components involved in the star formation process are

included: the high-mass stars and the molecular, atomic, and ionized hydrogen



gas. High spatial resolution observations are used for all components, which
allows individual star-forming regions to be studied. A large contiguous region
centered on the nucleus is used in this thesis to avoid biasing the results towards
regions of active star formation.

Previous work on M33 is reviewed in Section II of this chapter and related
work on our own Galaxy and M31 is discussed in Section III. Chapter 2 describes
the single dish CO map of M33. The radial profile of the molecular hydrogen
surface density is calculated and compared with the atomic hydrogen distribution
(Deul and van der Hulst 1987). The large structures seen in the CO map are
discussed and their positions are compared with the positions of the optically
identified spiral arms. This chapter has already been published (Wilson and
Scoville 1989a).

Chapter 3 describes optical broadband UBV photometry of individual high-
mass stars in M33. The mean reddening of the stars by interstellar dust is
calculated. The OB associations are re-identified using an objective grouping
algorithm and their properties are discussed. The luminosity function of stars
in associations is compared with that of field stars. The relative numbers of red
to blue supergiants, a possible tracer of chemical abundance variations and a
discriminator of stellar evolution models, are calculated as a function of radius.
The ages of the OB associations are used to test spiral structure theories.

Chapter 4 describes interferometric CO observations of individual molecular
clouds. The properties of the clouds are compared with those of Galactic giant
molecular clouds. The mass of molecular gas contained in small clouds below
our sensitivity limit is calculated by comparing the interferometer and single dish
fluxes. The mass distributions of clouds in M33 and the Galaxy are compared

and a model for the upper mass cutoff to the cloud mass function is presented.



4

Chapter 5 compares the interferometric CO observations with optical Ha
data and the atomic hydrogen map. High-mass star formation rates are calcu-
lated for individual clouds using the Ha emission. The offset between the atomic
and molecular gas peaks in the southern spiral arm is used to constrain the cycle
between these two phases of the interstellar medium. The amount of atomic
hydrogen that can be produced by the high-mass stars via photo-dissociation is
calculated for each cloud. The observed atomic hydrogen surface density is com-
pared with the expected surface density from atomic mantles around molecular
clouds in order to understand the relationship between the atomic and molecular
phases.

Chapter 6 combines the entire data set to obtain high-mass star formation
rates and efficiencies for different regions of M33. Star formation rates calculated
from Ha and far-infrared observations are compared with rates obtained directly
from number counts of young stars. Star formation efficiencies in regions with
abundant molecular gas are compared with efficiencies for regions with no de-
tected molecular gas. The dust properties of M33 are discussed briefly. Chapter
7 summarizes the conclusions from the previous chapters and outlines areas of

future research,

II. Previous Work on M33
M33 is a small Sc-type spiral galaxy in the Local Group. Its inclination angle
is 57° (Deul and van der Hulst 1987) and thus projection effects are less severe
in this galaxy than in M31 (¢ = 79°). It has high-mass star formation occurring
throughout the disk and flocculent spiral arms (Sandage and Humphreys 1980).
The two inner spiral arms are more regular and the southern arm in particular

has been suggested to be generated by a spiral density wave (Humphreys and

Sandage 1980).
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The amount of molecular and atomic gas must be known to determine star
formation efficiencies and to develop a complete picture of the star formation
cycle. The molecular gas component is especially important since star formation
is thought to occur in molecular clouds. Despite prominent star formation in
M33, there have been very few observations in the CO J=1-0 line, the primary
tracer of molecular hydrogen gas. The weak CO flux of the nucleus suggested
that M33 contained relatively little molecular gas (Young and Scoville 1982)
and the steeply declining CO radial profile supported this interpretation ( Young
1987). Of six large HII regions in M33, only NGC 604 and NGC 595 have been
detected in CO (Blitz 1985). The inferred amount of molecular gas is surprisingly
small given the large numbers of young stars in M33. However, observations with
the Owens Valley Millimeter-Wave Interferometer of NGC 604 (Boulanger et al.
1988) and the nucleus (Wilson et al. 1988) in the early stages of this thesis
detected several clouds with properties very similar to those of Galactic clouds.

The spatial distribution of the atomic hydrogen gas is important for deter-
mining the cycle between the molecular and atomic phases of the interstellar
medium. The atomic distribution has been well studied in M33 (for a summary
of previous HI observations see Newton 1980). The most recent maps of atomic
hydrogen in M33 reveal a network of HI holes that correlate well with the po-
sitions of OB associations (Deul and van der Hulst 1987, Deul and den Hartog
1990). The large holes correspond to interarm cavities, with the OB associations
and HII regions on the edges of the holes, while the smaller holes are probably
created via supernova explosions. The HI-derived inclination angle of 57° and
position angle of 22° (Deul and van der Hulst 1987) are used throughout this
thesis.

The spatial distribution of warm dust can identify the dominant source of



dust heating, either radiation from young stars or from the general interstellar
radiation field. The dust distribution in M33 has been measured with the TRAS
satellite (Rice et al. 1989). The global far-infrared properties of M33 are similar
to those of the Galaxy, with half of the luminosity generated by large HII com-
plexes (Deul 1989; Rice et al. 1990). M33 also has a steep radial decrease in the
dust-to-atomic-gas ratio.

High-mass stars can be identified using broadband optical photometry, nar-
rowband Ha photometry, or, for regions with high extinction, radio free-free
emission. HII regions in M33 were identified from photographic plates (Courtes
et al. 1987), but without quantitative measurements of their fluxes. A 1.4 GHz
survey revealed 112 radio sources associated with Ha emission (Viallefond et al.
1986). These radio HII regions have substantial internal extinction (Viallefond
and Goss 1986), which implies that star formation rates calculated from optical
data may be underestimated. The HII regions are usually found in areas of the
galaxy with high atomic hydrogen surface densities. Star formation efficiencies
calculated using the atomic hydrogen gas mass vary by only a factor of three.
Since this study did not include the molecular gas component, the relevance of
the calculated star formation efficiencies is unclear.

The total amount of star formation estimated from the high-mass star for-
mation rate depends heavily on the assumed form of the initial mass function.
The luminosity function of blue stars has been used to study the high-mass end
of the initial mass function. The luminosity functions of ten nearby galaxies all
have a similar slope (Freedman 1985a). In addition, no variation in the slope
of the luminosity function as a function of radius was found in M33 (Freedman
1985a).

The relative numbers of red and blue supergiants is predicted to depend on
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the chemical abundance, since the amount of mass, which has a large effect on
post-main sequence evolution, depends on the metallicity. The high-mass stellar
content of M33 has been studied using blue and red photographic plates and a
gradient in the ratio of blue-to-red supergiants was found that traced the known
abundance gradient (Humphreys and Sandage 1980). However, a later study
found no significant gradient in the blue-to-red ratio as a function of radius
(Freedman 1985b).

Wolf-Rayet stars are important tracers of the high-mass stellar population
(Massey 1985) since they are relatively easy to identify and are all high-mass
stars (M ~ 40 Mg). They are also the end product of stellar evolution and thus
provide a strong discriminator for evolutionary models, which vary widely in their
predicted post-main sequence evolution (de Loore 1988). M33 has been surveyed
for Wolf-Rayet stars using narrowband filters to identify candidates and follow-up
spectroscopy to determine sub-types (Massey and Conti 1983; Massey et al. 1987:
Massey, Conti, and Armandroff 1987). A total of 150 Wolf-Rayet candidates are
now known in this galaxy, of which 95 have been confirmed spectroscopically.

Variations in the chemical abundance are predicted to have large effects on
stellar evolution, dust-to-gas ratios, and the proportionality constant used to
obtain molecular hydrogen gas masses from CO fluxes. M33 has a fairly steep
abundance gradient, varying from near solar in the nucleus to a factor of four
lower at the radius of NGC 604, the largest HII region (Pagel et al. 1979; Kwitter
and Aller 1981; McCall, Rybski, and Shields 1985; Blair and Kirshner 1985;
Vilchez et al. 1988). The large radial gradient in M33 provides a potentially
powerful laboratory in which to test the predicted effects of chemical abundance
variations.

The distance of M33 can be determined using its Cepheid variable stars. 35
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Cepheids in M33 were first catalogued by Hubble (1926). These data were cor-
rected for a scale error using photoelectric photometry (Sandage 1983) to obtain
a distance of 1.2 Mpc, in good agreement with the distance obtained from new
Cepheids identified at larger galactic radii (Sandage and Carlson 1983). However.
recent CCD photometry (Christian and Schommer 1987; Wilson, Freedman, and
Madore 1990) shows that the scale error in the photographic photometry was
probably over-corrected. Freedman (1985¢) used BVRI CCD photometry to cor-
rect for differential reddening of the Cepheids and obtained a distance of 0.66
Mpc from single phase observations. Madore et al. (1985) using H-band aperture
photometry obtained a distance of 0.72 Mpc. Finally, Freedman, Wilson, and
Madore (1990) have used phased magnitudes of nine Cepheids to simultaneously
solve for both the reddening and the distance and obtain a distance of 0.79 Mpc.
This value for the distance to M33 is used throughout this thesis.

To summarize, many of the components which are important for character-
izing high-mass star formation have been studied in detail in M33. In particular.
the distributions of the atomic gas and dust, the Wolf-Rayet stars, and the radio
HII regions are all fairly complete and the abundance gradient in M33 is deter-
mined accurately using a variety of objects. However, very little is known about
the molecular gas in M33, which is crucial to developing a complete picture of
the star formation process. Also, quantitative Ha photometry as well as accurate
optical CCD photometry are lacking. Thus this thesis supplies the data required

for a complete study of high-mass star formation in the inner 1-2 kpc of M33.

III. Related Work on the Galaxy and Other Nearby Galaxies
The high spatial resolution that can be achieved in nearby galaxies such as
M33 enables a direct comparison with our own Galaxy. For example, the molec-

ular cloud population can be compared directly with Galactic giant molecular
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clouds and used to constrain models of cloud growth and destruction. A com-
parison of gas-to-dust ratios can distinguish between different models for dust
opacity. The advantage of Galactic studies is that detailed information can be
obtained due to the proximity of the objects, while global variations are more
easily identified in other galaxies.

Since star formation occurs in molecular clouds, it is important to know
the properties of molecular clouds in detail. The first large survey of Galactic
molecular clouds was presented in Sanders, Scoville, and Solomon (1985). The
clouds have diameters of 20-100 pc, masses of ~ 10° — 10° Mg, and molecular
hydrogen densities of 100-200 cm~2. The velocity widths are proportional to the |
cloud diameters to the 0.6 power and the mean density varies as D7%7 which
implies a cloud mass spectrum N(M) o« M~1¢. Over 90% of the molecular mass
in our Galaxy is in clouds with diameters bigger than 20 pc.

Clouds with HII regions have higher peak CO brightness temperatures than
clouds without HII regions and are distributed in the spiral arms (Scoville et
al. 1987). Molecular clouds containing HII regions have higher peak 60/100 um
color temperatures and higher infrared luminosity to mass ratios than clouds
without HII regions (Scoville and Good 1989). In addition, the virial mass and
the infrared-luminosity-to-mass ratio correlate only weakly, which implies that
the star formation efficiency does not depend strongly on the mass of the cloud.

Models of the evolution of the molecular cloud population can be tested by
observing clouds in different environments. High resolution studies of molecular
clouds in other galaxies were first attempted in M31. Four clouds with masses
similar to Galactic molecular clouds were identified in a spiral arm of M31 (Lada
et al. 1988). High-resolution observations of one cloud showed it to be very

similar to the Orion molecular clouds (Vogel, Ball, and Boulanger 1987).
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Molecular hydrogen masses are obtained from CO fluxes by adopting a con-
version factor between CO flux and H, column density. This conversion factor,
«, has only been reliably determined for our own Galaxy, a = 3+ 1 x 10%° cm ™2
(K km s7')7! (Scoville and Sanders 1987; Bloemen et al. 1986; Strong et al.
1988). For clouds with different densities and temperatures, « scales as T/,/p
(cf. Scoville and Sanders 1987; Dickman, Snell, and Schloerb 1987). In addition,
o may have a strong dependence on metallicity (Maloney and Black 1988). Re-
cent CO observations of the LMC, which has a metallicity four times less than
solar, claim to have found such a systematic effect (Cohen et al. 1988). However,
these data suffer from a low spatial resolution of ~ 140 pc, larger than the typical
sizes of Galactic molecular clouds, and thus the higher value of o may not be
reliable.

There have been recent claims of variations in the slope of the initial mass
function for OB stars in our Galaxy. Many more O stars are found in the direction
of the Galactic center than in the direction of the anti-center, resulting in a slope
of -1.3 inside the solar circle and -2.1 outside (Garmany, Conti, and Chiosi 1982).
However, incompleteness may be a serious problem in this study, especially for
the fainter B stars (Humphreys and McElroy 1984). A recent study of two OB
associations in the LMC (Massey et al. 1989) has obtained a slope of -1.8, as well
as revealing evidence of sequential star formation. The importance of obtaining
spectra of these high-mass stars is emphasized in a study of the SMC association
NGC 346 (Massey, Parker, and Garmany 1989), where the slope of the initial
mass function is found to be -2.5 using only multicolor photometry and -1.8 using
spectra to place the stars in the theoretical H-R diagram.

The other Local Group spiral galaxy M31 has recently been the subject of

several interstellar medium studies. Most of the far-infrared emission can be
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attributed to a cool dust component with relatively little emission from warm
dust (Walterbos and Schwering 1987). This cool dust associated with atomic
clouds is heated by the interstellar radiation field and is not directly related
to recent star formation. However, M31 has an especially low abundance of
molecular hydrogen relative to atomic hydrogen and these results may not be
relevant for more active star-forming galaxies. There is also a strong radial
decrease in the ratio of infrared luminosity to atomic hydrogen. The disk light is
bluer at larger radii, which may be due to the abundance gradient or to recent
interarm star formation at large radii (Walterbos and Kennicutt 1988). A dust-
to-atomic-gas ratio similar to the solar neighbourhood value is obtained from
measurements of the absorption in two major dust lanes.

In summary, the properties of molecular clouds are fairly well understood
in our own Galaxy, but no large samples of individual clouds are available for
other galaxies. Studies of the initial mass function in the Galaxy are confused by
completeness problems and limited to a fairly small region near the Sun. M31
1s forming stars at a low rate compared to the Galaxy (Walterbos 1986) and
thus the star formation process in this galaxy may not be typical of more active
star-forming galaxies. By including data on the molecular gas component in a
nearby galaxy for the first time, this thesis provides for a detailed comparison

between the star-forming characteristics of M33 and our own Galaxy.
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CHAPTER 2

The Molecular Gas Content of

the Nuclear Region of M33

(C. D. Wilson and N. Scoville 1989, Ap. J. 347, 743)

I. Introduction
A knowledge of the amount of molecular gas in a galaxy is required for calcu-
lating the star formation efficiency. Early observations of the M33 nucleus (Young
and Scoville 1982) and of the two largest HII regions (Blitz 1985) suggested that
the molecular gas content of this galaxy was low. Nevertheless, interferometric
studies have recently detected molecular clouds with properties similar to Galac-
tic giant molecular clouds (GMCs) (Boulanger et al. 1988; Wilson et al. 1988).
The spatial resolution in M33 achievable with single dish telescopes can distin-
guish between arm and interarm regions, which provides a quantitative basis for
studies of star formation and the interstellar medium in a wide range of galactic
environments. In addition, M33 is one of the few galaxies where the molecular
gas distribution can be resolved on scales similar to the nuclear ring and rotating
disk seen in the center of the Milky Way Galaxy (Oort 1977). Thus the kine-
matics of the molecular gas provide a clue as to whether M33, like our Galaxy,

shows evidence of some kind of nuclear activity.
In this chapter we present a completely sampled map of the CO J=1-0
emission to elucidate the distribution of the molecular gas in the nuclear region

of M33 out to a 3.5’ radius. The observations and the data reduction are discussed
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in Section II. The spatial distribution of the CO emission is compared with the
distribution of the atomic gas and the positions of the spiral arms in Section
ITI. The mass of molecular gas and the radially averaged H, column density are
calculated in Section IV. The velocity field and a simple model for the mass
distribution in the inner kiloparsec of M33 are discussed in Section V and the
molecular gas content of M33 is compared with that of the Galaxy in Section VI.

The chapter is summarized in Section VII.

II. Observations and Data Reduction

The nuclear region of M33 was mapped with the NRAO 12m telescope!
(half power beam width = 55") in the CO J=1-0 transition during two observing
runs of four days each in June and July 1988. Observations were made at 30"
spacing resulting in a fully sampled map. Two five-minute scans were taken for
most positions, although as many as six scans were taken at large airmasses or
under poor weather conditions. Typical system temperatures referred to outside
the atmosphere were 900-1500 K (SSB). The 500 kHz and 1 MHz 256 channel
filter banks were configured in parallel mode to detect both polarizations. Only
the 1 MHz data (2.6 km s™!) were used in the analysis. The data obtained in
June were calibrated by observations of Orion (T (peak)=80 K), while during
the second run one strong position in M33 was re-observed each day to check
that the flux scale was consistent with the first observing run. During both runs.
the integrations on source and on the hot load were slightly contaminated due to
the hot load not moving quickly enough into and out of the beam. This resulted

in system temperature measurements roughly 30% higher than normal. Thus

! The National Radio Astronomy Observatory is operated by Associated Uni-
versities, Inc., under cooperative agreement with the National Science Founda-

tion.
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the raw data have been scaled down by a factor of 0.75 and the resulting fluxes
are estimated to be accurate to about 20%.

Spectra were obtained at 161 points within the inner 3.3’ radius of M33.
The individual scans on each position were summed and separated into the two
polarizations. The data were smoothed by a 4 km s™! Gaussian filter and the
two polarizations averaged to produce the total spectrum. Each spectrum was
fitted with a first or second order baseline, which resulted in an rms noise o of
0.01 to 0.04 K in the final, smoothed spectrum. The integrated intensity, peak
temperature, velocity width, and central velocity of the line were obtained by
fitting the line with a Gaussian profile. In the few cases where two lines appeared
to be present in one spectrum, these parameters were measured directly from the
spectrum. For positions with peak antenna temperatures less than 30, an upper
limit to the amount of emission was obtained by integrating over 60 km s™!
centered on the predicted velocity for this position. The predicted velocity was
estimated from the velocity field of the galaxy determined from positions with

obvious lines. The uncertainty in the integrated flux of any individual observation

is typically less than 0.5 K km s™! and is given by 40v/Niinev/1 + Niine/Noase
where Niin. is the number of channels over which the line was integrated, and
Npase is the number of channels used in determining the baseline. The factor
of 4 in front is the velocity resolution of 4 km s~! for the smoothed data. The
peak brightness temperatures of the lines range from 0.07 to 0.26 K and the
integrated intensities range from 0.6 to 4.0 K km s™!'. The line widths (full-

width half-maximum) range from 8 to 36 km s~!.

II1. The CO Emission
The map of the integrated CO emission is shown in Figure 1 where it is

immediately apparent that the strongest emission peaks off of the optical nu-
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cleus. Thus the weak nuclear emission (Young and Scoville 1982) gives a rather
misleading picture of the molecular gas content in the nucleus of the galaxy. The
peak surface brightness (~ 4 K km s™!) in our map of M33 is similar to that of
M101 (Solomon et al. 1983). However, if the M33 map is degraded to the same
linear resolution (~ 1.8 kpc) as the data for M101, which is eight times further
away, the mean surface brightness is four times lower in M33. The structures
seen in Figure 1 have diameters of 200-400 pc, comparable to our instrumental
resolution of 230 pc; they are therefore much larger than individual GMCs but
smaller than the large structures seen in the spiral arms of M51 (Vogel, Kulkarni,
and Scoville 1988). Interferometer observations for most of the M33 structures
resolve them into individual clouds with properties similar to Galactic GMCs
(Chapter 4). Thus, the structures seen in Figure 1 are either associations of
individual GMCs or GMCs embedded in a more tenuous H, gas.

Most of the large CO complexes lie along the two main spiral arms of M33
that have been traced in integrated blue light (Sandage and Humphreys 1980).
The three large complexes east of the nucleus lie along the massive southern
spiral arm (SI in their notation), while the complex due west of the nucleus and
the emission on the northwest edge of our map lie near the northern spiral arm
(NI). However, the emission in the southwest corner of our map is not associated
with one of the previously identified optical arms, although it is associated with
a large HI complex, HII emission, and OB association 48. This region may be
a fragmentary arm coming off the southern arm or an extension of one of the
northern arms (NIV or NV). A string of OB associations running southwest from
this region is prominent in blue optical photographs (Humphreys and Sandage
1980; Chapter 3).

The atomic hydrogen distribution in M33 has recently been mapped at high
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spatial resolution (12" x 24") using the Westerbork Array (Deul and van der
Hulst 1987). The spatial distributions of the CO and HI emission are compared
in Figure 2. The CO and HI emission appear fairly well correlated in this figure
and major peaks in both distributions fall on or near the two spiral arms. The
ratio of the flux in the strongest line to that of the weakest detected line (the
contrast) in the CO map is 7 to 1, more than twice that in the HI map smoothed
to a similar resolution. This CO contrast is a lower limit since CO emission is
not detected at many positions, while HI emission is observed over the entire
region. Many of the CO complexes contain HI maxima of similar spatial extent.
A notable exception is the large CO complex to the northeast of the nucleus
which is deficient in HI gas relative to the other CO complexes. Only a few small
HI peaks are seen in this region. The weaker CO peak due south of the nucleus
is also deficient in HI emission. In general, the brightest peaks in the HI emission
follow the spiral arm pattern as well as do the CO peaks.

The correlation between CO and HI was tested objectively by computing the
cross-correlation function of the two intensities, with the HI map rebinned to the
CO resolution. The cross-correlation analysis was used to look for translations
and rotations about the center of the CO map to £30° from the intrinsic coordi-
nate system. No peaks in the cross-correlation were found more than two sigma
above the average. The intrinsic coordinate system (no translation offsets) is a
two-sigma peak for rotations from —5° < 8 < 5°, but several offset coordinate
frames have peaks that are almost as strong. Thus although the emission in the
two maps appears well correlated on casual inspection, more rigorous analysis
shows that the global spatial distributions of the atomic and molecular gas are
only weakly correlated.

One explanation for the apparent discrepancy between a visual inspection of
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Figure 2 and the cross-correlation analysis is that the HI and CO emission peaks
generally lie near each other but the separation vectors between the peaks are
oriented randomly. This situation could arise if the atomic gas formed via disso-
ciation of molecular gas or if the molecular clouds condensed out of large atomic
complexes with no global symmetries such as spiral density waves to establish
a preferred direction for the separation vectors. To examine this possibility, we
identified the positions of eleven peaks in the rebinned HI map. Random posi-
tions for ten CO peaks were generated and the average distance to the nearest HI
peak was calculated. For random distributions of CO peaks, the mean distance
0 the nearest HI peak is 50+6", while the mean peak separation in the data is
30-40", depending on whether the CO peaks that lie on the edges of our map are
included. Thus the CO and HI peaks are spatially correlated at the 2-3¢ level,

despite the lack of a significant global correlation.

IV. The Molecular Gas Mass
The mass of molecular hydrogen can be calculated from the integrated CO
emission by assuming a conversion factor a between the CO line flux and the
column density of Hy. For a point source, the conversion factor from antenna
temperature to Janskys is 34 Jy K™! for the NRAO antenna. Adopting a =
3 x10%° em™? (K km s~!)~! and a coupling factor . = 1 for Galactic GMCs
(cf. Scoville et al. 1987; Wilson et al. 1988), we find

My, = 7390/sjydvkm -1 Mg (1)

The uncertainty in the value of the Galactic conversion factor is a factor of 2
(Strong et al. 1988; Scoville and Sanders 1987; MacLaren, Richardson, and
Wolfendale 1988). In the region of M33 covered by this survey the metallicity

decreases by only a factor of two from a nuclear value of roughly solar (Pagel
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1985; McCall, Rybski, and Shields 1985), so « is unlikely to be very different from
the Galactic value due to a difference in metallicity. In addition, interferome-
ter measurements of individual molecular clouds in M33 show good agreement
between the molecular and virial masses (Chapter 4).

For extended sources, the source-beam coupling factor, which depends on
the flux distribution of the source, is required to calculate the true flux from the
observed antenna temperature. For a uniform source with a diameter equal to
the width, the apparent flux computed by assuming a point source at the beam
center (i.e., 34 Jy K~!) is smaller by a factor of 1.4 than the true flux because
of the Gaussian fall-off of the primary beam. Adopting a source-beam coupling
factor of 1.4, the amount of molecular gas in our map of M33 is 3.4x 107 Mg. The
formal error due to the uncertainties in the fluxes is 10%; however, systematic
errors exist in the source-beam coupling factor and the conversion factor a.

The molecular masses (including helium) of the individual structures seen in
the map range from 3-10 x10% Mg. The virial mass of the complex at (Aa = 2.5,
Aé = —0.5) is ~ 2 x 107 M, while the molecular mass is 4 x 108 M. A similar
discrepancy is found for all the other features except for the complex due west
of the nucleus where the virial and molecular masses agree. The uncertainties
in the masses (roughly +40%) are not enough to resolve this discrepancy. The
region surveyed is very close to the nucleus of M33, and thus tidal forces may
have a large effect on these structures. The minimum mass required for a cloud
with radius Rc at a distance Ry from the center of the galaxy to be tidally stable
is Mc > 2Mg(Rc/Rg)?® where M¢ is the mass of the cloud and M, is the mass of
the galaxy within radius Rg. The molecular masses of all the complexes are 3-7
times smaller than the minimum tidally stable mass, which suggests that these

structures are transient and not gravitationally bound.
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This result is not surprising if we compare the properties of these structures
with those of Galactic GMCs (cf. Sanders, Scoville, and Solomon 1985). A
simple extension of the Galactic velocity-diameter relation to these structures
predicts velocity widths 50% greater than what is observed. These structures
are also much larger in diameter than the largest Galactic GMC (D~100 pc).
Finally, the peak brightness temperatures seen in M33 are typically 0.2-0.3 K, a
factor of ten smaller than what is seen for individual Galactic GMCs. Thus if
the molecular gas in M33 resides primarily in molecular clouds with properties
similar to Galactic GMCs, the area-filling factor by these clouds in our beam
is ~ 10%. Individual clouds will escape from the unbound complex in roughly
one crossing time t..,5s = R/o, where R is the radius of the complex and o is
the three-dimensional velocity dispersion of the clouds. The crossing times are
1-2x107 yr, roughly 10-20% of the time required to complete one orbit around
M33.

The CO emission was integrated over elliptical annuli to obtain the radial
profile of H, in the central disk of M33. The resulting average column density
perpendicular to the plane of the galaxy is shown in Figure 3. The average
column density (2Np,) is roughly constant at 1.1x10%! cm™2 out to a radius
of 1 kpc. The data points at 0.8 and 1 kpc have a larger uncertainty, since
we have observed less than 50% of the area of the annulus. It is interesting
that a strong decrease in the column density as a function of radius is not yet
seen. In particular, if the molecular hydrogen had the same scale length as the
far-infrared emission (5.3'-8.5', Rice et al. 1990), the column density at 1 kpc
should be lower than the central column density by roughly a factor of 2. These
data therefore suggest that the molecular gas has a larger scale length than the

far-infrared emission. In view of the highly irregular CO distribution seen in
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our fully sampled map, it is clear that CO radial profiles obtained by sampling
only along one or two strips (e.g., the M33 profile given by Young 1987) can be
unreliable.

The radial profile of the atomic gas shows a central depression in the inner
kiloparsec and a mean column density of ~ 10?! atoms cm™?2 from 1 to 6 kpc
(Deul and van der Hulst 1987). A central hole in the atomic hydrogen distribution
is often seen in spiral galaxies (e.g., Rogstad and Shostak 1972, Bosma 1978).
The average HI column density in the inner 3.5' of M33 is ~ 4 x 102° cm ~2, about
one-third that of the molecular gas. This difference is small compared to more
luminous late-type galaxies for which the central molecular hydrogen column
density may be more than ten times that of the atomic hydrogen (Young 1987).
The average HI column density per CO single dish beam is plotted versus the
molecular hydrogen column density in Figure 4. There is no correlation between
the two column densities and no significant difference in the HI column densities
between positions with and without CO lines. This result is not unexpected,

given the mean separation of the HI and CO peaks calculated above.

V. The CO Velocity Field

The central velocity of the CO lines is plotted as a function of position in
Figure 5. The velocity field of the molecular hydrogen gas is very similar to that
of the atomic gas (Deul and van der Hulst 1987) and the systemic velocity of
-181 km s™! (Vsg) derived from the HI gas is in good agreement with that of
the molecular gas at the optical center. In Figure 6, the true rotation velocity
of the molecular gas (corrected for inclination by sinz) is plotted versus radius,
where points within 30° of the minor axis have been excluded. If the CO data
are fit with an R? power law, the x? of the individual fits are equally good for

0.5 £ 5 < 1. Also plotted in Figure 6 are four points taken from the HI rotation
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curve of Newton (1980). Including these points constrains the fit to be closer to
B=0.5, which is consistent with the potential at 1-8' radius being dominated by
a uniform density disk. The total mass within 800 pc derived from this rotation
curve is 5.4x10® Mg and thus the mass of the molecular gas within this radius
is 4% of the total mass in the disk. The optical rotation curve derived from H,

emission shows a constant velocity of ~23 km s™!

in the inner 250 pc of the
galaxy (Rubin and Ford 1985). This flat rotation curve may reflect a spheroidal
distribution with p «« R™? or a disk with ¥ o« R™!.

The observed H,, CO, and HI rotation velocities suggest a two-component
model for the density distribution in the inner part of M33. For R < 300 pc
the potential may be dominated by a spheroid with a R™2? density distribution
and a total mass of 3.5x10” Mg. It is tempting to identify this region with the
bulge of M33, although previous measurements of the bulge of M33 (Boulesteix
et al. 1979) yielded a somewhat lower mass (1.5x107 M within a 630 pc radius).
For R > 500 pc the observed rotation velocities may be produced by a uniform
density disk, with a total surface density of 270 Mg pc~2. The region 300 <
R < 500 pc is presumably a transition zone where both mass components are
important. Other models are also possible (e.g., no spheroid and a disk with
a density profile which varies with radius) and measurements of the integrated
light distribution are required to conclusively identify the mass distribution.

No difference is seen in the velocities between the northern and southern
halves of the galaxy. Two adjacent positions in our map show a difference in
the central velocity of 30 km s™! (open circles in Figure 4). The peak line
temperatures in both spectra are 40 above the noise, and the integrated fluxes

are 3-4o detections. The two positions are near OB association 64, an HII region.

and a ridge of atomic hydrogen emission and thus the molecular gas may have
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been disturbed by nearby high-mass star formation. Other regions in our map
that have similar concentrations of HII and HI emission and lie within 30° of the
minor axis are excluded from the rotation curve analysis. However, none of them

shows such a large difference in the central velocity between adjacent positions.

VI. Comparison with the Milky Way Galaxy
We see no evidence in M33 for a nuclear ring of molecular gas similar to
that seen in the Milky Way Galaxy (Scoville 1972; Bania 1977). Such a ring
with a radius of ~200 pc and mass of 3x10® Mg would be marginally resolved
in our map and would be very much brighter than our observed central emission.
We also see no evidence for large noncircular velocities similar to the expansion

! seen in the Galactic center. Given the rms noise of our

velocities of 140 km s~
maps, we can set a limit of < 10° Mg, for any broad feature (AV ~ 200 km s™!)
in this area of the galaxy with size < 200 pc. In addition, the masses of atomic
and molecular gas are more nearly equal in M33, compared to the factor of 10-50
contrast in the Galactic center (Oort 1977). Thus the nuclear region of M33 is
very different from that of the Galaxy, both in its total mass of molecular gas,
its Ha-to-HI ratio, and its energetics.

The difference between the two galaxies may be related to the smaller total
mass of M33. The total mass of the Galaxy in the central kiloparsec is 1.6x10'°
Mg (Oort 1977) while the total mass in the same region of M33 (from our rotation
curve) is ~ 8x10® M. The fractions of the central mass in the form of molecular
hydrogen are 10% and 4% for the Galaxy (Oort 1977) and for M33, respectively,
while the total gas mass fractions are 11% and 6%. Thus the weak CO emission
of M33 is not so much due to a relative scarcity of interstellar matter as to the
smaller overall mass of the galaxy, since the gas mass fractions in the two galaxies

are comparable. The very different atomic to molecular gas ratios may be due to a
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surface density threshold for the formation of molecular gas. If similar HI surface
densities are required to form molecular gas in both galaxies, the molecular to
atomic gas ratio will be much lower in M33 since the total gas surface density
is so much lower. Finally, the noncircular motions observed in the Galaxy are

likely due to its low-level nuclear activity, which is presumably lacking in M33.

VII. Conclusions

The inner 3.5' radius of M33 is found to contain 3.4x107 My of molec-
ular hydrogen in structures with sizes of 200-400 pc and masses of 3-10x10°
Mg. The diameters, velocity widths, and peak brightness temperatures of these
structures are inconsistent with their being an extension to larger diameters of a
Galactic-type molecular cloud population. In addition, these structures are nei-
ther tidally nor virially bound and must therefore be transient agglomerations of
smaller bound systems. Most of these CO complexes are associated with the in-
ner spiral arms. The HI and CO emission are spatially correlated, but without an
overall global pattern. The radially averaged Hy column density is approximately
constant within this region, i.e., no evidence is seen for an exponential decrease
with radius out to 3.5'. The average column density of molecular hydrogen is
roughly three times the column density of atomic hydrogen and is sufficient to
remove the central hole seen in the radial HI profile. The rotation velocity of
the CO emission agrees well with previous determinations and gives a total mass
of 5x10® Mg and a molecular gas mass fraction of 4% within a radius of 800
pc. The weak CO emission in M33 is mainly due to its small total mass, while
the observed approximately circular motions may be due to the absence of the

low-level nuclear activity which is seen in our own Galaxy.
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Figure Captions
Fig. 1 — The map of the integrated CO emission for the inner region of M33.
The lowest contouris at 1.1 K km s~! and contours increase by 0.4 K kin s~!. The
(0,0) position corresponds to (1950) = 01#31™03.0°, §(1950) = +30°23'54" and
the optical nucleus is indicated by the cross at (Aa = —0.3, Aé = 0.35). The two
inner spiral arms are indicated by dashed lines (Humphreys and Sandage 1980).
Fig. 2 — The CO emission contours of Figure 1 are overlaid on a grey-scale plot
of the HI emission in the nucleus of M33. Peaks in the HI emission show up as
dark areas on the grey-scale plot.
Fig. 3 — The radial profile of the Hy column density perpendicular to the plane
of the galaxy, averaged over elliptical annuli, is indicated by the solid line. The
HI column density from Deul and van der Hulst (1987) is indicated by the dashed
line.
Fig. 4 — HI column density versus Hs column density, both measured perpen-
dicular to the plane of M33 at 60" resolution.
Fig. 5 — The observed velocity field (Vsg) of M33 as traced by the CO line.
Fig. 6 — Rotation velocity versus radius for M33. Points from the northern
half of the galaxy are indicated by dots and points from the southern half by
triangles. The four squares are taken from the HI rotation curve (Newton 1980)
and the open circles are for the two positions near OB association 64 (see text).
The line is a fit to these points with velocity assumed proportional to R%-3. The
cross-hatched area indicates the region covered by the optical data (Rubin and

Ford 1985).
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Figure 1

Integrated CO Emission in M 33
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Figure 2

CO and HI Emission in M 33
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Figure 3
H; and HI Column Density Radial Profiles
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Figure 4

HI versus H; Column Density
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Figure 5
CO Velocity Field
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Figure 6
CO Rotation Velocity
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CHAPTER 3

OB Associations in the

Inner Two Kiloparsecs of M33

I. Introduction

The properties of OB associations are important for addressing a number of
questions relating to star formation and spiral structure in galaxies. The ages of
associations in spiral arms constrain theories of spiral structure. For example,
an age gradient across the arms indicates the presence of a spiral density wave,
whereas an age gradient running along the arms may indicate the presence of
stochastic, propagating star formation. The large numbers of OB stars outside
spiral arms reveals that high-mass star formation is not limited to spiral arms.
since these young stars must have formed near their present location (Madore
1979).

OB stars and associations provide a direct means of probing changes in
the initial mass function and the star formation rate in external galaxies, since
they are the only stars that can be studied individually in galaxies more distant
than the Magellanic Clouds. High-mass stars also have a large effect on the
interstellar medium, enriching the chemical composition and providing kinetic
energy through stellar winds, HII regions, and supernova explosions. However.
the study of these stars is complicated by their degeneracy in U-B and B-V
color, requiring spectroscopy to place these stars accurately in a theoretical H-R
diagram (Massey 1985). In addition, evolution along the main sequence occurs
at roughly constant color, resulting in large uncertainties in transforming from

a luminosity function to an initial mass function or in calculating masses of
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individual stars. Photometric studies are useful nevertheless to identify blue
stars for follow-up spectroscopic studies and to identify the OB associations.

OB associations in M33 have been identified by eye from photographic plates
(Humphreys and Sandage 1980; Kunchev and Ivanov 1984). These associations
are typically twice as large as OB associations in our own Galaxy (Humphreys
1979). Comparisons of association properties between individual galaxies are
difficult unless similar quality plate material is available for all galaxies and the
same person has identified the associations in all galaxies (Hodge 1986). Such
subjectivity in association properties is unsatisfactory, since biasing the results
could lead to significant errors in the derived star formation properties. An
objective method of identifying associations in external galaxies could provide a
powerful tool for studying high-mass star formation.

In this chapter we present new UBV CCD photometry for 9 x 12’ centered on
the nucleus of M33. These data reach ~1 mag fainter than earlier photographic
surveys and thus extend roughly a factor of two lower in mass along the main
sequence. The observations and the data reduction are described in Section II.
The global properties are discussed in Section III. The identification of the OB
associations using an automated grouping algorithm is discussed in Section IV.
The results are compared with earlier photographic studies and systematic biases
remaining in this selection algorithm are discussed in detail. The properties of
the OB associations such as size, mass, age, and location relative to spiral arms

are discussed in Section V. The chapter is summarized in Section VI.

II. Observations and Data Reduction
A total of twelve overlapping CCD fields in the nucleus of M33 were observed
through UBYV filters in two observing runs in the fall of 1988. Four fields were

observed in B and V at the Canada-France-Hawaii telescope on 9 August 1988
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with the RCA2 double density CCD chip (chip scale 0.205 " pixel !). The seeing
was ~ 0.8" and the night was not photometric. These CCD frames were flat-
fielded using dome flats. The remaining fields and filters were observed at the
Palomar 60" telescope during 9-13 October 1988. A Tektronix CCD chip (CCD
6) that is extremely sensitive to blue light was used for these observations. The
chip scale is 0.235 " pixel™!. The seeing varied from 1.2-1.9” in U and from
1-1.5" in B, and V and the first night was photometric. The V data were flat-
fielded using morning dome flats taken each day. Medianed sky flats were used
to flat-field the U and B data, since the flat-fielding lamp did not produce good
dome flats in these bands.

The data were reduced using the data reduction program DAOPHOT (Stet-
son 1987), which uses point-spread function fitting to groups of stars to achieve
more accurate photometry in crowded fields. NSTAR magnitudes were obtained
for all the frames. Aperture corrections to correct for the light from the star
beyond the fitting radius were calculated using images from which all but the
brightest, unsaturated, and relatively isolated stars had been subtracted (see
Freedman 1988 for details). These corrections were calculated using between
two and ten stars, with most frames having at least five stars, and formally are
accurate to 0.007-0.027 mag.

The data were calibrated using standards in NGC 7790 and M92 (Christian
et al. 1985) for B and V and Landolt standards for U (Landolt 1983) observed
on the night of October 9. Standards for which a faint star was included within
the apertﬁre were eliminated, as were standards near the few bad columns on
the chip. For the U standards, three exposures of each star were taken per
frame, moving the telescope between exposures. The magnitudes of these three

observations disagreed by up to 0.09 mag and so an average magnitude with
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the appropriate uncertainty was used to calculate the transformation. The most
likely explanation for these variations is problems in flat-fielding the U frames
or small variations in the sky background caused by the multiple exposure tech-
nique. The transfer solution and the calibration of the data were calculated using
programs written by Peter Stetson. The final transformations are given in Table
1.

Fields not observed on the photometric night were calibrated using overlap
regions with fields that could be independently calibrated. The zero-point shift
in the instrumental magnitudes between the two frames was calculated using
stars in the overlap region. Only stars with good x values from the NSTAR fits
(x < 1.8 for CFHT frames, y < 1.3 for Palomar frames) were used to calculate
the zero-point shift. For frames obtained at Palomar, no stars within 50 pixels of
the edge of the chip were used in calculating the shift, since the flat-fielding is not
reliable for this chip near the edges. The stars were weighted by their NSTAR
uncertainties in calculating the fit. The uncertainties in the final zero-point shifts
range from 0.01 to 0.06 mag, with a typical uncertainty of 0.03 mag.

In order to check that the first night of the Palomar run was photometric.
we compared calibrated B and V magnitudes for Field 5 with magnitudes from
Field 2 of Wilson, Freedman, and Madore (1990). Using only stars brighter than
21 mag, the mean difference between this data set and that of Wilson, Freedman,
and Madore is 0.012+0.01 mag in B and -0.063+0.014 mag in V. These zero-point
shifts lie within the uncertainties in the photometric transformations of the two
different data sets. Thus we conclude that the first night of the Palomar run was
indeed photometric.

Some large zero-point shifts between frames remain in the calibrated U data

and thus these magnitudes are more uncertain than the B and V magnitudes.
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Some of the scatter in the U magnitudes may be attributed to the same source as
the scatter in the magnitudes of the Landolt standards. The average magnitude
difference between the left and right sides of the chip seen in the standard stars
1s 0.066+0.019 mag. Thus the U magnitudes have an additional uncertainty of
+0.04 mag due to the variation in instrumental magnitudes over the surface of
the chip. We cannot estimate easily the effect of this variation on the other
filters because we do not have multiple observations of a single standard star at
the same airmass, but it should not be larger than the effect seen in the U data.

Table 2 (Appendix 1) gives UBV magnitudes for all stars with V < 21
mag and either B-V < 0.4 or U-B < -0.5 mag. The aperture correction and
instrumental transformation uncertainties have been added in quadrature to the
NSTAR uncertainties. For stars observed in more than one frame, a flux-averaged
magnitude and uncertainty were calculated from the independent measurements.
Measurements within 50 pixels of the edge of the CCD frame were not included.
Since the U frames do not go as deep as the B and V frames and have poorer
seeing, the B and V data were matched independently. Stars found only in these
two filters are also included in Table 2. The right ascension and declination of
the stars were calculated using the astrometric positions for nine bright Cepheids
in these fields (Freedman, Wilson, and Madore 1990) and are accurate to +0.1°
in right ascension and +1” in declination. The mean uncertainties as a function
of magnitude are given in Table 3. Including the uncertainties in the aperture
corrections for B and V, the systematic uncertainties in our calibration are +0.15

mag in U, £0.05 mag in B, and +0.04 mag in V.

II1. Global Properties
Color-magnitude and color-color diagrams for the entire data set are pre-

sented in Figure 1. The major feature of both color magnitude diagrams is the
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blue plume of the main sequence, running vertically at B-V~0 and U-B~-0.9
mag. The width of this feature above V=21 mag is about 0.5 mag in both B-V
and U-B, somewhat larger than the two-sigma photometric uncertainties. Red
supergiants are also visible in the V versus B-V color magnitude diagram at 19
< V < 21 and B-V~1.5 mag.

The average reddening can be calculated by comparing the color of the blue
plume to the expected unreddened color of the zero-age main sequence, B—V =
—0.3 mag (Flower 1970). The reddening for the entire data set was estimated
from the modal B-V color of all stars with 19 < V <21l and -04 < B-V < 0.4
mag, binned to a resolution of 0.1 mag. This method gives an average reddening
E(B-V) = 0.35 mag. The reddening can also be calculated from the color-color
diagram of Figure lc. All the main sequence stars we observe have roughly the
same B-V and U-B colors and thus a fit of the main sequence colors to the data is
not justified. Instead, the centroid colors were calculated for the concentration of
stars with —0.25 < B -V < 0.15 and —1.2 < U — B < —0.7 mag, yielding mean
colors of B-V=-0.04 and U-B=-0.92 mag. Adopting intrinsic colors for O stars of
-0.3 and -1.2, respectively, the color excesses are E(B-V)=0.25 and E(U-B)=0.30
mag. These color excesses are not formally consistent with a normal reddening
law, E(U-B)=0.72E(B-V). However, given the large uncertainty of +0.15 in the
zero-point of the U photometry, these colors cannot be taken as evidence for a
different reddening law in M33. Averaging the E(B-V) results from the color-
magnitude and color-color diagrams gives a mean reddening of E(B-V)=0.3 mag.

The data were examined for radial variations in the average reddening. Red-
denings were calculated using the modal B-V color in four elliptical annuli spaced
by 500 pc in radius. No evidence for a significant reddening gradient was found.

This is consistent with a uniform dust-to-gas ratio, since the HI and CO radial
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profiles are both quite flat (Chapter 2). Reddenings were also calculated for the
northern and southern halves of the galaxy and again no difference in the mean
reddening was found.

The blue luminosity function is plotted in Figure 2. Stars were selected
using a B-V cutoff of 0.0 or a U-V cutoff of -0.9. A straight line with a slope
of 0.65 (Freedman 1985a) has been overlaid on the luminosity functions and is
consistent with our number counts for V < 19.5. A turnover in bc;th luminosity
functions occurs below V=21 mag. No attempt has been made to correct our data
for incompleteness at the faint end. Assuming that the slope of the luminosity
function is constant to V=21 mag, our data are incomplete by 30% for 19.5 < V

< 20, 55% for 20 < V < 20.5, and 65% for 20.5 < V < 21.

IV. Identifying the OB Associations

OB associations are identified using a “friends of friends” method. All the
stars brighter than a given cutoff in V magnitude and bluer than a given B-V
or U-B cutoff were identified. The mean surface density of blue stars, ¥, was
used to calculate a mean separation radius, R, = \/U;_E— For each blue star.
the list of bright, blue stars was searched to identify any other stars lying within
one search radius of the program star. Any stars identified in this way were in
turn checked for new stars lying within the search radius. In this way, all blue
stars were placed in groups, varying in size from a single star to a few hundred
stars. This process was carried out for a range of V, B-V, and U-B cutoffs and
for search radii of R,/ V2, R,, and V2R, to estimate the dependence of the
group properties on the search radius, magnitude, and color cutoffs. The color
cutoffs were selected to range from the center to the red edge of the blue plume.
(B-V=0,0.2,0.4; U-B =-0.9,-0.7, -0.5). The faintest limiting magnitude used

was V=21 mag, since the uncertainties in magnitudes and colors are large at
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fainter magnitudes. In addition, the Palomar frames are more incomplete than
the CFHT frames at V < 21 mag, which would produce a nonuniformity in the
properties of groups identified using a fainter cutoff.

The main source of subjectivity in our method is the choice of search radius,
illustrated in Figure 3. The search radius varies by a factor of two across the three
panels, dramatically changing the size and appearance of the groups identified.
A large search radius produces large, low surface density groups, while a small
search radius identifies only small, tight knots of blue stars. A larger search
radius also decreases the percentage of groups containing less than three stars
and increases the percentage containing more than ten stars, as well as decreasing
the total number of groups found. No effort was made to vary the search radius
to compensate for the background star density, since the mean density of blue
stars is very uniform if the contribution of the large group near the nucleus is
ignored.

Another option is to use all stars with B and V magnitudes or only stars with
U photometry to identify the groups. The U photometry has lower background
levels near the nucleus while the B and V data have considerably better seeing
and smaller systematic uncertainties in the photometric calibration. The groups
identified with the UBV data set are shown in Figure 3d. There is good agreement
between the statistics of the BV- and UBV-identified groups, but some variations
(naturally) exist in the exact definition of a given group. Changing the color and
magnitude cutoffs does not change the group properties very much. The main
effect of using a brighter magnitude cutoff or a bluer color cutoff is to decrease
the number of stars to be grouped, reducing the number of large groups found
with a given search radius.

To test whether the data are significantly more clumped than a random
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distribution, the size distribution of the groups was compared with that obtained
from a random distribution of the same number of stars. Most of the smaller
groups in our sample are not statistically significant, i.e., similar numbers of small
groups are found in the random distribution. Figure 4 compares the observed
size distribution with that of a random distribution for three different search
radii. Depending on the search radius, the smallest group that is significant
compared to a random distribution varies from 9 stars for the smallest radius to
about 20 stars for a radius twice as large. Thus in studying the properties of the
OB associations we exclude the smaller groups, since we do not know if they are
physically meaningful associations or simply chance superpositions of stars.

The “friends of friends” algorithm has been compared with another method
commonly used to identify groups, that 1is, the identification of regions of above
average stellar density. Figure 5 shows a contour plot of stellar surface density
binned to a resolution of 50 pixels compared with the positions of groups with
at least 10 stars identified using the “friends of friends” algorithm. The two
methods agree very well, with 80% of the groups identified with an individual
density peak that is two sigma above the mean level and most of the rest of the
groups sharing a single extended two-sigma peak.

It is interesting to compare our method and data with previous identifica-
tions of the M33 associations. OB associations have been identified using a lim-
iting V magnitude of 20, a B-V cutoff of 0.4, and a search radius of 55.4 pixels
(V2R,) to try to match the associations identified photographically (Humphreys
and Sandage 1980; Kunchev and Ivanov 1984). In general, there is good agree-
ment with the associations of Humphreys and Sandage (1980) except near the
nucleus of the galaxy where the high background density makes it difficult to

identify stars on photographic plates. We also identify most of the Kunchev and



40

Ivanov associations in this region. However, we do not identify associations for
three of their groups (147, 150, and 151), although there are some blue stars scat-
tered through these regions. This comparison shows that the photographic stud-
ies identified OB associations with reasonably uniform selection criteria across

the inner part of the galaxy.

V. The Properties of the OB Associations

a) Parameters Used to Define Association Properties

The properties of OB associations in our own Galaxy have been reviewed
by Blaauw (1964). Eleven associations within 1 kpc of the Sun have diameters
ranging from 2 to 200 pc and contain between 1 and 60 O-B2 stars. Many
associations are made up of sub-groups containing 10 to 20 OB stars. The mean
age of the associations is 8 x 10® yr. Humphreys (1979) estimated a mean linear
size of 125 pc for 57 Galactic OB associations and noted that the associations in
M33 are larger than Galactic associations.

We have identified associations using a limiting V magnitude of 21 (for which
our data is reasonably uniform across the whole area surveyed) and color cutoffs
that include the whole width of the blue plume (B-V < 0.4 and U-B < -0.5).
Some evolved stars may be included in this sample, but such stars have left
the main sequence fairly recently and are also high-mass stars. Since the time
between the end of core hydrogen burning and the end of core carbon burning
is roughly 15% of the main sequence lifetime (Maeder and Meynet 1988). the
contamination by evolved stars within the adopted color limits is small.

The association properties were analyzed using both the BV- and the UBV-
identified groups to estimate the uncertainties in the derived association prop-

erties from the choice of data set. A search radius R, was used for both data
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sets, corresponding to 24.5 pixels (22 pc) for the BV data and 33.4 pixels (30 pc)
for the UBV data. These radii are reasonably well matched to the mean radii
of 40 pc of OB associations in the LMC and the SMC (Hodge 1986) and the
mean radii of 60 pc estimated for Galactic OB associations (Humphreys 1979).
No systematic differences were found in the association properties and so only
the BV associations are discussed in detail below. It must be emphasized that
the choice of the search radius s arbitrary and directly affects the diameters and
masses of the associations identified. However, the automated grouping algo-
rithm allows the identification of associations in different galaxies using the same
search radius and thus enables a fair comparison between association properties
in different galaxies.

The center of an association was defined to be the centroid of the stars that
define the boundary of the association, the smallest convex figure that can be
drawn around the association. The association radius was then defined to be
the mean distance of these boundary stars from the center. For six associations
with at least 20 stars in the range 19 < V < 21 and —0.4 < B — V < 0.4, the
reddening was determined for each association using the modal color method of
Section III, while the mean reddening of the entire data set was adopted initialiy
for smaller associations. The resulting overlay of evolutionary tracks in the H-R
diagram was used to adjust the reddening interactively for eight associations that
appeared to have slightly less foreground extinction, i.e., the adopted reddening
resulted in many stars lying significantly blueward of the main sequence.

Red-to-blue ratios were calculated using the formalism of Meylan and
Maeder (1982) with a limiting dereddened V magnitude of 20 instead of 21.2.
since our data usually do not go deep enough to use the fainter magnitude cutoff.

Using dereddened colors, stars with B-V < 0 are assigned spectral type OB, 0 <
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B-V < 0.2type A, 0.2 < B-V < 1.2 type FG, and 1.2 < B-V type KM. For asso-
ciations that lie in fields observed at the CFHT, the ratios were also calculated
using the fainter V cutoff. Ratios were also calculated for the entire data set using
V cutoffs of 18, 19, and 20 to determine whether a faint cutoff biases the results
against red stars. Changing the V cutoff produced no significant differences in
the red-to-blue ratios. The red-to-blue ratios also do not vary significantly when
the input reddening is changed by £0.1 mag.

The above properties of the OB associations (radii, number of blue stars,
red-to-blue ratios) are derived directly from the observations. Both the mean
number of blue stars per association and the mean radius vary with the search
radius. . Thus the adopted search radius has a large influence on the resulting
association properties; there is no way to avoid this systematic affect. However,
both the mass and the age of an association are calculated using theoretical
evolutionary tracks to obtain masses from the observed colors and magnitudes.
The uncertainties in this procedure are difficult to estimate and thus the adopted

procedures are discussed in detail below.

b) Calculating Stellar Masses

The most important problem in estimating stellar masses from photometry
is the degeneracy in the colors and magnitudes of high-mass stars. The trans-
formation from effective temperature to photometric colors is also uncertain. A
recent study of the SMC association NGC 346 that used both photometry and
spectroscopy to place stars in the theoretical color-magnitude diagram revealed
that masses obtained from photometry alone are systematically underestimated
compared to masses obtained from spectroscopy (Massey, Parker, and Garmany
1989). Many stars more massive than 25 Mg are shifted down into the 25 and

15 My bins, which causes a systematic flattening of the initial mass function
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obtained from the photometric data.

Other sources of uncertainty in estimating masses such as bolometric cor-
rections and reddening affect both spectroscopic and photometric measurements.
For example, the two-sigma systematic uncertainty in our B-V colors and thus
in the mean reddening is +0.1 mag, which changes the placement of the evo-
lutionary tracks in the color-magnitude diagram and introduces an uncertainty
in the mass of ~30%. In addition, evolutionary tracks calculated using different
assumptions for mass loss and convective overshooting show large disagreements
in the late stages of stellar evolution (de Loore 1988). However, the agreement
along the main sequence is better than 0.2 mag and £0.05 in log(T. ), so this
is probably not a large source of uncertainty in obtaining main sequence masses.

The evolutionary tracks of Maeder and Meynet (1988) are used to calculate
the masses of the stars in the OB associations. The tracks were transformed from
effective temperature and luminosity to V magnitudes and B-V colors using the
equations for bolometric correction and effective temperature as a function of
B-V color given in Massey, Parker, and Garmany (1989). The U-B colors were
then estimated from the B-V colors using the data given by Fitzgerald (1970)
for luminosity classes Iab, III, and V. Stars more massive than 20 M were
assumed to be luminosity class Iab once core hydrogen was exhausted, while
stars with masses 20 My, and less were assumed to be luminosity class III. These
evolutionary tracks were then reddened using A, = 3E(B - V), E(U - B) =
0.72E(B — V), and the mean E(B-V) of 0.3 mag calculated earlier.

The most obvious problem in estimating stellar masses in this way is the
degeneracy of the evolutionary tracks along the main sequence. Figure 6 shows
the evolutionary tracks for stars from 9 to 85 Mg plotted in the theoretical plane

and transformed to both B-V and U-B color. Stellar masses along the main
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sequence estimated from photometry alone are uncertain by at least 50% due to
the constant color of the upper main sequence and the vertical evolution of stars
in the color magnitude diagram until the end of core hydrogen burning. For this
reason, we have chosen to work in the observational plane rather than transform-
ing from observed magnitudes to luminosities and effective temperatures, which
would spread out the main sequence due to insignificant differences in color and
disguise this important problem.

The mass of the association was obtained by interpolating between the evo-
lutionary tracks and counting the number of stars in each mass region. The ends
of the bins were extrapolated to the blue at constant V magnitude in order to.
assign masses to stars that lie blueward of the evolutionary tracks. Only stars
with dereddened V magnitudes brighter than 20 were used to calculate asso-
clation masses, which corresponds to a main sequence mass cutoff of 20 M...
The lowest mass for which we have complete coverage of the main sequence
evolution is 40 M. The derived masses need to be corrected upward for pho-
tometric incompleteness at faint V magnitudes and incomplete coverage of the
main sequence for masses between 20 and 40 M. To correct for photometric
incompleteness, the number of stars with 20 < V < 20.5 was scaled up by a
factor of 1.4 and the number of stars with 20.5 < V < 21 was scaled up by a
factor of 2.2 (see Section III). The coverage of the main sequence was estimated
from the evolutionary tracks by assuming that stars travel at a uniform rate up
the evolutionary track while on the main sequence. Thus counts of 25 M, and
20 Mg stars on the main sequence are 70% and 40% complete, respectively. The
mass corrected for incomplete main sequence coverage and incomplete photom-
etry for V. > 20 is M orr(> 20 M) = 1.6M (> 20 Mg). Adopting the modified

Miller-Scalo initial mass function N(M) o M (Kennicutt 1983) with o = -1.4
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for 0.1 <M < 1 and -2.5 for 1 < M <« 100, the total mass of the association is

M(> 0.1 Mg) = 12M.orn(> 20 My).

c) Calculating Association Ages

Association ages are estimated from the V magnitudes of the brightest main
sequence stars. High-mass stars evolve with constant color and continually in-
creasing V magnitude while burning hydrogen in their cores. When core hydrogen
is exhausted, the star brightens and reddens, rapidly evolving out of the main se-
quence region. Stars with larger masses reach a brighter limiting main sequence
V magnitude than do stars of lower mass, allowing us to assign a minimum mass
to a star based on its V magnitude. This method will only work up to 60 M.,
since more massive stars have fainter maximum V magnitudes than 60 M, stars.
Thus the main sequence lifetime of the most massive star in an association defines
an upper limit to the age of the association.

Other physical effects can be confused with age variations. For example,
if the upper mass cutoff to the initial mass function is not constant across the
galaxy, it would be impossible to determine ages in this way. Also, small associ-
ations may not contain a very massive star. Adopting the modified Miller-Scalo
initial mass function (Kennicutt 1983), an association containing 300 M, of stars
more massive than 20 Mg should contain at least one star with M > 60 M. Thus
statistical effects due to small numbers of stars are not important for associations
with M (> 20 Mg) > 300 M.

The age of each OB association was estimated using the three brightest
stars lying within +0.15 mag (20) of the reddened zero-age main sequence. The
three brightest stars were used to define a mean age rather than using the single
brightest star in order to reduce the effects of small number statistics. Each star

was assigned a mean minimum mass taking into account the 2¢ uncertainty in V
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magnitudes (0.15 mag) and shifting the mean reddening by 0.1, 0, and -0.1 mag.
The age of the association was calculated from the average mass of the three stars
by interpolating between the terminal main sequence ages (Maeder and Meynet
1988). The masses, V magnitude cutoffs, and ages for the theoretical tracks are
given for convenience in Table 4.

Because there are only five different evolutionary tracks covering the mass
range from 15 to 60 Mg, the resolution in age along the main sequence corre-
sponds to uncertainties in the ages of £10° yr for ages < 5 x 108 yr, +2 x 10°% yr
for 5 — 9 x 10® yr, and +3 x 10°% yr for 9 — 12 x 10% yr. The uncertainty due to
random errors in the photometry should be much less than this, since the peak
magnitudes of the different mass tracks are separated by at least six times the 1o
photometric uncertainties. The uncertainty from using small numbers of stars
is difficult to estimate. Ages estimated using U magnitudes instead of V mag-
nitudes were (0.7£0.9) x 10° yr younger on average than the V ages. Adopting
this age difference as the uncertainty due to small numbers of stars, the total
uncertainty in the ages is 2 x 10® yr for ages < 9 x 10® yr, and +3 x 108 yr for

larger ages.

d) Results

A total of 41 associations each containing at least 10 bright, blue stars have
been identified. The properties of these associations are given in Table 5 and
the positions of the associations are overlaid on blue CCD frames in Figure 7.
The radii range from 10 to 120 pc, with a 