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ABSTRACT

This thesis examines the properties of star forming regions in galaxies across
the Hubble sequence. It focuses on the stellar populations of giant extragalactic
Hu regions and OB associations, addressing in particular the question of Initial
Mass Function (IMF') variations with metallicity and/or galaxy morphology. This

work is composed of three main sections:

(a) 3650-10,000 A spectroscopy of nearly 100 H 1 regions in 20 spiral galaxies
(Sa through Sm). Two indicators of the ionizing cluster effective temperature (7.)
are analyzed: the intensity of the He I A5876 line, and the ‘radiation softness’
parameter n = (O*/0+*)/(S*/S**). The interpretation of the data relies on
CLOUDY photoionization models. A positive T. gradient of 7000-8000 K is found
between 2 Zg and 0.2 Zg. The diagnostic diagrams and the 7. - metallicity relation
are consistent with an upper mass limit of the IMF of ~100 Mg and an age of ~1

Myr, irrespective of chemical abundance or Hubble type.

(8) An investigation of extragalactic OB associations, based on Hubble
Space Telescope images. The size distribution of the associations (found with
an automated search algorithm) is similar in all galaxies examined, with a mean
size around 80 pc. An indication is found that the average number of bright blue
stars depends on the parent galaxy Hubble type. The upper stellar V' luminosity
function is comparable among galaxies, with slope dlog N/dMy = 0.61 £ 0.03. A

few star cluster candidates are identified.

(¢) UBVR and Ha photometry of 266 Hu regions in 10 spiral galaxies (Sa
through Sd). The Ha equivalent width is independent of Hubble type. The

continuum and Ha luminosity functions show similar trends, namely a steeper
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slope and a smaller characteristic luminosity for early-type galaxies. These results
lead to the conclusion that changes in the properties of H I regions and associations
along the Hubble sequence are most likely due to variations in the number of stars
per star forming region and in the number of regions per unit area. rather than the

mass function.
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CHAPTER 1

INTRODUCTION

1. Background

The evolution of galaxies is governed by the star formation process, and in fact the
star formation rate and the history of star formation are among the defining traits
of the galaxy morphological sequence (Searle etal. 1973, Larson & Tinsley 1978,
Kennicutt 1983). In the most extreme cases single regions of violent star formation
dominate the energetics and the chemical enrichment of the parent galaxies.
These galactic-scale starbursts (e.g. M82, Rieke etal. 1993, and NGC 1569,
Gonzilez-Delgado et al. 1997), together with nearby, scaled-down versions of such
phenomena, including 30 Doradus in the LMC and NGC 604 in M33 (Walborn
1991, Hunter etal. 1996a), offer us a unique means to study the star formation
mechanism and its effects on the surrounding environment. As a reference for the
following discussion, in 30 Dor, the prototypical giant extragalactic H 11 region,
~1000 ionizing O stars provide 10°? ionizing photons s™!, and roughly 10° Mg of

ionized gas are contained in a region of 400 pc in diameter (Leitherer 1997).



Regions of recent or current star formation. and giant extragalactic Hu
regions in particular, are exceptional laboratories for the investigation of the
stellar populations in galaxies. The study of resolved stars has provided detailed
information on the massive stellar content of nearby galaxies. and has been
successfully applied to the investigation of star formation and the Initial Mass
Function (IMF) in the Magellanic Clouds (Parker & Garmany 1993. Hunter
etal. 1995, Massey et al. 1995a). With HST the study of the brightest resolved
stars, OB associations and star clusters has been extended beyond our immediate
galactic neighborhood, to include a variety of environments (Hubble types. regions
of different chemical composition and star forming rate, etc.), in the optical
(O’Connell et al. 1994, Hunter & Thronson 1995, Bresolin et al. 1996) and the UV
(Meurer et al. 1995). Even at relatively large distances (tens of Mpc). where only
integrated measurements of stellar populations can be carried out. the signatures
of the most massive stars can be detected directly (via the UV stellar wind spectral
features) or indirectly (via the recombination lines of Hn regions), allowing us to
determine, or at least constrain, parameters such as the IMF, the age of the star

forming events and the chemical composition of the interstellar gas.

Advancements in the development of the necessary theoretical tools, such
as stellar atmospheres and stellar structure models, evolutionary synthesis and
photoionization modeling techniques, largely contributed to the understanding of
the massive stellar populations in galaxies (see the review by Garcia-Vargas 1996).
Relying upon these tools and based on different observational databases, several
authors have attempted to unveil the associations and star clusters responsible
for the ionization of extragalactic Hn regions. The most recent works (e.g.
Garcia-Vargas et al. 1995, Stasinska & Leitherer 1996, Garcia-Vargas et al. 1997, to

cite just a few dealing with optical spectroscopy) are leading to a clearer picture
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on the subject. In particular they suggest that a universal mass function is able to
describe the star formation process in galaxies. in spite of diversities in galaxy type
or chemical abundance, on the basis of a comparison of observational data with

evolutionary models.

A power-law form of the IMF will be used throughout this thesis:
#(m)dm x m~*dm is the number of stars formed between masses m and m + dm
per unit time, with lower and upper mass limits M, and M,,. For a classical
Salpeter (1955) IMF, a = 2.35. This is equivalent to ' = —1.35 in logarithmic mass
notation: ' = dlog &(log M)/dlog M, where log&(log M) is the number of stars
formed per logarithmic mass interval per unit area per unit time. We will refer to

the ‘standard’ or ’canonical’ IMF as the one with @ = 2.35 and M,, = 100 Mg.

1.1. The IMF in extragalactic star forming regions

Since early work on extragalactic H 1 regions by Searle (1971), and later by Shields
(1974) and Shields and Tinsley (1976), excitation gradients in spiral galaxies have
been identified, and recognized as partly related to the increasing hardness of
the ionizing radiation field with decreasing abundance. To explain this trend a
variation of the upper mass limit for star formation with metallicity was proposed
by Shields and Tinsley. This idea has since influenced the investigation of stellar
populations. Several times in the past two decades there have been suggestions
that the stellar content, particularly its mass function, might be different as the
chemical abundance or the star formation rate are varied. Changes in both the
slope (Terlevich & Melnick 1981) and the upper mass limit (Viallefond 1985,
Vilchez and Pagel 1988) have been proposed. While such claims have been often
weakened by the introduction of a new generation of investigative tools (HST,

improved stellar models and atomic data), the issue is far from being settled.
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Many studies on the IMF can be found in the literature. and the field is
too vast to cover in a simple introduction like this one. A comprehensive review.
summarizing the knowledge in the field up to the mid-1980°s. is given by Scalo
(1986). See also Pagel (1990) and Scalo (1990). In what follows I summarize
some of the recent results on the upper IMF in extragalactic star forming regions.
particularly in relation to resolved star studies and Hu region spectroscopy. since

these will be part of the work presented in the next chapters.

Resolved stars

The direct method of measuring the upper IMF by counting stars as a
function of mass, though straightforward in principle, requires careful observations
(both photometric and spectroscopic) to place stars in an H-R diagram. Visual
magnitudes alone are inadequate, because of their insensitivity to differences in
the effective temperature of O and B stars, which emit most of their energy in
the UV. The need for spectral information to define the stellar types of massive
stars has limited most investigations to our Galaxy and the Magellanic Clouds.
Much of this work has been carried out over the past years by P. Massey and his
collaborators (see Massey et al. 1995a,b). A summary of IMF determinations based
on resolved stars is given by Hunter et al. (1997), which includes results on clusters
and OB associations in the Galaxy, the Magellanic Clouds, M33 and M31. The
IMF parameters show no significant variation, with slope a around the Salpeter
value and upper mass limit around 100 Mg, independent of metallicity, galaxy type
or stellar concentration. This also applies to R136, the starburst cluster at the
center of 30 Doradus in the Large Magellanic Cloud, for which Hunter et al. (1995)
find @ = —2.2 £+ 0.1, despite a much higher stellar density and a larger number of



massive stars than normal OB associations.

A related issue, left relatively unexplored until recently, is the discrepancy
between the total ionizing flux accounted for by the resolved stellar content
in associations and the same quantity derived from nebular emission of the
surrounding H o regions. For a few LMC OB associations the first has been
found larger than the second, as measured by the integrated Ha measurements of
Kennicutt & Hodge (1986), by up to a factor of two (Massey et al. 1989. Garmany
et al. 1994). In other cases good agreement is found instead (Parker et al. 1992).
The re-examination of the data by Oey & Kennicutt (1997) supports the idea that
a considerable fraction of the ionized nebulae might be density-bounded. They
find that 0-62% of the ionizing radiation escapes the nebulae. Leakage of ionizing
photons from the H 1 regions would explain the disagreement between the resolved
stars and the nebular emission. We emphasize that the Oey and Kennicutt sample
is heavily weighted to bubble-like H 11 regions, which might be more leaky than the

average.

Hu region spectroscopy

The study of nebulae ionized by massive stars is the most popular method for
obtaining information about the stellar populations in extragalactic star forming
regions. The interpretation of the signatures of the ionizing stars, in the form of
optical and near-IR emission lines of spatially integrated spectra, requires careful
comparisons with photoionization models, and as such it depends on the accuracy
of atomic databases, stellar evolutionary models and stellar atmosphere models.
Advancements in any of these fields has led to a better understanding of distant

stellar populations.
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I will only briefly summarize the most recent results on the IMF of the ionizing
clusters of extragalactic H 1 regions. Several good reviews on extragalactic nebulae
exist (Shields 1990, Kennicutt 1991, Stasinska 1996, Garcia-Vargas 1996). One of
the key steps in understanding the IMF of extragalactic H 11 regions has been the
availability, since the mid-1980’s, of a new generation of stellar evolution models.
providing theoretical tracks for different metallicities, in addition to different
stellar masses. McGaugh (1991) showed how the softening of the radiation field
with increasing abundance predicted by the Maeder (1990) models could naturally
explain the dependence of the effective temperature of the ionizing clusters of Hu
regions on metallicity (Vilchez and Pagel 1988), or the parallel gradient in the
nebular electron temperature (Campbell 1988). This effects, known since the work
of Shields & Tinsley (1976), had provided one of the main observational indications
for a metallicity-dependent upper IMF (e.g. Viallefond 1985, Vilchez and Pagel
1988).

The high Ha luminosity of giant extragalactic H 11 regions (103 - 104! erg s~!)
implies ionization by a star cluster, rather than a single star. Improvement on
McGaugh'’s zero-age models came with the inclusion of the time evolution of these
clusters (evolutionary synthesis). This newer generation of models includes the
works of Garcia-Vargas & Diaz (1994), Cervifio & Mas-Hesse (1994), Garcia-Vargas
et al. (1995) and Stasiniska & Leitherer (1996). Older evolutionary models were
computed also by Melnick et al. (1985), and Olofsson (1989). The most important
effect predicted by these models, and which mostly differentiate them from
single-star models, is the drastic change in the shape of the ionizing continuum
that occurs after the most massive stars evolve into the WR phase, around 3 Myr
(1 Myr = 10° years) after the initial burst of star formation. These WR stars,

with their high effective temperature and luminosity, dominate the total output
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of ionizing photons from the clusters, as the stellar evolution models for massive
stars show (Maeder & Conti 1994, Maeder 1996). Different authors use different
prescriptions for their evolutionary models. which include either Padova or Geneva
stellar tracks and different stellar atmospheres to describe the ionizing continuum
of massive stars; a photoionization code (CLOUDY, PHOTO. etc) is used to
compute nebular models. Despite differences in the models, in the observational
data and in the diagnostics used to extract information. most of these recent works
reach similar conclusions concerning the upper IMF. Cervino and Mas-Hesse (1994)
derived a Ly gradient with metallicity for a sample of low-abundance emission-line
galaxies (H o galaxies) which they explain, at least partly, without a metallicity
dependence of the IMF. This is confirmed, using a larger H 1 galaxy sample, by
Stasinska & Leitherer (1996), who conclude that the standard starburst model,
with an instantaneous burst of star formation, and IMF with Salpeter slope and
M., = 100 Mg, is able to reproduce the observed emission-line properties in

the ~0.025 Zg— ~0.25 Zy metallicity range. An upper mass cutoff of 50 Mg is
instead excluded, based on the observed HA equivalent width distribution. For Hn
regions at higher metallicity (approximately larger than solar) Garcia-Vargas et al.
(1995) found consistency between the observational data and their models using a
standard IMF, regardless of chemical composition. In conclusion, the dependence
of Tz on stellar mass and metallicity from stellar evolution models, combined
with abundance effects on the stellar atmospheres (blanketing) seem sufficient to
explain the observed trend of ionizing cluster effective temperature with metallicity,
without the need to invoke an additional IMF variation. The results are also

consistent with resolved star investigations in the nearest galaxies.
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UV lines

Spectral features typical of massive stars are found in the UV in the form
of strong resonance lines, which originate predominantly in the stellar wind of
O stars (Kudritzki & Hummer 1990). The broad C IV A1550 and Si IV A1400
lines in particular can be used to investigate the massive stellar content of
starbursts (Leitherer & Lamers 1991). The equivalent width of these lines.
W(Si IV) and W(C 1IV), are correlated with spectral type (or mass). and make
the W(Si IV)/W(C IV) ratio sensitive to the slope of the upper IMF (Sekiguchi
& Anderson 1987, Mas-Hesse & Kunth 1991). Application of this technique to
IUE spectra of starburst galaxies by Sekiguchi & Anderson (1987) gave a slope
a = 2.23 £ 0.45, consistent with the Salpeter value. The IUE data also allowed
Robert et al. (1993) to constrain, on the basis of the velocity shifts due to winds
and the profiles of the UV lines, the upper mass limit of the IMF to M,, > 30 Mg
for starburst galaxies with nearly solar metallicity. With their spectral synthesis
analysis of spatially integrated IUE spectra Vacca etal. (1995) concluded that
M.y = 50 Mg in the starburst region 30 Dor, in agreement with resolved star

studies (e.g. Parker & Garmany 1993).

The blueshifted absorption and P Cygni profiles can provide important
information on the upper IMF (Leitherer etal. 1995). With the higher spectral
resolution of HST compared to IUE, the analysis of the line profiles has been
carried out in starbursts. In NGC 4214 Leitherer et al. (1996) derive a = 2.35 — 3,
M., = 60 — 80 Mg, and similar conclusions are found for NGC 1741 (Conti etal.
1996). Even if these investigations are usually limited to rather low (below solar)
abundances, they support the concept of a universal IMF, and their conclusions

agree with the other methods to constrain the IMF paramaters.
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A universal IMF?

I have so far summarized the conclusions of several studies. and shown that
there is a general agreement as to the shape (a = 2.35 £ 0.5) and upper mass
limit (M, = 60 — 100) of the IMF. To not leave the impression that everything is
settled, and that discordant results do not exist, I will give here a few examples

which clash, more or less strongly, with the view of a universal mass function.

Several investigations have suggested that the IMF in starburst galaxies is
peculiar with respect to the solar neighborhood (see a summary in Scalo 1990).
Rieke et al. (1980, 1993) found indications for an IMF biased toward high-mass
stars in the prototypical starburst M82. 'Top heavy’ IMFs have been proposed by
Kennicutt etal. (1987) and Sekiguchi & Anderson (1987). Flat slopes (a =1 —2)
were more recently found from a comparison of the WR/O ratios in young
starbursts with evolutionary models (Meynet 1995, Contini etal. 1995), even
though Schaerer (1996) showed how the data available can be reconciled with
a Salpeter IMF. Variations in the upper mass limit have also been proposed by
Doyon et al. (1992) on the basis of the He I 2.06u/Bry ratio. They find that for
a large fraction of galaxies in their sample the upper mass limit M,, ~ 30 Mg.
However the reliability of the He I 2.06u recombination line as a Z.g indicator has
been questioned (Shields 1993).

In conclusion, while the majority of the most recent investigations in 'normal’
H 11 regions and OB associations point toward a universal IMF, we cannot exclude
variations of the IMF parameters in regions of enhanced star formation activity.
Besides, most of these results depend on stellar evolution and stellar atmosphere
models, which still contain uncertainties. For example, modern atmosphere models

are still inadequate in reproducing the extreme UV spectra of the B giants ¢ CMa



and B8 CMa (Cassinelli et al. 1995, 1996).

2. Organization of this work

This thesis is a study of star formation in galaxies, examined from different
perspectives, but with a single, unifying goal: to investigate if, and how. the stellar
content of the star forming regions depends on global properties and the galactic
environment, such as the morphological type or the metallicity. Among the pending
issues is the Hubble type sensitivity and metallicity sensitivity of the upper IMF.
As an attempt to clarify the picture, Appendix A presents a study of nearly 100
H 1 regions, distributed in 20 spiral galaxies (Sa through Sm). Medium-resolution
spectra from 3650 A to 10,000 A allowed me the analysis of different indicators
of the effective temperature, T., of the ionizing stars: the equivalent width of
Hp3, the He I A5876 emission line intensity, and the ’radiation softness’ parameter
n = (0*/0**)/(S*/S**) of Vilchez and Pagel (1988). No previous large H i1 region
sample had such a large wavelength coverage, including the near-IR, so that the T.
behavior could be extensively investigated by means of . To impose constraints on
the IMF variations, photoionization models have been calculated with CLOUDY
(Ferland 1996), adopting as the ionizing source both Kurucz (1992) atmospheres
and clusters synthesized with different slopes and upper mass cutoffs of the IMF.
From a comparison between the theoretical models and the observations I draw
some conclusions about the IMF changes with metallicity and morphological type.
A functional form of the 7. - metallicity relation is derived, dependent upon the
adopted stellar atmosphere models. The observations for this work were obtained
by my thesis advisor, R. C. Kennicutt, during a period of several years, and I have

reduced the data under his supervision. The modeling and the interpretation have
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benefited from discussions with him and from the M101 work (in preparation) by

D. Garnett and R. Kennicutt.

Beyond the Magellanic Clouds little is known about the properties of
extragalactic OB associations, which contain tens or hundreds of massive stars.
and represent tracers of recent or ongoing star formation, being often associated
with ionized gas clouds. It is still poorly known if the galaxy type determines
properties like the size distribution of the associations (is there a universal scale
for the clustering of stars in galaxies?), or the number of stars in each star forming
event. Moreover, the upper end of the luminosity function of resolved populations.
which provides a characterization of the massive stellar content (albeit with some
limitations) has not yet been investigated extensively beyond the Local Group.
The study of extragalactic OB associations has been made difficult, and somewhat
biased, by subjective procedures and lack of spatial resolution (Hodge 1986).
These problems can be alleviated with HST imaging, and with the application of
‘objective’ search algorithms to the spatial distribution of the brightest blue stars
in resolved galaxies (Wilson 1992). In Appendix B and Appendix C I apply such a
method to a sample of seven galaxies, observed by HST as part of the Key Project
on the Distance Scale, to which the author is collaborating. The size distribution of
the resulting associations is analyzed, and the luminosity function for the brightest
stars is compared among galaxies. A search for compact star clusters yields a few
'blue’ globular cluster candidates, similar in photometric properties to the blue
clusters in the LMC and SMC. This work, apart from the data acquisition, is

entirely my own. P. Stetson provided the crowded-field photometry software.

Unresolved extragalactic OB associations and Hn regions are the subject of

Appendix D. Here we present UBVR and Ha photometry of 266 H 11 regions in 10



spiral galaxies, distributed over a wide range of Hubble types (Sa through Scd).
observed with the Steward 2.3m telescope. The main motivation of this work is
to investigate the origin of the trend in star formation activity along the Hubble
sequence. Variations in the upper IMF have been invoked among the possible
causes (van den Bergh 1976), since a smaller upper mass limit would produce the
generally fainter H i1 regions observed in early-type spirals, when compared with
late-type galaxies. To test this idea, we investigate the Hubble type dependence
of the Hn region Ha equivalent width, which is sensitive to the presence of
massive, ionizing stars. Moreover, the continuum and the Ha luminosity functions
are analyzed, in order to provide information on both the stellar associations
(the principal sources of the continuum flux) and the gas ionized by them. The
observations, data reduction and most of the interpretation are my own. My

advisor R. Kennicutt provided some new ideas about the interpretation.



CHAPTER 2

PRESENT STUDY

The methods, results, and conclusions of this study are presented in the papers
appended to this dissertation. The following is a summary of the most important

findings in these papers.

In this study [ have tried to constrain the changes of the IMF with metallicity
and Hubble type. For this purpose I have used different techniques: extragalactic
H o region spectroscopy (Appendix A), HST imaging of resolved populations
(Appendix B and Appendix C), and ground-based photometry of unresolved
H 1 regions and associations (Appendix D). The galaxies examined span the
morphological sequence from Sa to Sm, while the metallicity of the H i regions
ranges from ~0.2 Zg to >2 Zg. This work of course does not provide the
ultimate solution to the question of IMF variations, given the difficulty (or virtual
impossibility) with the adopted techniques and observations to detect differences
in IMF's having, for example, M,,, in the range 60-100 My. The diagnostics used
in this work do not provide much information on the slope of the mass function,

either. The result on the luminosity function (Appendix B), though excluding large
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variations in the IMF slope among galaxies. cannot provide good constraints on
the absolute value of a. Advancements have been made. however. with respect to

previous works, regarding the following points:

e the IMF in normal extragalactic H it regions has been investigated in a larger
metallicity range: similar studies have been so far usually limited to samples

of metal-poor Hu galaxies or metal-rich spirals;

e two different T. indicators have been analyzed, and in particular the softness
parameter 7, which has been measured for the largest number of extragalactic

H 11 regions so far;

e photometry of a large number (almost 300) of H 11 regions has been measured,

which has been rarely attempted in other studies;

e the study of resolved stars and OB associations outside the Local Group has
just begun, and in Chapter 3 I have analyzed the largest sample of galaxies
so far for which an automated association search has been carried out in a

completely consistent way;

There is still space for improvement, and at the end of Appendix A I have

indicated a few ways to extend our knowledge on the upper IMF.

The main results of this thesis are here briefly summarized:

1. Two T. indicators (7 and He I A5876) allowed me to establish a change in the
effective temperature of the ionizing clusters of H n regions with metallicity.
While the absolute values of T. depend on the adopted (Kurucz 1992) stellar

atmospheres, the relative trend is less sensitive to the choice of atmospheres.
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The indicators give similar results, and indicate a 7.000 - 8.000 K drop in 7.

from ~0.2 Zg to ~2 Zg.

To check if this temperature gradient implies a metallicity-dependent IMF.
the observational data have been compared to the Geneva stellar models.
The good agreement with the 1 Myr tracks (the typical age suggested by
the set of diagnostic diagrams of Appendix A) implies that no abundance
effect on the IMF is required. A single upper mass limit of the order of 100
Mg across the whole metallicity range examined (0.2 to 2 Zg) is consistent
with the data. Relatively modest changes in the slope (e.g. from a = 2.35
to a = 3.3) or in the upper mass limit from 60 Mg to 100 Mg cannot be

detected with the observations and modeling techniques used in this work.

The results on the upper V luminosity function in OB associations

in seven spiral galaxies resolved into individual stars by HST exclude
large variations in the upper IMF among galaxies. The average slope is

s = dlog N/dMy = 0.61 £ 0.03. The relative insensitivity of broad-band
photometry to stellar spectral types, the difficulty of isolating evolved
(supergiant) from main sequence stars, combined with typical crowded-field
photometry problems (incompleteness, superposition of stars, binaries, etc.)
makes it difficult to constrain the IMF parameters. The luminosity function
has been measured for My < —35, and is likely to be affected by the presence

of evolved stars.

The invariance of the IMF with respect to abundance changes is accompanied
by the invariance with respect to galaxy morphological type. I have shown
(Appendix A and Appendix D) that the Hu region equivalent width (EW)
of the Balmer lines (Ha and Hp) is distributed in similar ways for both
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early-type (Sa-Sb) and late-type (Sbc and later) spiral galaxies. Since the
equivalent width is a measure of the ratio of massive (M > 10 Mg). ionizing
stars to the total number of stars in a star forming region. we would expect
lower EW values where the IMF is truncated at lower masses. Since this effect
is not observed as a function of Hubble type, we can exclude large variations
of the upper IMF between, for example, Sb and Sc galaxies as a possible
explanation for their differing star formation properties. The narrow-band
(Ha) and continuum (V') Hu region/association luminosity functions show
similar behavior: increasing slope and higher typical luminosity in later
Hubble types. The conclusion of these findings is that the most likely cause of
the star formation differences along the Hubble sequence is in the clustering

properties of massive stars, rather than the mass function.

. With the availability of high-resolution HST images of spirals, and the
application of an automated method for the search of OB associations, I
have produced more evidence that the size distribution of the associations
is comparable among galaxies, with apparently no dependence on galaxy
type. The mean size is 80 pc, which would correspond to the size of

the elementary cells of star formation in galaxies. While this and similar
automated procedures are an improvement over past methods, there is still a

certain degree of subjectivity involved.

. I find direct evidence (from star counting) that OB associations in Sb
galaxies contain, on average, a smaller number of bright stars (around
30-40% less) than those in Sc galaxies. The sample is small, but the effect
is in the direction expected if early-type galaxies produce lower-luminosity

star forming regions because of a smaller number of stars formed, and not
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because of an IMF deficient in high-mass stars. in agreement with the result

of Appendix D previously discussed.

Finally, I have identified a number of blue star clusters from a visual search
of the HST images. Their photometric properties are comparable to those
of the blue clusters identified in M33 and the Magellanic Clouds, making at
least some of them populous cluster candidates. Not much more can be said
about them with V and I photometry alone. U or B photometry would help
to discriminate clusters from background galaxies, and to better constrain

the stellar populations.
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1. Introduction

Giant extragalactic Hi regions. ionized by the massive stars of their voung
embedded clusters, provide powerful tools for measuring the chemical composition
of the interstellar medium and for understanding the massive stellar populations in
external galaxies (see reviews by Shields 1990, Kennicutt 1991, Stasiriska 1996).
Evidence for abundance gradients across the disks of spiral galaxies was presented
by Searle (1971), following pioneering work by Aller (1942) on the radial trends
of emission-line ratios. The excitation of Hu regions, measured by the ratios
(OIII]/HB and [OIII]/[OIl], was found to increase with galactocentric distance.
and interpreted as an effect of the shift from infrared fine-structure transitions to
optical [OIII] emission as the principal cooling mechanism at the lower metallicities
typical of larger radii. Later work confirmed the existence of composition gradients
by direct observation of the [OIII] A4363 line at low abundances (e.g. Smith 1975).
To explain the observed gradients in excitation and in the equivalent width of the
HpB emission (EW(HfA)) an additional gradient of the color temperature of the
ionizing field, T., was proposed (Shields 1974, Shields & Tinsley 1976, Shields &
Searle 1978), with the ionizing radiation becoming harder with increasing radius.
The work of Shields & Tinsley (1976) suggested a metallicity-dependent upper
mass limit for star formation, M, o Z~'/2. It also pointed out that a change in
the temperature of the hottest stars is to be expected, even in the absence of a
metallicity effect on M, because of opacity effects that would lower the effective

temperatures of metal-rich stars.

Subsequent efforts were concentrated on this general picture, with the
calculation of extensive grids of single-star photoionization models. While Evans

& Dopita (1985) argued that the available data on the trends in the emission-line
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ratios was consistent with a single ionizing temperature (~ 41.500 K) and a
varying nebular geometry through changes in the ionization parameter. most
authors confirmed the increase of T, with decreasing abundance (Stasinska 1980.
Campbell et al. 1986, Vilchez & Pagel 1988), together with a possible increase in the
ionization parameter (Campbell 1988). Several mechanisms have been postulated
to explain this trend: a metallicity effect on either the upper mass limit of the
Initial Mass Function (IMF, Shields & Tinsley 1976), or its slope (Terlevich 1985);
increased stellar line blanketing (Balick & Sneden 1976) or internal dust absorption
(Sarazin 1976) with metallicity. The softening of the stellar ionizing spectra with
increasing abundance predicted by more recent stellar evolutionary models made
the introduction of these effects unnecessary for H i1 region models (McGaugh 1991,
Garnett & Kennicutt 1997). Moreover, the introduction of cluster photoionization
models, in which the single star with given T. is substituted by an evolving stellar
cluster synthesized with a given IMF as the ionizing source, has produced results
consistent with a so-called universal IMF (Garcia-Vargas et al. 1995, Stasinska &
Leitherer 1996).

There is still much interest in the functional dependence of the effective
temperature of the ionizing star cluster in a giant H o region on metallicity, even
though the absolute scale remains model dependent. T, is generally estimated
by (1) a method requiring the measurement of [OIII] A4363 (Stasiriska 1980),
and therefore restricted to high-excitation, low-metallicity objects, or (2) via the
'radiation softness’ parameter n = (O*/O*+)/(S*/S**) introduced by Vilchez and
Pagel (1988), following previous work by Shields & Searle (1978) and by Mathis
(1982, 1985). This method is based on the observation of strong lines, but requires
the measurement of [SIII] AA9069, 9532, which are strongly affected by atmospheric

water vapor absorption. Despite observational difficulties, and the uncertainties in
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the adopted stellar atmospheres and the atomic data for sulfur. n remains a rather

good indicator of .. at least in relative if not absolute terms (Garnett 1989).

The n method has been generally applied to studies of a few Hn regions
in individual galaxies, by combining it with the empirical abundance indicator
Ry3 = ([OII] + [OIII])/HB (Pagel etal 1979) to simultaneously constrain the
metallicity, the effective temperature and the ionization parameter (Diaz et al.
1987, Vilchez et al. 1988, Diaz etal. 1991). Recently Garnett & Kennicutt (1997)
studied the metallicity dependence of T. for 41 Hm regions in M101, using nebular
photoionization models to fit n and R,;. We extend here their work by analyzing
3650-10,000 A spectrophotometry of 95 Hr regions in 20 spiral galaxies. with two
main goals: to quantify the relationship bewteen 7. and the gaseous abundance,
and to constrain IMF variations with metallicity. The dependence of the physical
properties of the giant star forming regions on Hubble type is also investigated. To
this end photoionization models including as ionizing source either an evolving star
cluster or a single stellar atmosphere are computed, to study the effect of different

IMFs, and to estimate the dependence of the radiation field on abundance.

2. Observations and data reduction

The galaxy sample (Table 1) spans the Hubble sequence from type Sa to type

Sm, and should therefore provide good indication of trends of star forming region
properties with morphological type (and metallicity). Nearly all of the H 11 region
observations are new to this work, and were obtained by R. C. Kennicutt during
several runs in the 1988-1992 period; the few exceptions are indicated in Table 1.
The main observational material (redwards of HJ3) consists of MMT echellette

spectra; the 'blue’ spectra (which include the [OII] A3727 line) were obtained both
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at the MMT and at the Steward Observatory 90-inch telescope.

2.1. MMT echellette spectra

The Red Channel Spectrograph at the MMT was used in cross-dispersed mode to
obtain spectral coverage from 4700 A to 10,000 A. This allowed the inclusion of
all the main spectral features from H3 to [SIII] AA9069,9532. In this observing
mode a 2" x 20" slit was cross-dispersed into five orders on a TT 800 x 800 CCD
(07625 pixel™! after binning), providing extended wavelength coverage combined

with intermediate resolution. Exposure times ranged from 5 to 40 minutes.

Data reduction included a few procedures particular to the echellette
observations (see also Skillman & Kennicutt 1993 and Kennicutt & Garnett 1996).
Standard stars frames taken at low airmass were used to trace the aperture for each
of the five orders and to remove the curvature introduced by the cross-disperser.
Wavelength and flux calibrations were accomplished with HeNeAr lamp frames and
observations of standard stars from Oke & Gunn (1983) and Massey et al. (1988),
respectively. The calibrations were checked for internal consistency using lines in
the overlap regions between adjacent orders. The residuals from the standard star
fits indicate a typical £0.05 mag accuracy or better in all orders except the reddest
one (A > 8000 A). Here the water absorption features in the near-IR introduce a
larger uncertainty in the flux calibration. The extinction was then modeled as a
function of wavelength by tracing the absorption features observed in the standard
star spectra. This procedure satisfactorily removes most of the unwanted telluric
features around the [SIIT] AA9069, 9532 lines, as indicated by the mean observed
A9532/A9069 ratio = 2.47 £ 0.05 (the theoretical value is 2.44).

One-dimensional spectra were extracted with variable apertures, typically 8
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Table 1. The galaxy sample
Galaxy Type® Mg.® vo® Source of?
(km s1) Blue Spectra

NGC 224 (M31) SbI-II -21.61 -10 90"
NGC 598 (M33)  Sc(s)ILII  -19.07 69 90
NGC 5194 (M51) Sbe(s)I-II -20.72 541 90"
NGC 3031 (MS81) Sh(r)LII  -20.75 124 MMT
NGC 628 (M74) Sc(s)I 20.87 861 MRS
NGC 1569 SmIV -15.34 144 90
NGC 2403 Sc(s)III -19.47 299 90", MRS
NGC 2841 Sb -20.65 714 MMT
NGC 3310 Sbe(r) -19.94 1073 90"
NGC 3351 (M95) SBb(r)II -19.78 641 MMT
NGC 3368 (M96) Sab(s)II -20.53 758 MMT
NGC 3521 Sbe(s)IT -20.50 627 ZKH
NGC 3623 (M65) Sa(s)II -20.60 675 MMT
NGC 4258 (M106) Sb(s)II 91.17 520 MMT
NGC 4736 (M94) RSab(s) -19.93 345 MMT
NGC 4861 SBmIII -17.76 836 90”
NGC 5236 (M83) SBc(s)II -20.24 275 Dufour+
NGC 5701 (PR)SBa -19.62 1424 MMT
NGC 6384 Sb(r)I.2 -21.40 1735 MMT
NGC 7331 Sb(rs)I-1I -21.72 1114 MMT

aFrom Sandage & Tammann 1987; corrected to Ho = 75 km s~! Mpc~!

b90”: B&C + Steward Observatory 90-inch telescope; MMT: Red Channel + MMT;
MRS: McCall etal. 1985; ZKH: Zaritsky etal. 1994; Dufour+: Dufour etal. 1980
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arcseconds, but depending on the seeing and the size of the objects. centered on

the peak of the Ha emission line.

2.2. Blue spectra

Coverage of the 3650-5100 A spectral range was obtained with two different
instruments and setups. The majority of our targets in early-type galaxies were
observed with the Red Channel CCD spectrograph on the MMT and a slit
size of 2" x 180”. These observations have been described in detail by Oey &
Kennicutt (1993) in their project on abundances in early-type galaxies. However
new one-dimensional extractions were made, to match the extractions of the red

echellette spectra.

Additional objects (marked 90” in Table 1) were observed with the B&C
spectrograph on the Steward Observatory 90-inch telescope (600 groove mm™!
grating blazed at 3568 A, 9 A resolution), with a 4”5 x 180" slit. Standard
reduction procedures for these long-slit data were followed. The H m regions in
three galaxies (M31, M33 and NGC 2403) were observed in the red also with the
90-inch telescope (300 groove mm~™! grating blazed at 6690 A, 20 A resolution),
thus providing an additional check on the corresponding MMT echellette spectra.

Examples of combined red+blue spectra covering the whole spectral range
for two of our targets are given in Figure 1. These were chosen to show the large
variation in the excitation, measured by the ratio of [OIII] AA4959,5007 to HS,

present in our data.
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Figure 1 Examples of combined red+blue spectra: (top) a low excitation H 11 region
in M51; (bottom) the brightest H i region in NGC 4861, a high excitation object.



2.3. Analysis of spectra

The emission line fluxes for the atomic transitions of interest were measured
with the IRAF task SPLOT, by integrating over the line profiles. We assumed a
stellar underlying continuum Balmer absorption equivalent width of 2 A. the mean
value found by McCall et al. (1985) in their H 1 region sample. and calculated the
reddening with the Hao/HfB and HB/H« ratios. Table 2.2 lists the measured fluxes.
corrected for reddening, for the most important emission lines, as well as offsets in
arcseconds from the galaxy nucleus, and the EW(HB). The latter is an average of
the values obtained from the two echellette orders containing the H3 line and the
blue spectra. As in Kennicutt & Garnett (1996), who analyzed H 11 region spectra
in M101 taken with the same setup as the observations discussed in this work, the
quoted errors were calculated by adding in quadrature the contributions from the
statistical noise, the calibration (~ +£3%), the flat fielding (~ +1%). the relative
scaling of the echellette orders (~ +4%) and the uncertainty in the reddening
corrections. A 20% uncertainty was assigned to the combined [SIII] AA9069,9532

flux.

We performed a few tests, in order to check the quality of the data. In
Figure 2a the [SIII] A9532/[SIII] A9069 ratio is plotted against the empirical
abundance indicator R;3. The observed values are consistent with the theoretical
one. The density-sensitive [SII] A6716/[SII] A6731 ratios (Figure 2b) fall near
or below the low-density limit (= 1.42), with an average value of 1.37 + 0.02,
therefore justifying the assumption of low-density (10-100 cm™3, Osterbrock 1989)
made for the model nebulae (¢f. Section 3). In Figure 3 our data (filled circles) for
two excitation sequences, [OII]/HS vs [OIII]/HB and [OIII]/HB vs [NII]/Ha, are

compared to the data of McCall et al. (1985, open circles), consisting of emission
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[sm] 9532 / [SlI] 9069

[sn]) 6716 / [Sn] 6731

Log Ry

Figure 2 Observed line ratios for the sulfur lines compared to the theoretical values:
(a) The [SIII] A9532/[SIII] A9069 ratio plotted against the empirical abundance
indicator Ry3 = ([OIl] + [OIII])/HB. The theoretical value is indicated by the
dashed line. (b) The [SII] A6716/[SII] A6731 ratio plotted against Rp3. The low-

density limit is indicated by the dashed line.



TABLE 2.2. Reddening-corrected line fluxes.

No. Offset® fom form] Hel NI (st {stm EW(H3) Name®
a J 3727 495045007 5876 654846583 671646731  9069+9532
M31
1 -I5T 344 209 11 Til4 lUEl 21 1 %5 128 P7
2 -840 -498 160+8 40+£2 133 127 %5 Tx2 86+ 14 8 P258
3 -1165 -7I7 184%14 3901 10%5 88%8 666 50 + 8 375 P286
4 838 -663 206x11 301 21 IT4%7 81+3 1l 135 P309
5 S61 -377 &1l B8T£3 163 I37%6 66+ 2 70+ 10 243 P120
6 867 1972 33018 86x4 /Bx2 89%4 Bl 97 103 P79
M33
1 824 -24 1568 84122 I13x1 A1 Bl 95+ 15 111 NGC588
2 553 420 224+l 2359 13x1 322 21 95+ 15 337 NGC604
3 -20 13 W12 16897 I5%1 552 2zl 124+ 19 244 NGC585
M51
1 34 12 38x10 T8 03 74%6 2+6 0%0 15 CCM 37A
2 IS 30 010 010 0+5 T70%8 229 00 5 CCM 6A
3 3 59 %3 0%1 921 105%4 02 04 72 CCM 107
4 70 138 1066 18x3 10%2 1626 T3 537 37 cCM 10
5 83 108 T0x6 04 02 12%7T 927 B9 13 COM 71
6 88 82 573 8x1 91 I10%6 922 609 61 CCM 72
T 90 -135 885 22%3 9:1 15326 23 65+ 10 116 CCM 55
8 104 -1I6 104+6 24£3 02 162%6 63 T 12 82 CCM 53
9 66 50 8317 35%+21 98 172%13 4511 98 12 P CCM 84
10 60 119 15716 4213 D0x6 14413 T £ 10 0%0 15 CCM 81
11 -134 -188 167410 705 10£3 I61%8 04 T 16 90 CCM 71A
12 59 -125 91%9 TET 0+3 1688 54%6 0%0 17 CCM 68
13 -3 -2 487 04 02 120%7 $5x7 0%0 19 CCM 64
M8l
1 107 291 249+% 101%14 1326 [15%9 6x7T 81+ 13 53 HK268, GSI
2 40 -250 262+38 120116 137 UUl%9 418 63+ 13 40 HK343-50, GS2
3 -200 89 339+ 252+19 I13+5 938 06 1S = 17 285 HK767. GS4
4 -3 -9 M0 106%14 1247 1351l Tixie 8L % 14 80 AKT413. GST
5 -196 292 2222 89+13 13£6 15910 80%8 12 168 HK652. GS9
6 92 300 I91+22 159%17 13%7 12210 98 6711 87 HK500-9, GS11
T 4T 260 33439 7T1+26 12+9 126%12 Sl 11 83+ 13 62 HK453, GS12
8 M6 7T 139433 48431 1216 14121 4120 68+ 16 295 HK230, GS13
9 27 845 209236 90273 14210 48213 313 544 12 150 Minchl
10 -142 526 156+31 415+23 IS5 7646 66 611 369 Miinch18
NGC 628
I 49 52 196+16 4810 {4%5 (2828 ]’EE 90+ 14 a1 H292
2 -4 -2 152%15 28213  10%7 L4410 56+ 8 5849 89 H451
3 60 -107 245+18 37+6 113 129%7 644 8113 108 H572
4 42 -6 25522 58%18 12210 104%13  S4%12 7212 51 H598
5 42 -I54 235%15 189+ 14 1426 53+8 08 %0+ 14 84 H62T
6 186 86 418+2 1I1x8 12%3 815 x4 8413 32 HI54-155
T -89 192 32517 1578 12+2 71244 93 7L 10 173 HI3

39



TABLE 2.2. (continued)

No. Offset® {om {orm Hel NI fsm (st EW(H) Name®
a § 3727 495945007 5676  6546+6583 671646731  9069+9532
NGC 1569
1 -7 3 116%x6 92337 0%l 6+0 12%0 50%7 94 HK45
2 25 -12 100%6 895+36 19%1 101 181 5% 5 263 HRZR
NGC 2403
1 96 35 300£15 2TI0 20x2 80E4 B3 118 £ 19 174
2 45 S5 2001l 48%6 4kl T4£d 4T%3 £ 17 6
3 -186 45 U112 2369 l4x1 M2 92 98 + 15 160
4 10 32 228412 18B4%7T Mzl S1%2 9x2 110 + 16 63
5 -I133 -146 258+ 13 460+ 19 I3+2 30%2 41£3 11 £ 16 125
6 63 49 234£2 35%19 91l L6:16 8616 68 + 13 84
T 185 136 207T+£12 46128 1234 126 12£6 639 29
8 45 69 35+41 1T 14220 S0x24 8+24 8818 142
9 484 137 40625 25457 10:10 24213 39+ I3 53411 11
NGC 2841
I 29 -6 I1M+14 2£13 16x7 154211  61%10 020 45 HK27
2 42 8 6413 15%11 05 1139 68 00 23 HK51
3 2 77 43%7 5%7 03 12710 61:9 0+0 3 HKS2
$ 0 71 8T &7 9%4 0+2 145%9 07 54410 82 HK62
NGC 3310
1 -9 -6 267+14 38016 121 53%2 a1 T4 %12 251 HK53
2 6 I 40821 204%9 9%2 474 U+3 312 68 HK3S
3 1 5 269+14 31413 13£1 61£3 Bl 74 16 82 HK8S
NGC 3351
1 14 6T 14 0+4 02 T7%6 08 0%0 14 HR4S
2 58 -I135 10446 233 92 1607 %+3 824 14 102 HK80
3 88 -26 564 11£3  9%2 1845 3B+3 52 10 132 HKIO0l
4 -105 -86 I37+7 3222 112 1797 523 T8+ 13 96 HK109
5 29 -192 2813 938 94 1428 59%5 TS 11 124
NGC 3368
1 54 -24 8125 18+3 8+3 IS1%8 8B4 100 + 13 40
2 -52 25 13148 44 01 14929 56+ 8 4125 125
NGC 13521
1 13 97 18921 [10+44 1421 10924 T2 82413 us
2 -5 80 11915 2010 4%l 150%6 92 609 66
3 8 47 22021 312 I13x1 128%5 57T %2 518 73
NGC 3623
i -3 -86 1246 1745 10£3 1096 66 3247 15
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TABLE 2.2. (continued)

No. _ Offset* fom form Hel [ [sm {sTmj EW(HJ) Name®
a & 377 495945007 5876  6548+6583 671646731  9060-+0532
NGC 4258
1 -318 183 364%19 10026 0%l 97T%9 a9 0%0 61
2 -152 -37 3WIEIT  200£9 11+£3 9x6 Y W17 %
3 -32 141 236312 9244 0%l 126%7 82+6 86 + 16 7w
4 =25 130 219%11 128+5 102 104%4 73 103+ 16 148
5 <19 121 248+13 95+4 18+2 11815 664 217 104
NGC 4736
1 3% 9 26+l 17+£5 I12+1 1345 82 103 = 16 178 HKS
2 3% 3 1910 67+3 13+2 1357 56+ 2 121 £ 19 65 AK9
T 20 14 174+9 45%4 9£2 1557 543 STx8 138 HKAS
4 <38 9 1739 M2 9%1 174£7 63+3 67 £ 10 62 HK52
5 -39 20 203+10 904 12+1 156%6 2911 T4 198 HK53
NGC 4861
1 0 0 1I5+6 79+33 11xl 51 T 50+ 9 154
2 6 6 192+10 6532 1242 9%3 26+ 4 68 % 11 130
NGC 5236
1 53 58 4612 413 827 LITxIl 438 2:7 21 D2
2 -103 11 95%16 513 8%7 I26%10 518 %+7 3t D3
3 -224 -27 4518 45213 137 135%10 08 76+ 12 80 D5
4+ -262 126416 20£13 126 15310 54%7 5829 84 Ds
NGC 5701
1 -7 87 209%11 1869 15%2 IIT£5 4515 103 £ 15 153
2 79 60 216+12 11526 12%4 137£10 618 81+ 16 190
NGC 6384
1 -2 -83 1811l 505 0%2 I48%8 86 98+ 14 80
2 51 3 BLz10 547 04 120+27 3113 oxo0 80
3 53 45 11510 188 0x4 145+12 (106 67+ 11 6
4 -2 76 28616 718 IT£5 28 72410 00 )
5 41 70 256%15 928 0%3 95%16 50 + 14 0£0 6
6 130 110 285%17 22512 10%4 728 102£13 84214 54
NGC 7331
i -6 52 225+21 43£13 Q%S I129%12 5210 0x0 64 HKSS
2 -3l 27 23216 388 0x3 14949 105+ 9 0xo0 28 HK98
3 -32 16 200%21 42%17 O0%5 I43%10 691l 00 13 AK101
4 2T 80 250£16 12611 0%3 130%8 /a7 6212 3 HK40
Notea to Table 2.2.

Fluxea given in units of HF = 100
*Positive in E and N directions

by,

ing of catalog

HK: Hodge & Kennicutt 1983; H: Hodge 1976; P: Pellet etal. 1978;
CCM: Carranza etal 1969; GS: Gamett & Shields 1987; D: Dufour etal. 1980

11
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lines for 99 Hu regions in 20 galaxies (six are in common with our sample). but

limited to A<7500 A. The sequences for the two datasets closely follow each other.

3. Photoionization models

In order to interpret the emission-line data for our H 1 regions, a set of nebular
models were calculated with CLOUDY (Ferland 1996), version 90.01. Given the
spectral energy distribution (SED) of the ionizing source (both a single star and
a stellar cluster were considered), the ionizing photon luminosity, the chemical
composition and the geometry of the gas, the code solves for the ionization and
thermal equilibrium of the nebula. A relevant aspect of the version of the code used
for these calculations is the inclusion of Opacity Project data. For our models the
important change (approaching a factor of two) with respect to previous versions
of the code regards the O* photoionization cross section, which no longer shows a
jump at the 2s - 2p edge. A further change in the OII - OIII balance is caused by
new collision strengths for some OIII lines. To assess the effect of the new atomic
data on the final results, a set of single-star photoionization models (described in
the next Section) were calculated with an older version of CLOUDY (v. 84.12),
and compared with the results of v. 90.01. The newer version predicts an average
decrease of the [OII] line intensity of approximately 20%, mostly counterbalanced by
an increase in the [OIIl] emission. The effect on the empirical abundance indicator
is an average A(log Rz3) = log Ry3(v. 84) — log Ra3(v.90) =~ 0.028 (log Rz3 = —0.3
to 1.1), decreasing from A(log Ra3) ~ 0.07 at log R23 = 0 to A(log Ry3) ~ —0.01 at
log Ry3 = 1. This translates into an approximate 0.025 dex increase in the (O/H)

abundance scale, based on the calibration given by Zaritsky et al. (1994).

In the following the input parameters of the models will be described, and the
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model results will be shown in terms of diagnostic diagrams. Tables containing the

predicted intensities for the most important emission lines will also be presented.

3.1. Input parameters

Spectral energy distributions

As mentioned above, to better interpret the data two different SEDs were

considered as the ionizing source:

Single star - The line-blanketed LTE Kurucz (1992) stellar atmospheres, which

include the effects of bound-free opacity from heavy elements, were adopted for

consistency with the cluster models. The logg = 5 models were chosen to match
the nebular metal abundance (Figure 4). Nebular models were calculated at

Z =0.112Zp,0.25 Zg, Zg and 2 Zg, and for Ly = 37,500 K, 40.000 K, 45,000 K,
50,000 K and 60,000 K.

The choice of the available stellar atmospheres (e.g. Hummer & Mihalas 1970,
Mihalas 1972 and Kurucz 1979) produces well-known differences when computing
H 1 region photoionization models (Skillman 1989, Evans 1991). Non-LTE, line
blanketed atmosphere models which include the effects of stellar winds are now
becoming available (Kunze et al. 1992, Schaerer & de Koter 1997). The predicted
modifications, especially on the He II continuum above 54 eV, with respect to older
models have important consequences for the ionization structure of H o regions
(Stasinska & Schaerer 1997). In spite of the complexity of this field, our choice
of the Kurucz models is justified by our goal, which is to construct a sequence of
effective temperature vs metallicity, rather than define an absolute scale (in this

regard, see the discussions in Skillman 1989 and Garnett 1989).

Star cluster - Following the work by McGaugh (1991), who considered as the
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ionizing photon source for the model nebulae a zero-age cluster synthesized with
a pearly-Salpeter IMF and stellar evolutionary tracks by Maeder (1990). different
authors have calculated cluster SEDs with different IMFs and the newer stellar
models from the Geneva or Padova groups, taking into account the temporal
evolution of the clusters (Garcia-Vargas & Diaz 1994, Cervifio & Mas-Hesse
1994, Garcia-Vargas et al. 1995, Leitherer & Heckman 1995). These evolutionary
population synthesis models showed the importance of later stages of massive star
evolution (Wolf-Rayet phase) in the emission-line spectra after 3-4 Myr from the

initial burst of star formation.

For our nebular models we adopted the SEDs calculated by Leitherer &
Heckman (1995), as presented in Leitherer etal (1996a) (available either via
CD-ROM or anonymous ftp). These SEDs (Figures 5, 6 and 7) were calculated
for four different metallicities (0.1 Zg, 0.25 Zg, Zgy and 2 Zg) and three IMF's
(@ = 2.35 and My, = 100 Mg, a = 2.35 and M, = 30 Mg, a = 3.35 and
M., = 100 Mg, where the IMF is given by dN/dm o« m™ between My, = 1
Mg and M,,), at 1 Myr intervals from 1 to 25 Myr. The stellar models of Maeder
(1990) and Maeder & Meynet (1988) were used for the synthesis, together with
Kurucz’s (1992) atmospheres for the non-WR phases, and the non-LTE models
of Schmutz et al. (1992), which include the effects of an expanding atmosphere,
for WRs. Both the instantaneous burst and the continuous star formation results
were used in our photoionization models. The latter were calculated for ages 1 to
6 Myr, since at older ages most clusters will lack the necessary ionizing luminosity
to produce an Hu region (Garcia-Vargas & Diaz 1994). For more details on the
cluster SEDs, the reader is referred to the original paper.
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SED: Burst t = 6 Myr
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Nebular gas parameters

The abundance of the gas is consistent with the metallicity of the ionizing
stars. The solar elemental abundances are adopted as defined in Grevesse & Anders
(1989). To take depletion of refractory elements onto dust grains into account
the elements Mg, Al, Ca, Fe, Ni and Na were depleted by a factor of 10, and Si
by a factor of 2 (Garnett et al. 1995), relative to the solar abundance (consistent
with Garnett & Kennicutt 1997). The He abundance was scaled according to
Y=Y, + AY/AZZ, where Y = 4y/(1 + 4y), y = He/H by number. and Z is
the metallicity (Zg = 0.02). We have adopted Y, = 0.23 (Pagel etal 1992), and
AY[AZ=2.5, but this value is uncertain. Table 3 summarizes the adopted solar
composition, with the above-mentioned depletions taken into account. A few
models were also calculated for a N/O ratio dependent on metallicity (larger N/O

at higher abundances).

The adopted geometry was spherical, with a constant gas density n = 50 cm™3,
and with a filling factor ¢ adjusted so as to obtain models with three different
ionization parameters, logU = —2,—3 and —4. The dimensionless ionization

parameter U is defined as

_ Qpo
U= 4w R3nc’

where Qgo is the number of hydrogen-ionizing photons (E > 13.6 eV) emitted per
second, R, is the Stromgren radius, n is the hydrogen density and c is the speed of
light. U depends on the electron temperature, T., through the Stromgren radius

dependence on the case B recombination coefficient ag(T):

y =
41 agnc

R (3 Qm )‘/3



Table 3. Adopted solar abundances

Element log abundance*
He........... -1.00
O -3.44
|\ (R -3.95
0 2 -3.07
Ne........... -3.91
Mg.......... -5.42
Al........... -6.53
] S -4.75
N -4.79
Ar........... -5.44
Ca.covvnant -6.64
Fe........... -5.33
Ni........... -6.75
Na.......... -6.67

arelative to H

Table 4. Qg.o/Qpe from model stellar atmospheres

Zﬂ’(K) 2 Z@ Z@ 0.25 Z@ 0.1 Z@
60,000....... 0.35 0.38 0.45 0.48
50,000....... 0.26 0.28 0.32 0.34
45,000....... 0.20 0.22 0.25 0.26
40,000....... 0.10 0.10 0.10 0.11

0.01

0.01

0.01

0.01
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with ag(T) o T, so that we can rewrite
U = A(Qgone®)'/3.

with A o< T:-%/3. We had therefore to iterate a few times. from an initial guess for
the filling factor, to obtain the desired log /. A few models were calculated for
n = 10 cm™2 and n = 150 cm™3, to estimate gas density effects, which are quite

strong at higher metallicities (Diaz et al. 1991).

We fixed the total number of ionizing photons to @ go = 10°! s™1, the equivalent
of ~90 O7 V stars (Vacca 1994), which, assuming a standard IMF, corresponds to
an initial cluster mass of 3 2 x 10* Mg (including stars in the 1-100 Mg range).
The exact value is of no practical importance, since it acts as a scaling factor, and
models with a given ionizing spectrum shape and differing @Qgo, n and ¢, but with
the same U are homologous, producing the same emission-line relative strengths (as
long as the density is below the critical limit for collisional de-excitation) and the
same nebular ionization structure. The initial cluster mass considered here is large
enough that our models remain unaffected by the stochastic effects described by
Garcia-Vargas & Diaz (1994) and Cervino & Mas-Hesse (1994). We also emphasize
that CLOUDY computes nebular models in which a compact ionizing source lies at
the center of a spherically symmetric gas distribution. We don’t expect significant
changes in the case of a more extended ionizing source (e.g. a loose OB association)
as long as it remains unresolved by the spectrograph slit, since the emission-line
properties are controlled by a quantity integrated over the volume of the nebula
(the ionization parameter). From our data we do not see any measurable effect
related to the fact that for the nearest galaxies the slit aperture is sampling a
region much smaller than the Stromgren radius. The integration along the line of
sight through the nebula is likely to be responsible for this.
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All of our models are ionization-bounded, with the calculation stopped at a
gas temperature of 100 K (the optical opacity of the gas is negligible even at a
much higher temperature), and include a 30 km s~! turbulent velocity term. This
additional velocity field increases the line widths (already broadened by thermal
motions), affecting the energy budget of the Hm regions. A cooling of the nebulae
results through infrared fine-structure lines, which can become optically thin as a
result of the line broadening. The effects of dust have not been taken into account.

except for the depletion of refractory elements.

3.2. Model results

A useful quantity that can be readily estimated from the stellar atmosphere SEDs
is the ratio of He® ionizing photons (A < 504 A) to H ionizing photons () < 912 A),
QHeo/Qpo, for each metallicity and L5. For a particular atmosphere model, this
ratio describes the hardness of the radiation field, and has been used (Mas-Hesse
& Kunth 1991, Garcia-Vargas & Diaz 1994) to define an equivalent ionizing
temperature, T,,, as the Lz of a star whose SED produces a given Qg.o/Qgo. A
calibration of this ratio for the Kurucz (1992) logg = 5 atmospheres is given in
Table 4. Clearly the radiation field becomes harder as Zg increases and at lower

metallicities.

The Qp.0/@Q o ratios for the cluster models are shown in Table 5. As pointed
out by Garcia-Vargas et al. (1995), the evolution of T., is non-monotonic at higher
metallicities, due to the hardening of the radiation after the WR phase sets in.
This effect disrupts the T., — metallicity relationship which is clearly present for
ages smaller than about 3 Myr. The effects is stronger with increasing metallicities,

because of the larger number of WR stars produced.



Table 5. Qg.o/Qpo from cluster models

age Agvﬁ.v 2 N@ N@ C.M.m N@ 0.1 N@
M,, = 100 a =235
| 0.19 0.22 0.30 0.35
2 0.11 0.15 0.24 0.29
K S 0.27 0.22 0.13 0.16
: S 0.29 0.21 0.18 0.10
S S, 0.29 0.31 0.14 0.05
6. .. 0.24 0.25 0.01 0.03
M., = 30 a=2.35
| 0.07 0.08 0.12 0.15
2 0.05 0.07 0.11 0.14
K 0.03 0.05 0.09 0.13
4. ... 0.01 0.03 0.06 0.11
> S 0.18 0.01 0.03 0.06
6. 0.24 0.20 0.01 0.03
M., = 100 o =3.30
| S 0.17 0.19 0.26 0.30
2. ... 0.10 0.13 0.21 0.26
K 0.18 0.15 0.12 0.16
: 0.23 0.15 0.13 0.10
;N 0.25 0.25 0.10 0.05
L I 0.20 0.21 0.01 0.03
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A direct comparison of our model results with those of other authors is
made difficult by the use of different input parameters and photoionization codes.

3. was compared

However, a small set of solar composition models. with n = 10 cm™
with the models by Stasinska & Leitherer (1996). The latter were calculated with
the code PHOTO (Stasiriska 1990) and the same cluster SEDs used in the present
work, for different cluster masses. Due to the evolution of the massive stars. the
total ionizing luminosity (and hence the ionization parameter) is a function of
cluster age, while in our models we have kept it constant, in order to set the
ionization parameter to the desired values. The Stasiriska & Leitherer models for
cluster masses M. = 10® and 10° Mg and ages between 1 and 6 Myr (M., = 100
Mg) have a ionization parameter in the range —1.6 to —2.9, and can therefore be
compared to our logl = —2 and -3 models. Figure 8 shows the comparison
regarding [OIII] A5007 vs HB and [OII] A3727 vs HB. There is a good agreement.

considered the differences in ionization parameter between the two sets of models,

and the different photoionization codes used.

Our models are here presented in the form of tables and figures, and will be
discussed in the following sections. The tables are appended at the end of this

Chapter (Section 7).

Plots with the model results

A set of figures follows, comparing the cluster models with the observations.
The same model sequences are shown for the single-star models (Figures 9-17),
the cluster models with burst star formation mode (Figures 18-26) and the cluster
models with continuous star formation mode (Figures 27-35). In the case of the

cluster models the plots show the results from 1 to 6 Myr for the three IMFs
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considered: My, = 100 Mg, a = 2.35 (Salpeter). My, = 30 Mz. a = 2.35.
and M,, = 100 Mg, a = 3.30. Different symbols are used for the 3 ionization

parameters (log U = —2, —3, —4), as explained in the captions.
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Figure 9 Single-star model results for [OII]/[OIII] vs Log Rqs, for log U = ~2 (top),
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Figure 11 Single-star model results for He I A\5876/HS vs Log Rz;. See Figure 9 for
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Figure 12 Single-star model results for EW(HB) vs Log Rz;. See Figure 9 for
explanations.
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Figure 13 Single-star model results for [SII]/[SIII] vs Log Rj3;. See Figure 9 for

explanations.
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Figure 14 Single-star model results for [NII]/[OIIl] vs Log R,;. See Figure 9 for
explanations.
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Figure 15 Single-star model results for ([SII}4{SIII])/HB vs Log R;. See Figure 9
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Figure 18 for explanations.
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4. General results

In this section we will discuss a few results from the models presented in Sect. 3.2.
The analysis of T. will follow in section 5. Both sections have benefited from the

procedures and results of the M101 work by Garnett & Kennicutt (1997).

4.1. Cluster ages (Figs. 18-26)

A perusal of the diagnostic diagrams corresponding to the cluster models with
burst star formation mode (Figures 18-26) shows that the models are in general
consistent with the data only for young ages (t < 3 Myr). The theoretical
predictions diverge considerably from the observations at later times. This does
not exclude that a few older H 11 regions are present in our sample, but the bulk of
the Hn region sequences shown are best reproduced by the 1 and 2 Myr models.
As a consequence of this age limit the T.,~metallicity relation discussed previously
would in general hold, since most of our objects would not be old enough to have
evolved their most massive stars into hotter WR stars. In turn, the observation of
a relation between T. and metallicity (Section 5) is probably an indication that a
limit on the age must exist, or that the WR. phase is not as important as predicted

by the evolutionary models.

In order to check if this result is peculiar of the adopted cluster models, we
examined the CLOUDY photoionization models of Garcia-Vargas et al. (1995), who
used different stellar models (the Padova sets of Bressan etal. 1993 and Fagotto
et al. 1994a,b) and stellar atmospheres for the hot stars (Clegg & Middlemass
1987) than the ones adopted by Leitherer & Heckman (1995). As an example the
evolution of 7/ vs Log Rj; from 1 to 5.4 Myr (the largest age considered in their

models) is shown in Figure 36. These models too are consistent with the data only
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for a limited cluster age interval, from ~3 to 4.5 Myr. These values are higher than
the best-fit age range (1-3 Myr) found in our models. It is well-known that the
adoption of different stellar evolutionary tracks is responsible for relatively large
differences in the emission-line spectra of model nebulae (Stasiniska & Leitherer
1996). WR stars are also treated differently between the Geneva and Padova
models; moreover the stellar atmospheres for WR stars differ in the evolutionary
models of Leitherer & Heckman (1995) and Garcia-Vargas efal. (1995). as
mentioned above. As our simple comparison demonstrates, the results we are going
to discuss are somewhat sensitive to the input physics and to the details of the

modeling.

An interesting result of our photoionization calculations is that the continuous
star formation cluster models (Figures 27-35) often provide as good a fit to
the observations as the burst models. While in the literature photoionization
calculations based on burst models are preferentially found, this suggests that
continuous models should also be considered as valid solutions. Star formation
extending over time (an age spread of a few Myr), as in the case of individual star
clusters formed in subsequent bursts, but close enough to remain unresolved by the
spectrograph slit, or ’extended bursts’ lasting a few Myr, are scenarios that deserve
further investigation. This is the case of 30 Dor, whose central ionizing cluster has
an age of ~3 Myr; there is however evidence for previous episodes of star formation,
as indicated by the presence of supergiants (Walborn 1991). These components of
different age are spatially resolved, but they would not be if 30 Dor were at a much
larger distance. Recent work (Garcia-Vargas et al. 1997, Gonzales-Delgado et al.
1997) indicates the coexistence of young (~3 Myr) and old (~8 Myr) components
in individual starbursts, supporting the idea of an age spread, and suggesting star

formation in multiple, subsequent bursts as a likely mechanism in giant H i1 regions.



Log 7'

Figure 36 n/ vs Log R,3 plots from the models of Garcia-Vargas etal. (1995). Each
plot is labeled with the corresponding model cluster age (from 1 to 5.4 Myr). The
lines connect models with the same cluster mass (0.12x10° My: triangles; 0.2x10°
Mg: squares; 0.4x10° Mg: pentagons; 0.6x10° Mg: circles) and different metallicity
(0.05 Zg, 0.2 Zg, 0.4 Zg, Zg, 2.5 Z)- Vertical lines are plotted when one of the
emission lines entering 7/ reaches zero intensity.



4.2. Ionization parameter (Figs. 13, 22, 31)

The plots presented in Section 3.2 show that the ionization parameters adopted
for the models bracket our data, which are clustered around log I = —3. This is
particularly clear in Figures 13, 22 and 31, since [SII]/[SIII] is a good measure of
U. Diaz etal. (1991) gave a calibration of U in terms of this ratio, which has been
refined by Garnett & Kennicutt (1997) to include the small metallicity dependence.
Given the model sensitivity of the sulfur line ratio, however, we will not derive a

new calibration here.

The comparison of the models with the observations indicates that a higher
ionization parameter is required at low metallicities. This decrease of U/ as the
metallicity increases confirms the result of previous investigations on Hu galaxies

(Campbell 1988, Stasiriska & Leitherer 1996).

4.3. Sensitivity to different IMFs (Figs. 18-26)

One of the main reasons to run this set of photoionization models is to check the
effect of different IMF's on the theoretical emission-line ratios, in the hope to define
constraints on the IMF variations with metallicity. However, different combinations
of cluster age, ionization parameter and IMF can reproduce the distribution of
observed points in the diagrams involving [OII], [OIII], [SII], [SIII] and [NII]. The
behavior of He I A5876 and EW(Hf) will be examined separately.

The two IMF's with slope a = 2.35 and a = 3.30 but having the same upper
mass limit (= 100 Mg) are virtually indistinguishable in our diagrams: nebular
spectra are insensitive to the slope of the mass function. For M,, = 30 Mg the
predictions are somewhat different, but the scatter of the actual data make it

difficult to say which IMF better represent the data. Things are complicated by



89

the effects of density at high metallicity: changing the density of our models to
n = 10 cm™3 (a value often used by other authors, see Garcia-Vargas et al. 1995
and Stasinska & Leitherer 1996) can have a noticeable effect on the predicted line

ratios.

To test Shields & Tinsley’s (1976) idea that the upper mass limit of the
IMF is lower at higher metallicity, we need to look at the model results for
higher-than-solar metallicities. At lower abundances some of the diagnostics
([OII])/[OI1I] vs Ras, 7 vs Ry, [OI1] vs [OIII]) rule out the low mass cutoff. At
higher metallicities the canonical Salpeter IMF fits the data somewhat better than
the low cut-off IMF for [OII}/[OIIl] and 7/, but it is difficult to reach a conclusion
on the basis of these considerations. We conclude that our qualitative comparisons

suggest a better agreement of the data with the canonical IMF.

4.4. The HS Equivalent Width (Figs. 12, 21, 30)

Dependence on Hubble type - Bresolin & Kennicutt (1997, see Appendix D) studied
the distribution of the Ha equivalent width (EW(Ha)) of H 11 regions in 10 galaxies
of different Hubble type to test the idea that different upper mass limits of the IMF
could be responsible for the changes in star forming region properties as a function
of morphological type. The photometrically-determined EW(Ha) values showed no
dependence on Hubble type.

The distribution of the equivalent width of Ha and HB for our Hn region
sample is shown in Figure 37. This plot confirms the result just mentioned: the
EW distribution is not a function of Hubble type. Since the equivalent width of the
Balmer emission lines is a measure of the ratio of the number of hot, massive stars

(producing the emission line flux through ionization of the nebula) to the total
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number of stars (producing the continuum). our result points toward the invariance
of the IMF across the morphological sequence. Bresolin & Kennicutt showed. from
the invariance of EW(Ha), that changes in the upper mass limit. if present. are

limited to M > 50 M.

Dependence on metallicity - The data show a weak dependence of EW(H3) on
metallicity, with a large scatter, likely due to an age spread in the Hu region
sample. A similar behavior was already measured by Searle (1971) on a small
sample of H regions in M101. This result was interpreted by Shields & Tinsley
(1976) as evidence for a gradient in the temperature of the hottest exciting stars,
which in turn led them to hypothesize an abundance-dependent upper mass limit

for star formation.

The photoionization models do not reproduce the observed sequence of
EW(HpB) vs Ra;. It is a well-known fact that the observed EW(HS) values of
extragalactic Hn regions are much lower than the theoretical predictions. The
usual interpretation is that an underlying population of stars older than the ones
responsible for the ionization of the nebulae is contributing to the stellar continuum,
thus diluting the ionizing radiation and reducing the equivalent width (McCall et al.
1985). Diaz et al. (1991) proposed the coexistence of stellar clusters of different ages
within giant H 1 regions, as suggested by spatially resolved observations (Skillman
1985, Diaz etal. 1987). Internal extinction due to dust which would affect the
nebular lines, but not the continuum, has been proposed as an alternate solution
(Mayya & Prabhu 1996, Garcia-Vargas etal. 1997). The dependence of EW(HS)
on both cluster age and upper IMF, combined with the problem just described,
make it difficult to derive a Lg-Z relationship from EW(HB). We will therefore

not attempt to use the observed EW(Hf) gradient to measure a T. gradient.
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Figure 37 Distribution of the Ha (heavy continuous line) and the HS (shaded region)
equivalent widths as a function of Hubble type: Sa-Sb (top) and Sbc-Scd (bottom).



4.5. The He I A\5876 line (Figs. 11, 20, 29)

According to the cluster models, the results for He I A5876 line are at variance
with respect to the other diagnostics introduced so far. In the case of the canonical
IMF the predicted intensity at high abundance is higher than observed. and the
IMF truncated at 30 My seems to best reproduce the data. A similar result
was obtained by McCall etal. (1985), who suggested an increase of the helium
abundance for high metallicity stars, so as to decrease the flux at the helium
ionization edge, therefore leading to a smaller He* zone in the Hn regions. Such
He abundance increase is included in the stellar evolutionary models (e.g. Schaller
et al. 1992), which were calculated for Yg ~ 0.30 and AY/AZ ~ 3. We wish

to explore other possibilities first. We note that the discrepancy is present for
the high-metallicity Hn regions, which have the weakest He I A5876 emission.
Often this was the weakest feature measured in our spectra, and for several of the
low-excitation objects it could not be detected. There are also a couple of effects
that could artificially lower the measured intensity of this line. The Na I night-sky
emission and the interstellar absorption (A = 5890 A) increase the uncertainty

in the measurements, especially for the weakest objects. While the first effect is
probably well corrected for, the absorption feature would tend, in some cases, to
lower the observed emission line intensity. Secondly the data need to be corrected
for the contribution of the underlying stellar continuum. Following McCall et al.
(1985) we have considered a EW = 0.5 A correction when presenting our data
and models (Figures 20, 29). Figure 38 shows how the agreement between the
models and the data improves when considering a higher (EW = 2 A) correction.
Lowering the density of the models to 10 cm™2 or considering a fixed solar He/H
nebular abundance ratio produces only a slight improvement. In conclusion, given

the uncertainties related to the high-abundance objects observations, we do not
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consider the above-mentioned discrepancy as a difficulty for our final conclusions
on the IMF. In fact the small gradient in the He I A5876 line intensity vs Rj3
(Figure 11) is consistent with the temperature gradient expected from the stellar
models.

4.6. The N/O abundance ratio (Figs. 14, 23, 32)

The [NII]/[OII] model sequences (Figures 14, 23 and 32) are not reproducing the
observations at low abundances. The actual data show weaker [NII] lines relative
to [OII] when compared to the theoretical values. Theory and observations could
be reconciled by considering a metallicity-dependent N/O ratio. Evidence for such
an effect in spirals has already been shown by several authors (e.g. McCall etal.
1985, Fierro et al. 1986, Diaz etal. 1991, Garnett & Kennicutt 1997), but there is
no general agreement on the functional relation between N/O and O/H, if it exists
at all (different spirals having different N/O gradients, Henry & Howard 1995).
In low-abundance irregular galaxies the N/O ratio is found to be independent

of O/H (Garnett 1990), supporting the idea of a primary origin for nitrogen at
low metallicity: nitrogen is produced out of C and O synthesized during the
evolution of stars. An abundance-sensitive N/O ratio would imply the presence of
a secondary component, that is N produced by C and O already present in stars
at their birth. The situation is less clear for S/Q, for which the existence of a O/H
dependence is uncertain (for example, see contradicting results in Diaz et al. 1991
and Garnett 1989). To represent a secondary component superposed on a primary
component for N in spiral galaxies, a few models were calculated assuming the

following relations (Garnett & Kennicutt 1997):
log N/O = —1.5 + (log O/ H +3.7) (log O/H > -3.7)

log N/O = —1.5 (log O/H < -3.7)
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Figure 38 Effects of model parameter changes on He I A\5876 vs Log Ras. The data
have been corrected for a 2 A equivalent width absorption from the stellar clusters.
A variable N/O ratio (see Section 4.6) has been adopted. Top: N = 50 cm™3; middle:
N = 10 cm™3; bottom: solar He/H for the 2 Zgmodels.



The results (Figures 39 and 40) are in much better agreement with the
observations, lending more credibility to the presence of a secondary component
for nitrogen in spiral galaxies, with a rather steep gradient. The models can now
reproduce the steepening of the [NII]/[OII] vs Rp; relation that occurs in the data
at Log Ra3 > 0.5. From the single-star models the increased scatter at large Ra3
can be attributed to the different Ly of the ionizing clusters. The main secondary
effect of the abundance-dependent N/O ratio is a shift of the 2 Z; models to
lower Ry3 values, due to the increased cooling of the nebulae caused by the larger
abundance fraction of nitrogen. Models with a fixed, solar N/O ratio would
therefore overestimate the metallicity for high-abundance objects (see discussion
in Garnett & Kennicutt 1997). Excluding this change at high metallicity. the
remaining diagnostic diagrams are only slightly affected by the different N/O ratio.
and, except for 1/ vs Ry3 (Figures 41. 42), will not be shown.

An important point to make about the [NII]/[OII] sequence is that it refers
to 20 spiral galaxies of different Hubble type. The tightness of the sequence is
telling us that the relation between N/O and O/H is similar for all these galaxies,
whatever the exact functional form might be. While for a few individual galaxies
(e.g. M33, see Vilchez etal. 1988, or M81, see Garnett & Shields 1987) a N/O
gradient seems not to be required, a 'universal’ abundance-dependent N/O ratio

seems to be necessary to explain the bulk of our observations.

4.7. Additional remarks

We have included the [OIII]/HA vs [OII]/[OIII] diagnostic diagram because it
was the only one presented by Garcia-Vargas etal. (1995) to conclude that no
IMF change with abundance is required to reproduce the observations. A look at

Figure 26 shows that the canonical IMF and the low cut-off mass IMF produce
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Figure 39 Effects of an abundance-dependent N/O ratio on the single-star models

for [NII}/[OII] vs Log Rj3. See Figure 9 for explanations on the symbols used.
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Figure 40 Effects of an abundance-dependent N/O ratio on the 2 Myr cluster models
for [NII]/[OIl] vs Log R,3 (burst SF). See Figure 18 for explanations on the symbols

used.
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Figure 42 Effects of an abundance-dependent N /O ratio on the 2 Myr cluster models
for n/ vs Log Ra3 (burst SF). See Figure 18 for explanations on the symbols used.
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rather similar results at young ages (1 and 2 Myr). It is true that the canonical
IMF is able to better reproduce both the high- and low-metallicity ends of the
sequence (the low cut-off mass IMF models miss the low-excitation. high abundance
objects). The same holds for the other diagnostics involving [OII] and [OIII] lines.
We feel however that the use of this or similar diagrams alone is not sufficient to

draw final conclusions on variations of the IMF.

5. Temperature of the ionizing stars

There is general agreement about the existence of Iz gradients in spiral galaxies.

Over the years there has been a debate over the cause of this gradient. whether it

is a reflection of a change in the upper IMF or simply an effect of stellar evolution
at different metallicities. In this Section we will use the simultaneous measurement
of n/ and Ry3 for a large number of H 11 regions to investigate this astrophysical

problem.

The large body of [SIIT] A9069,9532 observations presented here has been
made possible by the general availability in the late 1980’s of large-format CCDs
and their high sensitivity at near-IR wavelengths. Shields & Searle (1978) were
the first to point out the importance of the [SIII] lines to constrain the ionization
structure of Hn regions in the absence of temperature-sensitive lines, since sulfur
is an effective coolant through its near-IR forbidden lines and its fine-structure
lines at 19 and 33 ym. Mathis (1982, 1985) introduced a method to constrain
the relative effective temperature scale, based on the S*/S*+ - 0*/0 diagram.
The use of ratios of ionic stages of the same element makes this method almost
independent of nebular abundance. Absolute values of 7. are much more difficult

to obtain, due to the dependence on the adopted model atmospheres. Besides,
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there is a 'saturation’ effect for very hot stars, so that the method becomes less

useful at high temperatures.

The ’radiation softness’ parameter 1 was introduced by Vilchez & Pagel (1988)
as a modification of Mathis’ procedure, and is defined as

_ 0+/0*+
=S s

It is almost independent of ionization parameter, reddening, electron density and
temperature, and is linear with the observable quantity

,_ [O11] \3726,3729 / [OLIT] AX4959, 5007
™= "[ST1] A6717,6731 / [SIII] AA9069, 9532

which is only weakly sensitive to nebular temperature, but shows a dependence on

abundance and ionization parameter.

As a measure of the hardness of the radiation field, this parameter provides us
with an indicator of the Iz of the exciting stars of H m regions. The large difference
in the ionization potentials of O* (35.1 eV) and S* (23.2 eV) is responsible for
the sensitivity of n to the spectral energy distribtition of the ionizing radiation.
Spatially resolved observations of the Orion Nebula, NGC 604 in M33 and 30
Doradus in the LMC confirm the reliability of this method (Vilchez & Pagel 1988,
Mathis & Rosa 1991), even though Ali etal. (1991) questioned it on the basis
of possible effects of dielectronic recombination on the sulfur lines (the relative

coefficient has not been computed yet).

Applications of the n method to study the physical properties of extragalactic
Hn regions include the works of Diaz et al. (1987), Vilchez & Pagel (1988),
who derived a relationship between T. and abundance, Diaz etal. (1991) for
high-metallicity H i regions, and Garnett & Kennicutt (1997) for a large sample

of objects in M101. OQur dataset allows us the determination of n/ values for a
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large number of Hn regions in a variety of spiral galaxies. In the following we can

therefore examine the data in terms of variations of 7. with abundance and Hubble

type.
5.1. Diagnostic diagrams involving n/

The data show a clear trend of 7/ as a function of R,3, which is related to the
abundance sensitivity of the softness parameter (Figure 10). The single-star models
also indicate an increase of 7. as the metallicity decreases. According to the cluster
models, this is consistent with the expectations from the Salpeter, M., = 100 Mg
IMF (Figures 19, 28), for ages of 1 and 2 Myr (both burst and continuous star
formation modes). The points at low abundance (high R23) correspond to a
ionization parameter log U ~ —2. The bend of 7/ at larger metallicities is well
reproduced with a decrease in logU (~ —4 at 2 Zg). The models corresponding to
an upper mass limit of 30 Mg fail to match the data, both at high and low Ray3
values. Finally, the effects of an abundance-dependent N/O ratio are a lowering of

the R,3 values for the 2 Zg models, and a slight increase of 7/ (Figure 41)

5.2. T. as a function of metallicity and Hubble type

Caveat: The analysis that follows is to be considered preliminary, and at the time
of writing work is still in progress to better define the metallicity dependence of T..
The results of this section are very sensitive to the model surface fits adopted, and

should be regarded with caution.

To derive a relationship between 7/ and 7. we rely on the single-star models
that include the varying N/O abundance ratio (Figure 41). 1/ shows a dependence
on metallicity (K;3), temperature and ionization parameter. As we will find later,

the U dependence is small (but not negligible) when compared with the sensitivity
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to the other two parameters, and this allows us to express 7 = n/(T..Z). where
Z is the metallicity. Given that the ionization parameter for the Hu regions is
centered on the log U = —3 value, a planar fit to the n/ vs Ry3 models at fixed
U (logU = —3) was performed, without attempting a higher order fit. giving
the sensitivity to the models adopted and the corresponding uncertainties. This
is sufficient for our purpose to determine the relative T. scale as a function of

metallicity. We obtained:
T. =56.91 — 0.65 Ry — 13.33 log
with 7. in units of 10° K. Fitting log R,; instead of R,3 gives:
T. = 63.86 — 13.10 log R,3 — 18.30 log n/

which produces similar results for the calculated temperatures. Similarly for the
U — 7t relation:

T. =48.52 — 1.15 log U — 7.90 log 7.

These results show a considerable sensitivity of Ly to log Rz3, comparable to the
sensitivity to log#n/. The logU dependence, while considerably smaller, can be

neglected only to first order.

The limitations of this approach must be kept in mind. The planar fit
simplifies, by definition, the intricacies of the models in the R,; — n’ plane, and
consequently some information is lost. A look at Figure 10, for example, shows
that especially at low abundances the planar fit might not be a good representation
of the models. An estimate of the systematic effects introduced can be obtained by
looking at the iso-thermal lines resulting from the planar fit. These lines are shown
in Figure 43. The Hu region sample has been divided according to the parent
galaxy morphological type: early-type (Sa-Sb, open circles) and late-type (Sbc and
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later, solid dots). There are additional limitations to this technique due to the
effects of the ionization parameter on the nebular models. The results are also

dependent on our choice of stellar atmospheres, and on the photoionization code.

To express n/ as a function of abundance the indicator Rj3; needs to be
converted to a metallicity scale. Since there are different calibrations of this
parameter we have adopted the result of Zaritsky etal. (1994), who averaged the
calibrations of Edmunds & Pagel (1984), McCall et al. (1985) and Dopita & Evans
(1986). They provide a polynomial fit, repeated here for convenience:

12 + log (O/H) = 9.265 — 0.33 z — 0.202 z*> — 0.207 z> — 0.333 z* (z = log Ra3).

Figure 44 suggests that there is a similar H1 region T. distribution, albeit with a
large scatter, for spiral galaxies across the Hubble sequence. The T. gradient with
metallicity is also very clear. We have compared this gradient with the theoretical
predictions for stellar models at different metallicities in Figure 45. The models of
the Geneva group were used for the comparison (Schaller et al. 1992, Schaerer et al.
1993a, Schaerer et al. 1993b, Charbonnel et al. 1993). The predictions for the Zero
Age Main Sequence (ZAMS, dotted line) and for an age of 1 Myr (continuous line)
are shown for the 120 Mg, 85 Mg, 60 Mg, 40 Mg and 25 Mg models. Our Hn
region data have been binned and averaged to better show the T. trend. There is a
generally good agreement between the predictions and the observations. Given the
uncertainties and the model-sensitivity of our n/-T, calibration, and the intrinsic
scatter of the Hm region data, we can consider our result a rather good fit to the
theoretical predictions. We note that if the IMF is truncated at 30-40 Mg for
abundances above solar we should observe a much steeper 7. gradient, according

to the present stellar evolutionary models.

The He I A5876 — Rz gradient — As an additional test we have performed a planar
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Figure 45 Comparison of the Hno region Z-Tjz distribution derived from the
Ro3 — logn’ planar fit with the theoretical predictions for different stellar masses.
The data have been binned in metallicity and averaged (squares). Stellar models
are shown for the ZAMS (dotted lines) and for an age of 1 Myr (continuous lines).
Open circles are used for H1 regions in galaxy types Sa-Sb, solid dots for types Sbc
and later. The error bars refer to the dispersion of the data.
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fit to the model results for the He I A5876 gradient as a function of R3. The
resulting temperature distribution is shown against the metallicity in Figure 46.
The temperature gradient is consistent with the trend found from 7/. A cooling of

about 8,000 K is found between ~0.2 Zg and ~2 Zg.

6. Discussion: does the IMF change with metallicity ?

The investigation on the possible variations of the IMF in star forming regions has
often been stimulated by the Shields and Tinsley (1976) suggestion of a dependence
of the upper mass limit on metallicity, My, < Z~%/2, with a =~ 1. This followed
from theoretical considerations by Kahn (1974), who argued that the increase of
the interstellar grain opacity with Z would, as an effect of the consequent increase
in radiation pressure, prevent further accretion onto a new star, and set an upper
limit to the luminosity-to-mass ratio. Shields and Tinsley’s theoretical EW(HS)
vs T, (temperature of the hottest stars present) relation was, with the measured
gradient of EW(HS) in M101, only marginally consistent with a dependence of M,,
on Z. Adopting a Salpeter slope (' = —1.3) for the IMF, instead of the steeper
value used by Shields and Tinsley (I' ~ —3), would make the inferred T, gradient
inconsistent with a significant dependence of M,, on metallicity (Scalo 1986).

Direct counts of massive stars in resolved star clusters and OB associations
in our Galaxy, the Magellanic Clouds and a few other Local Group galaxies do
not show a variation of the IMF with the galactic environment or the metallicity
(Massey et al. 1995a,b, Hunter et al. 1997). For more distant star forming regions,
studies of the nebular recombination lines (e.g. Garcia-Vargas et al. 1995, Stasinska
& Leitherer 1996) and of the UV resonance lines (Robert etal. 1993) also point

to a 'universality’ of the IMF. In the previous sections we have compared several
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Figure 46 Comparison of the Hm region Z-Ljg distribution derived from the
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emission-line diagnostics for a large H i1 region sample to theoretical photoionization
predictions, and have accumulated evidence for an invariance of the IMF with
metallicity. We will conclude with some comments on our results. also in order to

summarize them.

The photoionization models with star clusters as ionizing sources often are.
for the reasons explained in Section 4.3, difficult to interpret. However. taking
into consideration the whole set of line diagnostics that we present. there is an
indication that the canonical, Salpeter IMF is preferred over the low-M,, mass
function. The former generally gives a better fit not only at small abundances
(where the presence of high-mass stars provides the necessary high ionization
parameter), but also at high metallicities, indicating that the upper mass limit is
not sensibly decreasing over a large metallicity range. As mentioned earlier, no
conclusion can be reached about the slope of the IMF. Our results are of course
not only affected by the details of the nebular models (gas physical properties.
the photoionization code and the atomic parameters used in it). but also by the
shape of the ionizing continuum (determined by the stellar evolutionary tracks
and the model atmospheres). Uncertainties in any of these will propagate to the
final results. The adoption of different stellar tracks, for example, can produce
non-negligible effects on the computed emission-line intensities (Garcia-Vargas
1996, Stasiriska & Leitherer 1996). The effects on the ionization structure of Hu
regions of the more recent atmosphere models, including departures from LTE and

stellar winds, should also be investigated in detail.

The single-star models, though lacking the more complete approach of the
cluster models, are also less complex and easier to interpret. We have derived

a calibration of the softness parameter 7/ in terms of 7. and Rj3, based on our
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choice of stellar atmospheres. We derive a T. gradient of ~ 7000 — 8000 K over the
0.2 —2 Zp metallicity range (the precise value of the high-abundance end is however
uncertain, due to well-known difficulties in modeling Rj3; at such metallicities. see
Oey & Kennicutt 1993). This is confirmed by the radial trend of the He I A5876
emission line intensity, and is consistent with the trend predicted by the 1 Myr
Geneva stellar tracks. Metallicity effects on stellar evolution and atmosphere
blanketing naturally produce a 7. gradient with a fixed IMF. If M, < Z~%/2 we
find that the T. gradient should be at least twice, ~ 15,000 K, over the same
metallicity range. Therefore, not only our observations are consistent with the
canonical IMF, but they also rule out that the upper mass limit strongly depends
on metallicity, in the way proposed by Shields & Tinsley. A milder dependence is
not excluded, given the uncertainties in the stellar and nebular models. and in the
procedure used to derive T.. The lowest M,,, value which is still consistent with
the data at Z = 2 Zg is ~60 Mg (with M,, ~ 100 Mg at low metallicities). The
stellar tracks at older ages become steeper with metallicity, so they would not be

appropriate for the comparison.

Finally, the Hn region properties that we have examined, in particular T. and
the Balmer line equivalent widths, do not show a dependence on the morphological
class of the parent galaxies. As we have seen, the ionizing stars of giant H 11 regions
in Sa galaxies are as hot as those in Sc’s and later type, once we account for the
difference in metallicity. This result, together with the lack of a dependence of
the equivalent widths on Hubble type, points to a similarity of the upper IMF in
these vastly different stellar systems. Other physical causes must be responsible
for the different properties of their star forming regions, namely the difference in
luminosity and spatial density per unit galactic mass, across the Hubble sequence.

As also suggested by Bresolin & Kennicutt (1997), some mechanism is producing
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on average smaller ionizing clusters. and in smaller number. in early-type galaxies

than in late-type galaxies.

6.1. Tests for the upper IMF: what is next?

The analysis of nearby planetary nebulae and small H 1 regions ionized by a
single star, in the Galaxy and the Magellanic Clouds, would be important to test
photoionization models similar to those presented here. A simplification in the
interpretation would result from the ionization being provided by a single star
rather than a star cluster. The observation of extragalactic Hu regions in the
far-IR, including the [OIII] 52.88 pm and [SIII] 19.33 um lines, would also help
in the determination of Lz (Rubin etal. 1994), but the inferences for the IMF
would still be model-dependent, since the nebular lines are produced by a complex
interaction between the ionizing flux from the massive stars and the surrounding

medium.

A direct signature of the massive stars in star forming regions is provided by
the resonance UV lines Si IV 11400 and C IV A1550, which can put constraints on
the upper IMF, in particular its slope a (Sekiguchi & Anderson 1987, Mas-Hesse &
Kunth 1991). The sensitivity of these stellar-wind lines to the mass function derives
from the wind momentum - luminosity relationship valid for individual stars
(Kudritzki et al. 1996), combined with the mass — luminosity relation. Recent HST
results on the required line-profile analysis show how the method can constrain the

upper IMF (Leitherer etal. 1996b).

The only direct method to measure the upper IMF in star forming regions,
counting individual stars, remains unfortunately limited to nearby galaxies. Even

the investigation of the IMF in a handful of H 1 regions and OB associations beyond



113

the Magellanic Clouds (Hunter et al. 1996a.b) awaits confirmation by spectroscopic
observations, since the IMF cannot be reliably determined from photometry alone.
The painstaking job of classifying stars and measuring their brightness. in order to
place them in an H-R diagram, can be carried out with current instrumentation
only in a small number of galaxies. While this might be sufficient to investigate the
influence of metallicity or location within a galaxy on the star formation process.
more indirect methods such as the ones mentioned above are still required to
study the IMF in a variety of galactic environments, and to better understand the

starburst phenomenon and the massive stellar content of galaxies.

7. Tables with model results

We present here the tables containing the detailed results for the photoionization
calculations discussed in Section 2.3: Tables 2.6 (a—c) for the single-star models.
Tables 2.7 (a-i) for the stellar cluster models with burst star formation mode, and
Tables 2.8 (a-i) for the stellar cluster models with continuous star formation mode.
We report the predicted intensities (relative to H3 = 100) of the most important
emission-lines: [OII] A3727, [OIII] A\4959+5007, He I A5876, [NII] A6548+6584,
[SII] A67164+6731 and [SIIT} A9069+49532 in columns 2 through 7. We also give
log Ra3 (column 8), log 1 (column 9), and the equivalent width of H3, EW(HS)
(column 10). The latter was calculated considering both the stellar and the
nebular continua. The first column in each table is the g of the corresponding
stellar atmosphere for the single-star models (Tables 2.6), and the age in Myr for
the cluster models (Tables 2.7 and 2.8). The models are subdivided into the 4
metallicities studied: 0.1 Zg, 0.25 Zg, Zg and 2 Zg. The caption in each table

specifies the ionization parameter (log U), and the parameters of the IMF in the
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case of the cluster models (M,, and the slope ).
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TABLE 2.7¢ TARLE 2.7
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TABLE 2.70

TABLE 2.Tn

CLUSTER BURST MODELS Myp = 100 My, 0 = 3.30 logl) = -2
Age [O11) (O] Hel (NN} [st) (S} logRys  logn  EW(NA)
012
1 38 928 10 10 6 42 0.08 -0.62 27
2 41 856 10 10 [ 46 0.95 -0.38 34
3 65 685 1] 13 [ 61 0.87 -0.08 108
4 145 474 9 8 3 64 0.79 0.48 7
] 285 n8 [ 19 [] 66 0.70 1.08 40
(] 323 138 3 92 (] 64 0.66 132 29
0.25 7
1 63 049 n 19 10 74 101 -0.20 228
2 1] 800 n 19 8 78 0.94 -0.10 223
3 V22 [1}] 10 35 8 1 0.80 0.38 140
4 a8 508 n 24 8 a7 0.82 -0.00 77
8 60 596 10 28 8 63 0.82 -0.00 30
6 66 36 2 10 n 83 050 168 2
by
\ 72 n 1] 30 10 70 0.26 0.68 24
2 174 49 14 67 12 106 0.36 1.48 200
3 58 106 15 47 20 61 0.2) 0.23 141
4 0 16 16 u n 8 0.10 -0.06 10
5 o4 n? 1] % 20 L] 0.56 0.22 68
[} 64 261 14 " 18 60 0.60 -0.24 k))
2l
! 02 1 b3 89 " 04 -0.0) 2.05 216
2 78 2 13 84 12 19 -0.10 2.68 178
k] Q [} 1] 13 3 " -0.82 a1 102
4 b1 K] 25 b1 £] 18 -0.24 0.03 66
8 40 n 23 kY] 19 %4 0.05 -0.16 40
a4 64 70 19 63 Kk k1] 0.13 0.0 18

CLUSTER BURST MODELS Myp = 100 Mg, 0 = 3.30 Yogl! = -3
Age  [ON]  [OM]  Hel NI (sn) IS logRyy  logn  EW(NI)
01 %o
1 167 682 1] 40 Px] 66 0.87 0.7 uh
2 182 624 1] 48 22 1] 0.856 -0.07 M2
3 20 186 1] 66 2 62 0.78 0.12 174
4 n 249 ] n 26 7 0.72 0.n 75
b kPX) 1b b 23 1] L}] 0.04 0.83 41
[} kK] 66 k] 100 8 40 0.60 Q.80 10
0.26 Zp
1 279 590 1 90 42 93 0.04 0.0 236
2 203 481 11 02 40 00 0.89 [Nk kil]
3 ne 283 10 106 41 1] 0.78 0.34 143
4 249 370 10 06 42 7% 0.79 0.08 ]
[ b1 11 422 10 1] 45 12 0.81 0.07 k11
4 k2T 4 2 165 44 69 0.66 1.40 b1
la
1 191 o8 16 126 83 106 0.48 0.5 m
2 209 a4 13 t41 68 1 044 0.80 e
K] 10 0l 15 100 64 a7 0.32 0N 144
4 n 1o 4 07 60 02 0.35 0.09 ™
§ 186 179 Ih 1268 B0 78 n.66 o.m L31]
[}] 150 200 L} 14 72 70 0.58 -0.06 a8
2 74(.)
| 04 8 19 9 49 7 0.4 [RY] 22
2 A7 4 K 85 40 n -0.20 1.2 189
3 2 i % o8 4h 28 0.7 042 1
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TABLE 2.8

CLUSTER BURST MODELS My = 100 My, 0 =330 logl/ = -4
Age (O11] [O))  Mel [NW) s} [SM]  logRyy  logn  EW(HJ)
0.1 %Zo
[} kY] 130 1} 107 67 n 0.66 0.06 260
2 J8 1o " 106 66 30 0.64 0.16 247
3 325 (1] ] 105 63 26 0.60 0.20 m
4 K1) 49 8 104 62 2 0.55% 0.45 n
] 208 18 6 102 LX) 18 0.60 0.67 L1]
6 284 10 3 100 63 [} 0.47 0.84 a0
0.26 7y
| 519 143 1] 2008 10 68 0.82 0. 238
] 502 108 N 199 124 64 0.78 0.32 231
3 42 54 ] 184 [11] 47 0.70 048 140
4 L 89 ] 182 |1 4 on 021 L1}
] 400 122 ] 181 130 0 072 0.00 V]
6 308 2 2 164 1068 2 0.49 1.48 2
%o
! a a0 “ 267 e 88 0.56 0.60 222
? 264 19 12 236 167 n 0.45 0.81 200
3 243 64 13 20 17 (1} 0.47 0.19 145
4 pll) 68 13 232 194 66 0.49 0.01 10
[ 350 103 15 296 250 7% 0.66 0.0 87
6 326 108 14 278 w 12 0.64 <004 n
22
! 84 6 " 167 1o 61 0.06 0.03 234
] (] 3 12 138 102 a7 .16 1.08 181
3 88 12 18 163 135 k14 0.00 o.M Ho
4 e 16 20 184 164 16 0.13 [ K1) 7
§ 150 25 20 216 198 65 0.24 0.23 49
[} 172 40 19 238 %7 60 0.34 -0.02 19

CLUSTER CONTINGOUS MODELS Myp = 100 Mgy, 0 = 238 logl! = -2
Age  [ON)  [O)  diel  [ND) O {SH) (S} logRya  logn  EW(NA)
0.1 79
] a8 1023 10 10 [} 39 1,02 -0.63 650
2 ] 000 10 10 (] 40 (Y] -0.50 he7
3 k1] 036 10 10 [} 42 (LX) -0.62 400
4 39 81 10 11} 6 43 007 0.40 n
L] bl a78 10 10 [ 43 0.96 047 M
(i} k1] an7 {i] 10 5 4 0.90 -0.46 "
0.26 7
! a3 [RE1 n 19 1] n 1.08 -0.43 683
2 K] 1050 n 19 10 7 1.06 -0.47 4
3 03 040 n 19 10 1L (K] -0.28 474
4 al 040 1] 18 10 7l 1.00 -0.42 kK[|
5 [1] 926 11} 19 10 70 0.99 002 18
a a0 a1 1} 19 0 10 0.99 0.42 190
%o
1 60 178 16 an 1A] T 038 0.9 036
2 [} 142 [ 8 10 72 0.32 0.52 A0
k] 68 ni 14 o 0 63 0.23 0.h4 486
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TABLE 2.88 TARLE 2.8¢

CLUSTER CONTINUOUS MODELS My, =100 Mg, 0 = 2.35 logl! = -3 CLUSTER CONTINUQUS MODELS M., = 100 Mg, o = 2.35 logi! = -4
Age [ON] (O] Hed  [NN) [sw) [SI5)  logRay  logn  EW(HA) Age [ON) [onmn)  Hel  [NN) {S1) (S)  logiys  logn  EW(HA)
0.t Zp 0.1 2o
1 []] 0644 10 46 k1] 66 0.91 0.4 672 1 324 153 " 109 69 kK] 0.68 0.00 [1.]
2 164 624 10 46 2 55 .90 -0.21 664 2 326 146 n s 68 3 0.67 0.03 671
3 169 686 10 46 23 66 0.88 -0.18 610 3 326 [k} }] 107 67 3 0.60 0.07 610
4 mn 561 10 7 2 54 0.86 -0.14 338 4 324 126 n w 67 3! 0.65 o.o8 344
[ 14 647 10 4 3 64 0.86 0.13 M ] N 120 n 108 60 30 0.65 n.oe 230
6 171 639 10 A7 23 b4 0.86 0.2 183 6 322 1ns n 106 6a 30 0.64 0.09 187
026 %o ' 026 %0
] 28 722 1] 1] 45 08 1.00 -0.08 603 | 648 186 12 206 138 (1] 0.80 0.14 606
1 283 666 " 9 “ 06 0.98 -0.03 673 2 630 166 n a2 14 a2 0.86 0.18 874
k] b L] 591 n 9) 9 0 0.04 0.02 482 3 621 143 n 200 130 1] 0.82 022 486
4 27 697 n 20 LX) 1] 0.94 -0.02 47 4 611 160 1} 206 132 68 0.82 017 350
] 208 588 n )] 43 20 0.83 -0.03 263 ] 504 148 1} 204 132 66 0.8) 0.90 260
[} 264 683 i 89 LH) 90 0.93 0.0 196 ] L)1 " " 200 132 i} n.81 0.16 190
o Lo
] 222 158 11 138 []] n7 0.58 0.43 600 ] 376 1] 4 200 196 a7 0.04 0.61 008
2 210 126 16 132 67 n 0.6 0.62 670 2 7 46 4 28) 184 1] 0.60 0.67 [LiB]
3 178 0 11 121 54 99 0.45 0.6) 470 3 302 40 14 268 173 L1] 0.63 0.56 470
4 164 "n 16 1e §7 ] 0.45 0.34 383 4 302 4 14 0 183 80 0.66 0.39 A2
[ 160 120 16 115 58 87 0.45 0.30 326 L 324 a6 14 M 196 a2 .50 032 na
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1% 272
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2 66 10 0 0 42 o8 012 1.06 647 2 110 L] 17 184 128 70 nn 0.87 nin
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4 67 4 23 75 41 40 -0.14 0.68 M1 4 100 " 19 V70 132 54 o4 0.n7 Anh
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TARLE 2.6p

TABLE 2.8

CLUSTRR CONTINUOUS MODELS Mup =30 My, 0 =236 logll = -2
Age [ON]) (O] med  NNY) sn) [SM)  logRas  logn  EW(HA)
017y
|} 65 684 10 13 6 61 0.87 -0.08 223
2 68 608 10 13 b 61 0.80 -0.02 220
3 62 53 10 4 13 52 0.86 0.02 218
4 (] 638 10 15 § 62 0.85 0.06 216
[ n 605 10 18 6 63 0.83 0.44 m
8 174 431 9 4 12 66 0.78 0.29 204
0.26 7o
| "3 632 tt k1] 8 80 0.8) 0.34 2056
1 (k1] 496 10 37 ] 81 .80 0.42 03
3 147 462 10 43 8 a1 0.78 0.60 198
4 169 420 10 62 8 81 0.771 0.59 196
6 198 163 9 04 9 A2 n.76 0T 188
[\ k¥ 7 8 1) ] 82 073 0.8 162
%o
[} |1} 22 10 14 " 123 033 1.88 170
2 11} 20 9 19 2] 124 032 1.91 174
3 193 18 ) 125 16 120 0.3 1.7 160
4 188 16 8 130 11 126 on 2m 165
b 185 13 7 136 16 125 0.30 2.00 152
6 167 12 [} 130 15 16 0.26 2.04 18
270
| 68 | 10 (1] 12 14 -0.16 2.78 imn
2 64 } 9 85 12 m -0.19 2.78 160
3 48 ] 8 70 n 92 -0.03 272 167
4 49 [} 7 1 [} 06 -0.31 2.76 148
] 4 |} 7 7 3] 81 -0.38 .67 14
[} 40 2 16 74 n []] -0.38 211 02

CLUSTER CONTINVOUS MODELS Myp = 30 Mg, 0 = 2.36 logl/ = -3
Age [ON] (O] Wel NN Isn) [S)  logRay  logn  EW(HA)
0.17%
| %0 380 10 656 2 82 0.78 0.12 230
2 221 n 10 67 n (1] 0.8 0.14 Vel
] 229 159 10 68 23 61 0.77 0.16 220
4 230 41 10 69 YX] 51 0.70 0.18 M
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] 204 276 9 L] 25 40 073 0.7 206
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TABLE 2.8¢

TABLE 2.8a

CLUSTER CONTINUOUS MODELS M., = 30 Mg, a = 2.38 logll = -4
Age [OH) [Om] Nl [NN) su} {SIN)  log Ry logn  EW(iI])
0.1 25
1 325 68 9 105 [.X] 26 0.59 0.20 2356
2 % (1] [ 106 63 20 0.69 0.31 232
3 3N 62 9 105 62 26 0.59 0.23 2
4 N 59 9 105 62 26 0.58 0.4 27
6 i 64 9 104 a2 M 0.58 0.36 223
(] a2 47 8 14 62 2% 0.50 0.40 208
0.26 %
1 449 56 ] 186 16 “ 0.70 0.48 203
2 443 62 9 184 na Lx 0.69 0.50 210
k] 438 48 9 183 14 42 0.60 0.63 204
4 430 “ 8 181 (1} 41 0.08 0.56 y{1]
[ 419 8 8 179 {1k 39 0.66 0.68 193
[} 407 M 17 1Y "2 kY 0.64 .60 148
%o
] 205 [ ] 204 143 64 LRk} 0.905 131
2 200 8 9 201 142 Y] 0.32 097 174
k] 193 7 8 197 140 50 0.30 1.00 170
4 184 (] 7 102 139 46 0.28 1.03 165
5 174 5 1 187 W (1] 0.26 1.07 162
6 16a 3 [} 182 136 4 0.23 0.08 19
27
] 85 ] 10 1”2 02 40 -0.25 116 174
2 54 | 9 20 02 s -0.26 1.19 167
3 49 ] ] 14 88 36 -0.30 1.22 159
4 38 | 7 [ 70 20 041 1.23 151
5 a8 ) (] 08 79 28 -0.41 0.09 116
0 30 3 n 84 7 23 -0.48 0.46 106

CLUSTER CONTINUOUS MODELS Mup =100 Mg, n =330 logl! = -2
Age  (OU]  [ONI]  He  (NIY {sm) {SI]  logfey  logn  EW(HA)
0.1 2o
! a8 047 10 10 a 41 0.99 -0.68 24
2 a8 21 10 10 (] 42 0.8 -0.61 Pl
3 a9 878 10 10 [ “ 0.4 -0.44 228
4 40 830 10 10 6 45 0.04 -0.40 189
5 40 800 10 10 ] 45 0.03 0.38 140
(] 41 180 10 1l ] 45 0.602 -0.34 "
0.26 2
! 02 o 1} 1} 10 ] 103 A4 pri]
2 63 047 " 10 ] " (K] -0.28 8
K] G4 840 i 10 0 75 0.96 -0.20 a0y
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1] 6} m 1] 19 9 n 0.02 0.0 "
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] 38 09 in 26 0 47 014 0.0 120
1l

1 68 n A 47 10 66 0.10 (K] a7
Y] 83 [} 2 [X] il 88 0.06 200 M0
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] 2 (] 26 b1 ] H 2 064 (K1 128
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TABLE 2.8u

TABLE 2.8

CLUSTER CONTINUOUS MODELS My, = W00 Mp, a =330 logll = -1
Age [OW) [OM)  Wel  NW) [S)  ISI)  logRyy logn  EW{HA)
0.1 7%y
[} 166 695 10 46 3 66 0.68 0.19 242
2 168 877 10 48 23 65 0.87 -0.16 242
k] 175 544 10 47 3 64 0.80 -0.1% 236
4 M 517 10 A P 54 0.84 -0.08 186
B 181 494 10 49 23 53 0.83 -0.07 152
(] 182 48} 10 49 FX] 53 0.82 -0.0h 12)
0.26 Z¢
] 216 628 " 90 42 04 0.96 -0.02 234
] 79 584 n 90 42 %] 0.4 0.02 2
3 280 52) n 1] 41 o (X )] 0.07 218
4 m 500 n 80 4] 88 0.89 0.0 187
5 266 495 1" 90 4 86 0.88 0.06 146
a 264 481 n a2l 42 85 0.87 0.06 e
Lo
] 193 m 13 126 56 106 0.48 0.62 22
2 187 02 113 124 63 104 045 0.60 224
k] 170 al 16 122 53 97 0.40 0.60 201
4 148 88 16 1" 63 86 0.37 0.43 176
6 144 06 15 112 65 82 0.38 0.36 146
(] 139 05 1 108 113 70 0.37 0.3 120
2 2@
] 64 10 20 80 41 64 -0.13 1.02 27
2 66 7 10 87 4) 65 -0.20 1.12 7
3 46 17 20 74 38 43 -0.28 0.89 187
4 45 8 7) 60 n 36 0.27 0.72 152
5 47 1 2 08 J8 k] -0.24 0.62 (K1}
[} 48 n 22 [i.] a8 0 -0.23 0.69 112

CLUSTER CONTINUDUS MODELS My, = 100 Mg, 0 =30 logll = -4
Age (O] O] Hel  (NN) {sm (S logRys  logy  EW(lH7)
0.t Zg
] 323 130 1} m 68 k1] 0.66 .04 0
2 kyl] 120 3} 107 67 K1} 0.60 0.0 m
k] 126 18 n 106 66 30 0.656 n.10 40
4 an 1o w0 100 0h an 0.64 012 200
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(] 320 o9 [} 106 a6 bl 0.62 0.15 124
026 %y
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2 h18 141 3] 206 120 (8 082 0.21 wm
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2y
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2 a6 k] 13 260 174 83 0.68 0.60 298
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[ 209 45 13 Y LK) 175 70 0.60 n.ar 148
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270
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1. Imtroduction

The investigation of extragalactic OB associations has been subject to several
difficulties for a long time. As summarized by Hodge (1986). the lack of
observational material with a uniform quality and the appropriate resolution.
combined with the subjectivity of the methods adopted by different authors to
identify the associations, introduced some confusion in the field, and produced
inconsistent results when comparing different works on the same galaxies. While
for the Magellanic Clouds and a few other Local Group galaxies the resolution
attainable with ground-based telescopes is sufficient for the purpose of studying
individually the most massive stars and their grouping properties. with HST it

is now possible to extend the investigation of OB associations to a number of
more distant galaxies with the required spatial resolution. Moreover, automated
algorithms have been introduced to identify OB associations in a more objective
and consistent way. After the works of Battinelli (1991) and Wilson (1991) on
the SMC and M33, respectively, automated searches of OB associations have been
carried out in a few other nearby galaxies (Wilson 1992, Haiman et al. 1994, Ivanov
1996). More recently one of these automated methods has been applied to the
distribution of Galactic OB stars (Wilson & Bakker 1996); the good match between
the groups identified and the known associations is indication of the reliability of

the technique.

Bresolin, Kennicutt & Stetson (1996, hereafter BKS; see also Appendix C
of this thesis) have begun to extend this line of investigation to more distant
galaxies, using HST images of a field in the giant spiral M101. They addressed
the question of possible variations of OB association properties, in particular size

distribution and massive stellar content, among galaxies. They concluded that
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the available data on the six galaxies studied until then with similar automated
methods by different authors were consistent with a universal size distribution and
average diameter. It is however desirable to study in a consistent manner a larger
number of galaxies following the same unbiased procedure. We present here the
results of an investigation of seven galaxies observed with HST. and to which an
automated search algorithm has been applied. Qur main physical motivation is
to verify whether the properties of regions of recent or current star formation. as
traced by the luminous OB associations, are dependent on the galactic properties.
particularly the Hubble type. This study can therefore complement the results
of other investigations on star forming regions in galaxies. based for example on
nebular diagnostics (Appendix A of this thesis). Information on the massive stars is
also obtained from the stellar luminosity function (Section 4) and the star clusters

(Section 5).

2. Data analysis

The observations were obtained as part of the HST Distance Scale Key Project, a
collective effort to study Cepheid variables in relatively nearby galaxies, in order
to constrain the Hubble constant (Kennicutt etal. 1995). In the Key Project
the stellar photometry of the V (F555W) and I (F814W) WFPC2 images of the
target galaxies is performed independently with DAOPHOT/ALLFRAME (Stetson
1994) and DoPHOT (Schechter et al. 1993). The present study is based on the
ALLFRAME photometry alone (except for NGC 4548, for which the DoPHOT
magnitudes are used instead), carried out by several of the team members; the
M101 photometry was obtained by the author, as described in BKS. Details about

the observations and the photometry can be found in the original Key Project
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papers (e.g. Ferrarese etal. 1996). Most of the seven galaxies in our sample
(Table 1) are late-type spirals, only two being of earlier type (Sb). Images of the
relative HST fields are shown in Figures 1-7. The distances adopted are those

derived from the Key Project work, as referenced in column 4 of Table 1.

The automated search for OB associations was carried out following the
procedure described in BKS, to which the reader is referred for details. Briefly. the
bright blue star candidates were selected by imposing magnitude (My < —4.76)
and color ((V ~ I)o < 0.23) cutoffs on the photometric data. While for M101 we
were able to use (B — V') colors for the selection, the lack of blue data for the
remaining galaxies prevented us from adopting the same criteria used by BKS. We
then re-analyzed the M101 data using the (V — I) selection criterion. The (B — V)
or (U — B) color indexes are more suitable for the selection of blue stars, and U or
B HST images of our target galaxies would have been of great help in this study.
A friend-of-friends method was applied to the spatial distribution of the bright
blue stars, in order to group them into stellar associations. Stars that, as seen in
projection on the sky, were found to lie closer to each other than a certain critical
distance, to which we will refer to as the search radius, were considered to belong
to the same association. The values of the search radius, defined as in our previous
M101 study as the length which maximizes the total number of associations
containing at least three stars, were found to vary from 35 pc to 84 pc, increasing
approximately linearly with the galaxy distance. To account for chance alignments,
and to limit our discussion to statistically significant stellar groups, we ran a series
of simulations involving random distributions of stars, having the same surface
density as the actual blue stars. We estimated the minimum number of stars (Npin,
found to vary from 4 to 7) that a clump should contain in order to be considered

a bona fide association, allowing for at most a 10% contamination from random
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Figure 1 HST image of NGC 925.
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Figure 2 HST image of NGC 2090.
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Figure 3 HST image of NGC 2541.
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Figure 4 HST image of NGC 3351.



Figure 5 HST image of NGC 3621.
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Figure 6 HST image of NGC 4548.
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Figure 7 HST image of M101.
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groups. We should however keep in mind that this is just a first-order correction.
since true OB stars are not distributed at random onto a two-dimensional sheet.
but are preferentially found in spiral arms and associations. away from dust lanes.

and with a non-zero scale-height perpendicular to the disk.

Maps of the association boundaries resulting from the automated search are
shown in Figures 8-14, where we also plot those stars that satisfy the magnitude
and color selection criteria defining the blue stars. Figure 15 shows more detailed
association maps in selected fields of NGC 3621, NGC 3351. NGC 2541 and
NGC 4548, chosen to represent the different distances and Hubble types in our
galaxy sample. It can be seen that some of the larger stellar groups contain two or
more sub-clumps. The latter can be identified as normal OB associations, which
tend to form larger stellar aggregates or complexes, having typical sizes of a few
hundred parsecs (Efremov 1995). A similar result was obtained by Wilson & Bakker
(1996), who found that ~25% of the groups identified by their automated algorithm
in fact contained two or more OB associations. The automatic identification of OB
associations within these higher-level structures would require the search algorithm
to be run locally, which would result in a smaller search radius (since the density of
blue stars is generally higher than in the surrounding areas), and therefore smaller
stellar groups. The automated algorithm can in fact be optimized for the search of
stellar complexes instead of associations (Battinelli et al. 1996). We did not make
any attempt to discriminate between these different hierarchical levels, as it would
require the application of the automated search to many different zones within
each galaxy field. However, when analyzing the size distributions (Section 3) we
need to keep in mind that most of the stellar clumps larger than 200 pc should be

considered as complexes, rather than single associations.
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This last consideration raises the question of the physical significance of

the stellar groups identified by the automated algorithm. In the end. this turns
into the question of how we define OB associations. The usual definition of an
association as a large, gravitationally unbound grouping of O and B stars (Blaauw
1964) is difficult to apply in the case of extragalactic systems where we lack the
spectral type and radial velocity information. Their 'looseness’ and the existence
of different levels of hierarchical structure (Efremov 1995) makes it very difficult
to unambiguously define the boundaries of 'real’ associations, especially on the
basis of visual photometry alone. Galactic associations show substructure in the
form of stellar sugroups of different ages, and their typical minimum largest initial
dimension is estimated at 40-50 pc (Blaauw 1991). With an average spatial velocity
of 4 km/s (100 pc in 25 Myr) the associations can expand to sizes of the order of 100
pc or more before losing their identity as a consequence of their dispersion into the
field population. To recognize associations at galactic distances we require a high
concentration of young, very bright stars. The friend-of-friends method described
above is able to recover these overdensities of bright blue stars rather successfully,
as the comparisons with known associations in the Galaxy and in nearby galaxies
attest. The typical dimensions (~100 pc) found for extragalactic associations agree
with those of the galactic OB associations. They also tend to form larger aggregates
or complexes, as they do in the Galaxy. It seems thus reasonable that the stellar
groups identified by our algorithm are in fact OB associations, in the same sense
valid for their galactic counterparts. We must restrict ourselves to these analogies,

however, given the observational limits on extragalactic resolved populations.
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Table 1. The galaxy sample

Galaxy Type® D (Mpc) Reference®
NGC 925 SBc(s)II-III 9.3 1
NGC 2090 Sc(s)II 12.1 2
NGC 2541 Se(s)IIL 10.2 3
NGC 3351 (M95) SBb(r)II 10.05 4
NGC 3621 Sc(s)IL8 6.7 5
NGC 4548 SBb(rs)I-I1 14.5 6
NGC 5457 (M101) Sc(s)I 74 7

3From Sandage & Tammann 1987

b]. Silbermann etal. 1996; 2. Phelps etal. 1997; 3. Ferrarese etal. 1997b; 4. Graham
etal. 1997; 5. Rawson etal. 1997; 6. Ferrarese etal. 1997a; 7. Kelson etal. 1997.

Table 2. OB association properties

Galaxy Search Npin No. of Average Median Average no.

radius assoc. diam. diam. of stars

(pc) (pc) (pc) all sizess D<200 pc
NGC 925 50 5 110 115+ gg+s%  18%3 0%}
NGC 2090 84 4 70 104%18  96*]3 6% 6+2
NGC 2541 48 5 64 116+15  81#2% 1943 1042
NGC 3351 58 4 73 87%,5 73 4 84 TH
NGC 3621 39 5 44 89+S 70 14% 10%2
NGC 4548 84 4 82 125%%  98*% 83 6+
M101 35 7 97 99*19 8o*,3 20%3 13%2
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Figure 8 Map of the OB associations in NGC 925. The bright blue stars used for
the association search are plotted.



NGC 2090
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Figure 9 Map of the OB associations in NGC 2090. The bright blue stars used for

the association search are plotted.



NGC 2541

Figure 10 Map of the OB associations in NGC 2541. The bright blue stars used for
the association search are plotted.
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NGC 3351
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Figure 11 Map of the OB associations in NGC 3351. The bright blue stars used for
the association search are plotted.
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Figure 12 Map of the OB associations in NGC 3621. The bright blue stars used for

the association search are plotted.
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NGC 4548

Figure 13 Map of the OB associations in NGC 4548. The bright blue stars used for
the association search are plotted.
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Figure 14 Map of the OB associations in M101. The bright blue stars used for the
association search are plotted.
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Figure 15 Details of the association maps in selected fields of four galaxies: a)

NGC 3621; b) NGC 3351; ¢) NGC 2541; d) NGC 4548.
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3. Association properties

The size distribution of the OB associations is shown in Figure 16. It confirms
the result of BKS, who, comparing M101 to the Magellanic Clouds. M31, M33
and NGC 6822, found a distribution similar to that of our galaxy sample, peaked
between 40 and 80 pc. No indication of a dependence on morphological type is
seen. The misidentification of a few aggregates as OB associations is suggested by
the tail of the distributions, above ~200 pc in diameter. Table 2 summarizes the
parameters used for the automated algorithm, namely the search radius and N,uin,
and some of the association properties, namely their total number, the average
and median diameter, and the average number of stars. The latter is given both
for all associations, regardless of size, and for associations smaller than 200 pc

in diameter, to remove the bias introduced by multiple associations. Given the
presence of a few large structures (aggregates and complexes), the median diameter
better represents the mean size of the OB associations. To show the sensitivity of
the final results upon the adopted Np;,, the quoted uncertainties were obtained by

varying its value by *1.

There are two interesting results about the average properties of the OB
associations which are worth discussing. First, the mean size is approximately
constant across the galaxy sample, the average of the median diameters being
84 £+ 10 pc. The average for the six galaxies examined by BKS is 78 +16 pc. This
finding is not new, having been pointed out by, among others, Efremov et al.
(1987) and Ivanov (1987), that associations represent the first, smallest step in
a hierarchical structure of star forming regions, with typical size equal to 80 pc.
More recently Ivanov (1996) gave an average of 84 +15 pc, determined from eight

galaxies, with photometry collected from the literature and heterogeneous color
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and magnitude cutoffs to isolate the blue stars. Qur result follows from an unbiased
procedure appplied consistently to seven different galaxies, all observed under the
same conditions. It lends support to the idea of the existence of an elementary
scale of star formation in the disks of spiral galaxies, as proposed by Efremov
(1995). For comparison with the typical dimensions of related objects. we note that
gas structures exist at different scales, similar to those of the star forming regions.
from superclouds (10 Mg) down to giant molecular clouds (103-10° Mg). from
which OB associations are formed (Efremov 1995, Elmegreen & Efremov 1996).
As regards the gas ionized by the associations, typical sizes for extragalactic Hu

regions range between 100 and 1000 pc (Kennicutt 1984).

Secondly, the average number of blue stars contained in the associations
appears to be a function of Hubble type: between 14 and 20 stars are found in
the Sc galaxies (excluding NGC 2090, which has a low density of blue stars, more
similar to Sb rather than Sc galaxies), 8 in the two Sb galaxies (NGC 3351 and
NGC 4548). This is unlikely to be an effect of differing resolutions, since NGC 3351
is approximately at the same distance of NGC 925 and NGC 2541. However, in the
late-type galaxies the automated algorithm detected a higher number of large-scale
structures than in early-type galaxies. These bigger clumps contain a large number
of stars, therefore biasing the average number of stars contained in associations.
Limiting the analysis to associations smaller than 200 pc (last column of Table 2),
the difference between early- and late-type galaxies is reduced, but not eliminated.
The OB associations in the Sb galaxies contain, on average, about half the blue
stars than Sc galaxies. This is an interesting result, since it confirms by direct star
counts more indirect suggestions that star forming regions in early-type spirals form
less stars than late-type spirals. Bresolin & Kennicutt (1997, see Appendix D of

this thesis), for example, argued that a change in the typical number of stars within
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the embedded clusters of extragalactic Hn regions is the most likely explanation

for the variation of the H i region population properties with Hubble type.

The stellar association number density varies by a rather large factor in our
sample, showing approximately the same trend found for the average number of
stars in the clumps. At the low-density end, NGC 4548 and NGC 2090 have
~0.5-0.7 associations/Kpc? (corrected for galactic inclination), while the remaining
Sc galaxies range from ~1.3 to almost 4 (in the case of M101) associations/Kpc?.
These values are however indicative only of the field observed with HST. usually a
small fraction of the entire galaxy. We can conclude that, while the number density
of OB associations and their number of blue stars show measurable changes among
galaxies, the average size of the associations and their size distribution remain

approximately constant.

4. The stellar luminosity function

We determined the slope of the V luminosity function (LF), s = dlog N/dMv,
for the stars contained within the OB association boundaries by performing a
weighted least-squares fit to the data, binned in 0.5 magnitude intervals. Only
stars brighter than a magnitude cutoff imposed by the completeness of the
photometry and having (V — I) < (V' — [)mq- were used in the fit, to minimize
the contamination from evolved stars. Similarly to the selection of the blue stars
used in the association search, a color index like (U - B) or (U — V') would have
been a better discriminator. (V — I}y, Was chosen by maximizing the slope of
the LF (analogous to the procedure of Freedman 1985, and adopted also by BKS),
and requiring that the formal error in the fit be < 0.06. In this way we avoided

the steep values sometimes obtained for very blue color cutoffs, but associated
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Figure 16 The OB association size distribution. The fraction of the total number of
associations is given as a function of diameter.
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with large statistical uncertainties (up to 0.2-0.3) due to the small number of stars
included in the fit. The results are shown in Figure 17. For each galaxy the slope
determined by the linear fit and the corresponding error are indicated. The values

of s lie in a restricted range, with an average
s =dlog N/dMy = 0.61 £ 0.03.

For a sample of 10 galaxies Freedman (1985) obtained an average slope of
0.67 & 0.03. More recent determinations fall in the 0.58-0.65 range (Hughes et al.
1994, Hunter & Thronson 1995). We must stress that the slopes thus derived
refer to the brightest stars in galaxies (My < —5); for somewhat fainter stars in
the Milky Way and the Magellanic Clouds the slope becomes considerably flatter
(Scalo 1986, Hill et al. 1994).

To better compare the LFs among our galaxies, we have scaled them to a
common zeropoint, after fitting each individual LF to a line of slope equal to the
average, s = 0.61. As shown in Figure 18 the data are consistent with a universal

slope.

4.1. Consequences for the upper IMF

The stellar luminosity function is rather insensitive to changes in the mass function:
Massey (1985) has shown that, over a range of only 2 magnitudes, luminosity
functions could not detect differences in the slope of the IMF as big as 1 or 2. The
situation improves with a more extended magnitude coverage. The LF is still a
useful parameter to measure for distant resolved extragalactic stellar populations,
for which stellar spectroscopy is not possible. Variations in the slope of the LF
(e.g. with metallicity or Hubble type) would point to possible large changes in the
upper IMF.
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Figure 17 The V luminosity functions for the associations. The slope of the least-
square fit to the LF is given in parentheses for each galaxy. The errorbars give v/N,
where N is the number of stars in each 0.5 magnitude bin.
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Figure 18 The V luminosity functions scaled to a common zeropoint, after adopting
the same slope in the linear fit (s = 0.61, the average of the values in Figure 17).
(Top) The data points are those resulting after imposing the color and magnitude
cutoffs used in the determination of the slope of the LF. (Bottom) The data points
are those resulting after imposing the color and magnitude cutoffs for the blue stars
used to define the OB associations.
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Following the procedure outlined in Scalo (1986) the range in s for our galaxy
sample would correspond to a change in the slope of the IMF of +0.5. probably a
lower limit for the actual uncertainty, which might be at least twice as large. Our
value for s would correspond to an IMF slope a > 3.0, steeper than the Salpeter
value (a = 2.35). However, it’s a well-known fact that the IMF cannot be reliably
determined from photometry of massive stars alone (Massey ef al. 1995a), which
also leads to calculate artificially steeper slopes (Parker & Garmany 1993). Besides,
the slope of the luminosity functions measured in extragalactic populations changes
with the magnitude range considered, being steeper (s ~ 0.6 —0.7) for the brightest
stars (My < —3) than for fainter main sequence stars (s ~ 0.3 for —4.0 < My <
—1.0, Hill etal 1994). Our luminosity function has been determined for stellar
populations brighter than My = —35, which are likely to be affected by evolutionary
effects. In fact the stars which are brightest in V' are not main-sequence O stars,
but rather less massive late-B or early-A supergiant stars (15-25 Mg, Massey
1997). This complicates considerably any inference on the IMF made from the LF.
We must limit the conclusion of this section to the invariance of the upper LF in
galaxies, which seems universal. This however provides very little constraint on the
variations of the upper IMF. Combining this information with line-emission ratios
studies (e.g. Appendix A) of the same star forming regions would at most provide
a consistency check between the two methods, and no additional constraint on the
IMF parameters. The reason is the relative insensitivity of broad-band data to the
mass and the spectral type of massive stars: a 100 Mg O3 main sequence star and
a 40 Mg 06 main sequence star differ only by 0.5 magnitudes in V (Massey 1985).
The effects due to the evolution from the main sequence (variations in the visual
brightness) and the mixing of stellar populations with different ages make it even

more difficult to derive constraints on the IMF parameters from the photometric
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data.

5. Star cluster candidates

Our HST images allow us to search the target galaxies for star clusters. albeit with
the limitations imposed by having just V and I frames. The discrimination against
background galaxies becomes then problematic; in addition, for the more distant
galaxies the clusters would remain almost unresolved, 10 pc corresponding to 072
at a distance of 10 Mpc. We therefore limited our search to galaxies closer than
~10 Mpc: NGC 3621, NGC 925, NGC 2541 and NGC 3351; clusters in M101 were
studied by BKS.

Cluster candidates were found by visual search of the images. Obvious
non-stellar objects (FWHM>2.5 pixels) with approximately spherical shape
(ellipticity smaller than 0.2) were retained, allowing a certain discrimination
against galaxies. We cannot be sure, however, that each one of our final cluster
candidates is in fact a cluster and not a background galaxy. Given the difficulties
involved in this procedure, no attempt at completeness was made, either. We
were however interested in the general properties of the cluster system in the
galaxies, like the presence of blue globulars. Our search was sufficient for this
purpose. The V and I magnitudes were obtained with aperture photometry, using
a constant-radius aperture, and applying an aperture correction (typically 0.2-0.3
magnitudes) derived from nearly isolated clusters. Table 3.3 gives the measured V'
magnitude and (V — I) color. The uncertainty in (V — I) is estimated ~0.1 mag,
but total magnitudes are more uncertain, because of the difficulty of measuring

total fluxes of extended objects in crowded fields.

The color-magnitude diagrams of the cluster candidates are presented in
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Figure 19. For comparison the corresponding diagrams for the M33 clusters
(Christian & Schommer 1988) and the Milky Way globular clusters (Harris 1996)
are shown. Except for a few 'red’ globular cluster candidates, the majority of the
star clusters in our galaxies have rather blue (V' — I} colors, comparable to those of
most M33 clusters and the 'blue’ globulars in the Magellanic Clouds. This property
is shared by M101, as shown by BKS. Even though the small number of objects
precludes any serious statistical analysis, if the blue objects found are analogous to
the populous blue clusters known in a few other galaxies their presence even in an
Sb galaxy (NGC 3351) seems to exclude a Hubble type dependence. There still
might be a dependence on galaxy morphology in the relative number of blue and
red clusters, since the former have preferentially been found in late-type spirals
(Kennicutt & Chu 1988). Our data do not allow us to investigate this possibility.
Blue data on a larger sample of objects would be desiderable to expand our

knowledge on the topic.

6. Conclusions

We have presented a study of the OB associations in seven spiral galaxies,
identified by objective means. Their properties, including their size distribution
and average diameter, and the luminosity function of their brightest stars, do not
vary significantly among galaxies, even for changes in Hubble type. These findings
support the suggestions about the existence of similarly-sized elementary cells for
star formation in galaxies, and the conclusion, obtained by more stringent methods,
that the stellar mass function is universal. We have found an indication that the
average number of stars in associations depends on morphological type, a direct

evidence of the Hubble type dependence of the typical luminosity of star forming
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regions found from H u region studies. Variations in Hubble type or metallicity do
not seem to have an influence on the formation of blue, populous star clusters. at

least not in the sense of precluding their formation in early-type spirals.



TABLE 3.3. Star cluster candidates

No RA (2000.0) DEC (2000.0) v V=1
NGC 3621
1 11B 18188 —32°50'32"8 22.69 1.37
2 11h18™188 -32°50'42"2 2233 0.68
3  11%18®19%0 -32°50°13”5 20.87 1.03
4 11P18™19%Q -~32°50°12'7 21.04 0.36
5 11P18™18%9 -32°50°24”8 23.38 0.79
6 11218m23%4 -32°50’53"7 21.34 0.32
T 1118230 -32°50'53“3 19.36 0.18
8 11218m924%1 —32°50°54"4 20.97 1.00
9 11218™ 184 —32°50°46”8 22.56 0.87
10 11P18=17°9 -32°51'46"0 21.86 0.14
11  11B18™180 -32°51°38"7 21.90 127
12 11%18=183 -32°50'56"9 20.89 1.31
13 11h18™180 -32°51°3079 19.79 -0.07
14 11®18™18%4 -32°50°4674 23.45 0.71
15 11B18™18%4 -32°50°4676 2295 0.73
16 11*18™183 -32°51'05"9 23.06 0.90
17 11%18=182 -32°51'20"9 23.10 0.65
18 11h18™184 -32°50’48"9 21.78 0.18
19 11P18™18% -32°50°56"2 23.83 1.53
20 11B18™14°%1 -32°5073372 2221 0.67
21 11b18m184 -32°50°38”9 22.04 0.67
NGC 925

1 22 27T 062  +33°35°10"8 24.10 0.73
2 2B 2TmO5%5  +33°35°12"7 22.83 0.33
3 2h27T™ 06T  +33°35'09”3 22.93 042
4 28 27m 0557 +33°35'12"1 2380 0.69
5 27T 045  +33°35'15"4 24.17  0.53
6 2R 27Tm (84  +33°36°18"8 23.77 1.12
7 2h 27m 083  +33°36'1272 21.74 0.27
8 2h27m g3  +33°36'1179 22.10 045
9 2R 27m (85  +33°34'5470 22.17 064




TABLE 3.3. (continued)

No RA (2000.0) DEC (2000.0) v V-1
10 2B27™09T  +33°3456"4 21.83 1.02
11 2827m06°8 +33°35'04"6 19.99 063
12 2827T™mO8'T  +33°34'5972 20.89 059
13 22970110 +33°34'52"9 2162 0.08
14 2827m10%0  +33°34°55”9 20.90 0.03
15 2B27Tm05%2  +33°34°021 2204 0.80
16 2027™m05'1  +33°33'58”5 21.73 0.63
17 2"27™06'2  +33°34'57"6 2352 1.8

NGC 2541
1 8h 14m 4007  +49°02°03"7 2249 0.65
2 8h14m436  +49°02°0279 2326 0.81
3 88 14™ 431 +49°01'55”6 21.76 0.08
4 8h14m456  +49°02°38"8 23.05 043
5 88 14™45'0  +49°02'45"2 22.75 1.12
6 8h 14m44%0  +49°01°3979 23.15 0.34

NGC 3351
1 10b43m529  +11°41'37%4 2282 0.58
2 10843™527  +11°41'42"1  23.18 0.82
3 10843m53°1  +11°41'277%6 2366 1.13
4 10P43m54%  +11°41'295 2211 0.72
5 10843™573 +11°41'4877 2230 0.09
6 10%43m54'9  +11°40°1870 2196 0.96
T 10843™53%3  +11°41°0972 2264 051
8§ 10843m49°0 +11°41'05"7 23.13 0.22
9 10%43m5000 +11°4Y1270 23.26 0.50
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ABSTRACT

The massive stellar content, the OB associations and the star clusters in an HST field in M101=NGC 5457
are investigated. A clustering algorithm yields 79 putative associations. Their size distribution is similar to
that found in the Magellanic Clouds, M31, and M33, with an average size around 90 pc. The V luminosity
function for the stars contained within the associations has a slope dlogN/dV=0.60%0.05, while an
average reddening E(B — V)=0.21 mag is measured. The stellar content is further discussed by means of
color-magnitude and color-color diagrams. Ages are estimated using theoretical isochrones, and range
between 3 and 14 Myr (+2 Myr). We find a suggestion that the upper mass limit of the IMF for stars in
OB associations in M101 may be quite high, contrary to some theoretical expectations that the mass limit
should be lower in a high metallicity environment. Forty-one star cluster candidates and two H I region core
clusters are identified in the M101 field, and their integrated photometric properties are compared with the
cluster system of the Large Magellanic Cloud (LMC) and M33. Most of the M101 clusters probably belong
to the class of young, populous star clusters such as are found in the LMC. Red clusters are rare in this field.
In the Appendix the objective finding algorithm is applied to the brightest stars in the LMC. © 1996

SEPTEMBER 1996

American Astronomical Society.

1. INTRODUCTION

OB associations provide valuable information on the
physical processes that govern star formation in galaxies.
Unlike star clusters, which are gravitationally bound systems
consisting of presumably coeval stars, OB associations are
loose, short-lived entities, and as such they are natural tracers
of recent or current star formation (Blaauw 1991). A better
understanding of massive stars has resulted from the inves-
tigation of these objects in the Galaxy and in the Magellanic
Clouds (Garmany 1994). The study of the spatial distribution
of OB associations can provide an insight into the mode of
star formation (stochastic versus density wave triggering),
while the size distribution of the associations is directly re-
lated to the question of the importance of the associations
and star complexes as fundamental building blocks of the
structure of spiral galaxies (Efremov & Chemin 1994). On
the other hand star clusters hold clues about galactic evolu-
tion on longer timescales.

The main advantage of studying OB associations in gal-
axies other than the Milky Way lies in the possibility of
and high levels of obscuration in the plane of the Galaxy.
However we must deal with the long-standing problem of
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tained at the which is
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identifying stellar associations in a consistent way for differ-
ent galaxies. Hodge (1986) pointed out how the measured
association properties depend on several selection effects,
among these the quality of the observational material and the
identification criteria adopted. To overcome this problem au-
tomated identification techniques have been recently applied
to nearby, resolved galaxies. In this work, which introduces a
project aimed at defining some of the properties of OB asso-
ciations and star clusters in different galactic environments
(metallicity, star forming activity, etc.), we present the re-
sults obtained for M101 with a similar objective technique,
and describe the methodology adopted for investigating as-
sociations and clusters in external galaxies. Our goal is to
analyze galaxies of different Hubble types and distances (up
to 15 Mpc with HST), in order to compare their OB associa-
tions, their star clusters, and their massive stellar content.
This can provide clues on the possible variations of stellar
populations and massive star formation among galaxies.
We present the observational material and the data reduc-
tion in Sec. 2. Results on the massive stars are discussed in
Sec. 3. The identification technique and the size distribution
of the OB associations in M101 are discussed in Secs. 4 and
5, respectively. In Sec. 6 we analyze the properties of the
stellar content of the associations. In Sec. 7 we draw some
tentative conclusions on the stellar IMF in the field studied.
The results on star clusters are presented in Sec. 8. In the
Appendix we apply the objective algorithm to the Large Ma-

© 1996 Am. Astron. Soc. 1009
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Fic. 2. Ha (line + continuum) image of M101 showing the HST field
studied in this work. North is at the top.

gellanic Cloud (LMC). A distance to M101 of 7.4 Mpc
(Kelson ez al. 1996) is adopted.

2. OBSERVATIONS AND DATA REDUCTION

The HST Distance Scale Key Project is observing 18 gal-
axies to detect Cepheid variables (Kennicutt er al. 1995). As
a by-product of this effort, a large number of WFPC2 images
of spiral galaxies is produced, suitable for the study of their
stellar populations. Figure 1 (Plate 39) shows the inner field
of M101 =NGC 5457 studied in this work (see also Stetson
etal. 1996). The apex of the four chips lies at
a = 14%03™240 and & =54°21'38" (2000.0), 1:8 NE of the
center of M101, as shown in Fig. 2. The filters used for the
observations were F336W (two 1200s exposures), F439W
(two exposures, 1000s and 1200s, respectively), FS55W (12
1200s exposures) and F814W (one 1000s and four 1200s,
exposures). The stellar photometry was carried out with the
multiple-fram  profile-fitting package ALLFRAME (Stetson
1994). In order to create a master list of stellar objects, a
median image of each chip, free of cosmic rays, was gener-
ated from all the available single-epoch images. Once the
stellar list was made using the PSF-fitting program ALLSTAR,
we performed the photometry for each of the single-epoch
images with ALLFRAME. The average magnitudes were cali-
brated and transformed to the UBVI system with the equa-
tions and zero points of Holtzman et al. (1995). For the fol-
lowing analysis only stars that were measured in all four
filters were retained, giving a total of 16812 stars.

Table 1 lists the typical photometric errors at various
magnitudes. The exposure times for the B and U frames
were not long enough to accurately measure stars fainter than
V~24. This imposes some limitations on the analysis of the
fainter stars, but not on the brighter ones which are of inter-
est here. The incompleteness in the V photometry was esti-
mated by reducing copies of the V frames of chip 4 (the most

TABLE 1. Median photometric errors.

\4 oy o oy oy
20-21 0.031 0.044 0.094 0.115
21-22 0.034 0.048 0.117 0.149
22-23 0.038 0.062 0.125 0.157
23-24 0.048 0.085 0.165 0.202
24-25 0.061 0.122 0.235 0.285
25-26 0.080 0.181 0.361 0432
26-27 0.107 0.242 0.529 0.618

crowded) to which 1,000 artificial stars were added. Virtu-
ally all stars down to V=25 were recovered, 93% at
V=25.5, 80% at V=26. However, in our study of the lumi-
nosity function (Sec. 6.1), incompleteness is seen to set in at
V~23.5 and appears to be more severe than stated above at
fainter magnitudes. Since only stars recovered in all four
filters were included, this can be ascribed to two causes:
shorter exposure times in B and U, and the fact that the
artificial stars were added at completely random places
within the field, whereas the majority of real stars are — by
definition — located in regions of higher-than-average stellar
density, and are therefore more subject to crowding and con-
fusion. Approximate completeness limits, without restriction
to stars detected in all four filters, are V~23.5 in U and B
and V~25in V and /.

Ground-based images at Ha and HB of a region partly
overlapping with the HST field were secured in 1994 March
with the Steward Observatory 90-inch telescope on Kitt
Peak. These data are used in Sec. 6.2 to independently esti-
mate the reddening in the corresponding OB associations.

3. MASSIVE STARS

Figure 3 shows the color-magnitude diagram (CMD) for
~16,000 stars recovered in the field studied. The evolution-
ary tracks, taken from Schaller et al. (1992), were converted
to the observational plane using the equations of Massey
et al. (1995a). They were reddened by E(B—V)=0.21, cor-
responding to the mean extinction measured for the stars.
This diagram shows that we are detecting stars typically
above 10 .# . The width of the blue plume is ~0.5 mag-
nitudes for V<24.5, and increases to one magnitude at the
faint end. This is much larger than what is observed in OB
associations in the LMC (Massey et al. 1989, Hunter et al.
1995). The stellar models of Schaller ef al. (1992) predict a
wide main sequence for the H-R diagram of massive stars.
However, given the photometric uncertainties (Table 1), the
observed scatter is largely explained by photometric errors
alone, and perhaps partially by an age spread among non-
coeval populations of stars and by differential reddening.
Similar conclusions were drawn by Hunter & Thronson
(1995) for HST data of I Zw 18. Effects of blending are
surely present, as many stars are located in crowded regions,
so that several of the brightest objects could in fact be groups
rather than single stars. To reduce this effect for the brightest
objects, we have removed from the CMD all stars brighter
than V=22 that do not appear to be isolated stars. The result
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FiG. 3. Color-magnitude diagram of the M101 field with evolutionary tracks
from Schaller ef al. (1992) reddened by 0.21 mag in (B—V). (Inset) The
stars brighter than V=22 that appear in relatively uncrowded regions are
shown with their individual photometric errors.

is shown in the inset of Fig. 3, where the photometric errors
for each star are indicated.

4. IDENTIFICATION OF OB ASSOCIATIONS

Recently the question of comparing the clustering proper-
ties of massive stars in different galaxies has been attacked
by adopting automated algorithms, to remove much of the
subjectivity which was intrinsic to previous methods. Wilson
(1991) introduced a friends-of-friends algorithm to define
groups of bright blue stars in M33. In this method all blue
stars lying within a predetermined search radius from an-
other star were included in the same stellar group. The latter
was defined as an OB association if it contained at least 10
blue stars. The search radius was determined by the mean
surface density of blue stars. A somewhat different method,
introduced by Battinelli (1991), determines the search radius
that maximizes the number of stellar groups containing a
minimum of three stars. The same method has been used by
Magnier et al. (1993) to identify OB associations in M31.

In this study of M101 we adopted Battinelli's (1991) ap-
proach, because of its high level of objectivity and in order
to compare association properties of galaxies already stud-
ied. The criteria V<24.5 (M y<—4.8) and (B—V)<0.4 (be-
fore correcting for reddening) were used to select the blue
stars. The search algorithm was applied separately to the four
WFPC2 chips because of the gradient in stellar density
across the HST field. This gave search radii of 274 (40 pc),
375 (58 pc), 379 (64 pc) and 272 (36 pc) in chips 1, 2, 3, and
4, respectively. These values are very close (to within 0.2
arcsec) to what one obtains using Wilson's (1991) definition
of search radius based on the stellar surface density. We
must stress that the *‘associations’’ defined by the algorithm
lie within a two-dimensional projection through a patch of
galactic disk or a spiral-arm fragment, and do not necessarily

FG. 4. Outlines of the 79 OB associations which were found by applying
the objective clustering algorithm. Stars having (B—V) < 0.4 and V< 25.5
are plotted.

lie physically close together in three dimensions, share com-
mon space motions, or originate in a single coherent star-
forming event; thus we cannot be certain that any given one
of them is a true OB association as we would define it in our
Milky Way Galaxy. Nevertheless, even though we cannot be
sure that these asterisms are genuine, physical OB associa-
tions, we can at least be confident that they represent objec-
tively defined, localized regions of enhanced surface density
in the distribution of young, massive stars.

We can perform a statistical test to ascertain how many of
the groups found are likely to be chance coincidences. We
applied the algorithm to a set of random distributions of
stars, each containing the same number of blue stars as the
actual data. The search radius was set equal to the value used
for the actual data. The simulations showed that the contami-
nation of false associations was less than 10% when the
threshold population was set to seven stars or more. We
adopted this criterion, which resulted in a total sample of 79
associations, as shown in Fig. 4. Fifty contain at least 10 blue
stars. The average number of blue stars in the associations is
15 (19 for N> 10). It is likely that the actual number of
member stars is larger than these figures, given the possibil-
ity of measuring very compact groups of a few stars as a
single star. The simulations described do not take into ac-
count the fact that young stars are not distributed exactly at
random due to the existence of spiral arms and dust lanes.

Our sample is biased against associations that contain
very few stars. A major concern is therefore the complete-
ness in the rate of detection of associations. To estimate the
incompleteness we made a comparison with the system of
associations in the LMC. The area covered by our HST field
is approximately equal to the area surveyed by Lucke &
Hodge (1970) in the LMC, where 122 associations were
catalogued. Correcting for inclination effects and scaling to
the number of LMC associations, we should have detected
~100 associations in the M101 field. We might therefore be
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TABLE 2. Properties of OB associations.

ID RA(14") DEC (+54°) Diameter Ny, Ny E(B—V) age (Myr) ID RA (14") DEC (+54°) Diameter Ny, Ny E(B-V) age (Myr)

(pe)* (pe)*
1 3= 25" 21' 10" 21 11 15 0 14 41 3= 24% 21' 4" 83 10 15 0.1 7
2 22 i g 103 12 35 03 5 42 »am 2y 59 8 13 0 14
3 3= 244 21" 05" 29 6 12 03 5 43 3= 25% 21' 10" 80 9 15 0.2 6
4 3= 247 21 02" 61 16 45 04 4 A S < b b o 9 10 17 0.2 6
s U2 2SS 7 14 26 04 6 as ™2s's 21’ 08" 94 8 16 02 7
6 3% 21’00 18 1 29 03 3 46 244 21'22 66 11 6 0 1
: 3= 224 ' 62 6 8 02 6 47 0 21' 05" 51 9 9 02 4
8 3*17% 21' 00" 119 10 25 02 8 48 b b -1 | 81y 59 10 13 03 B
9 S ok 1 21" 06" 306 49 125 02 5 49 3= 25'8 21’ 04" 38 8 9 0.1 6
10 3=188 21' 23" 126 12 24 03 5 50 3" 25% 21’ 06" 80 7 15 03 2
11 3=21% 21' 45" 9% 10 18 02 4 51 ™27 21’ 22" 126 23 41 03 3
12 =106 21 80 10 16 02 s 52 ol <! G i 46 8 11 03 8
13 197 21" 44" 89 11 20 02 4 53 = s Lo - of 49 8 10 0.2 4
4 3" 158 21' 24" 108 8 15 0.2 4 54 3™ 239 21' 19" 140 19 3 03 5
15 3*178 21' 42" 113 14 26 02 6 55 3" 23'8 21’ 18" 91 10 15 0.2 9
16 3*17% 21' 417 127 12 28 03 4 56 ol < ] 21' 20" 59 : ; 10 0.2 5
17 3= 16%0 21’ 45" 129 A 39 0.1 4 57 g ¢ ) 21’ 16" 203 105 175 0.2 3
18 159 21" 46" 154 9 15 0.1 6 58 3= 24% 21' 14" 89 12 21 0.2 7
19 =18 2'04" 11 10 19 02 4 59 3™ 24% e 53 8 10 0 9
20 3= 15% e - o 226 21 63 02 6 60 3™ 242 nn" 53 1 12 04 4
21 3" 15 30 43 11 12 0.1 4 61 3= 231 21’ 2" 9 23 36 0.2 4
2 ™13 21' 50" 173 15 30 02 6 62 =232 21’ 16" 76 13 31 03 7
23 3= 18 2' 0" 128 8 12 0.1 7 63 =233 21' 15" 133 2 50 0.2 6
24 3™ 12% 21’ 46" 121 15 30 02 7 64 3=23%0 21’ 18 122 22 41 03 4
25 ¥ash 21’ 53* 59 7 8 03 4 65 3= 231 2 77 13 14 0.2 5
26 3®12% 21' 55" n i ] 10 0.1 6 66 =22 21 14" ” 9 12 03 7
b1l 3™ 184 2’ 33" 143 16 21 02 4 67 3= 240 21’ 05" n 12 19 03 6
28 ™ 214 2' 42 125 10 23 0.1 6 68 - | 21’ 16" 230 47 116 03 4
29 3™243 212 78 9 15 02 3 (2] 3= 22%6 2117 74 9 11 0.1 7
30 3" 263 ' 00" 105 8 21 03 6 70 227 21’ 08" 98 11 24 02 -
3l b i - 4 2' 14" 231 30 65 03 4 n 3228 21' 9” 88 14 23 0.1 6
32 3" 26%1 - o { 181 2 40 02 4 k73 3= 228 21" 04" 241 88 221 0.2 3
33 3" 268 22' 04" 102 10 19 02 ;| 3 3* 220 21" 09” 82 10 19 03 7
34 =259 2' %" 117 10 18 0.2 6 ¥ »us 2 Gk f 61 | 9 0.2 7
35 3" 23% 2y 74 9 11 02 10 75 3™ 21%6 21" n” 65 8 12 0 12
36 3" 254 22' 43" 162 17 34 02 6 76 ™21 21 13° 59 8 10 02 7
37 3" 24% 'y 232 27 101 03 4 " *»2u2 2y n 15 22 03 5
38 3= 2843 22' 08" 141 9 20 04 4 % b o R 67 T 12 0.2 10
39 3% 25 2' ss" 83 : 11 0.2 4 9 g L4 a1y 68 7 8 02 9
40 =253 21’ 16” 68 10 17 03 4
Notes to TABLE 2

*Diameters are for a distance of 7.4 Mpc

incomplete by 20%, on the assumption that the two galaxies
are directly comparable. Appendix A shows however that
when the objective algorithm is applied to the LMC, the
same number of associations is detected as were found in the
works of Lucke & Hodge (1970). A possible cause for in-
completeness arises from the difficulty in establishing very
small groups of blue stars as real associations. Our search
method regards most of the smallest groups as statistically
insignificant, but many of them could be very compact asso-
ciations, for which we are not sensitive enough. This means
that we are not detecting ‘‘Orion-like’’ objects in M101. In-
stead the smallest objects in our sample correspond to Ga-
lactic star forming regions with size between that of M8 and
the Rosette Nebula (NGC 2244), both in terms of diameter
and Ha luminosity (Kennicutt 1984). At the high-end we
find Galactic counterparts in the Carina and W49 regions,
while the most luminous association (# 72) has an Ha lumi-

nosity comparable to 30 Doradus in the LMC. On the other
hand we think that our search method is conservative, in the
sense of disregarding associations of dubious reality, which
will be very important when studying galaxies at even larger
distances. We are therefore at a necessary trade-off between
completeness and reproducibility.

Since we are interested in comparing results for different
galaxies in the future, we ran a simple experiment to test
how resolution might affect the identification of the associa-
tions. New versions of chip 4 images were created, com-
pressed by a factor of 1.5 and 2, to simulate a corresponding
increase in distance (the exposure times were assumed in-
creased by a factor of 2.25 and 4.0, respectively). The search
radii were reduced by exactly the same factors with respect
to the original images. The average size of the clumps did
not change significantly in the first case, and increased by
10% in the case corresponding to a doubling of the distance.
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‘TasnLs 3. Comparison of OB

TABLE 4. Slope of the luminosity function.

average median minimum no.
Galaxy diameter (pc) diameter (pc) of stars
M101 100 90 T
LMC 80 60 3
SMC 90 70 3
M33 80 60 10
M31 120 100 5
NGC6822 90 % 10

In both cases, most of the original morphology and position
of the associations were recovered, while the number of blue
stars was reduced by 9% and 19%. These results suggest that
we can confidently compare properties of associations in gal-
axies which differ by at least a factor of 2 in distance.

5. SIZE DISTRIBUTION OF THE OB ASSOCIATIONS

The diameters of the associations found in M101 are
given in Table 2, while Fig. 5 compares the size distribution
of the M101 associations with other nearby galaxies studied
with similar methods. These are the LMC (Appendix), M33
(Wilson 1991; Regan & Wilson 1993), M31 (Haiman er al.
1994), the SMC (Battinelli 1991), and NGC 6822 (Wilson
1992). Somewhat different criteria have been used to select
the blue stars in these works; our criterion is equivalent te
that applied to M33. We note that the size distributions are
dependent on the search radius chosen. All galaxies show a
similar distribution, and the Kolgomorov—Smirnov test indi-
cates that the data are indeed consistent with a single distri-
bution function. The presence of a peak might at first be
attributed to a selection effect, due to the fact that smaller
associations are more difficult to detect. However, an ab-
sence of associations smaller than 20-30 pc is observed in
even well resolved galaxies such as the Magellanic Clouds

diameter (pc)

Fic. 5. Comparison of associations size distribution for M101, LMC, SMC,
M31, NGC 6822, and M33.

Color criterion field + associations field associations
U-v<-05 0.58+0.04 0.58+0.05 0.58+0.06
U-B<-0.7 0.62x0.04 0.62x0.05 0.62+0.07
B-V<+04 0.55+0.04 0.57£0.04 0.53*+0.05

(Hodge & Lucke 1970; Hodge 1985), indicating that the ob-
served distributions are indeed peaked. Furthermore in the
Galaxy OB associations have a mean size around 140 pc
(Garmany & Stencel 1992), much larger than the typical di-
ameters of open clusters (10-35 pc, Janes et al. 1988). The
peak in the distributions lies around 40-80 pc for M101,
LMC, SMC, M33, and NGC 6822, but ~110 pc for M31.
This hint of a possible Hubble-type dependence deserves fur-
ther investigation. However, it should be noted that the size
distribution that Efremov ez al. (1987) obtained for the M31
associations shows a behavior more closely resembling that
of the remaining galaxies.

We believe the size distribution to be more meaningful
than the mean diameter, which is difficult to define and is
subject to nurherous observational biases (see discussion in
Magnier ez al. 1993). We have however compiled in Table 3
the mean for the galaxies studied, which show similar values
of ~90 pc. We conclude that the associations in M101,
LMC, SMC, M33, NGC 6822, and perhaps M31 have simi-
lar size distributions and average sizes. No clear effect of
Hubble type or distance (resolution) is observed.

6. PROPERTIES OF THE OB ASSOCIATIONS
6.1 The Stellar Luminosity Function

Many studies of extragalactic stellar populations use the
differential luminosity function (dLF) to investigate possible
differences in the properties of the most massive stars
(Freedman 1985; Blaha & Humphreys 1989). We have de-
termined the LF in V for all stars contained in the 79 asso-
ciations, as well as for all stars in our frames, regardless of
their position, and for field stars only. We followed Freed-
man (1985) and Berkhuijsen & Humphreys (1989) in using
different color selection criteria to better isolate the blue
stars. It was pointed out by Freedman (1985) that a U—V
criterion is to be preferred over B—V because the former is
a better discriminator against A supergiant stars. Adopting
the usual power-law expression for the LF we then deter-
mined the slope a=dlogN/dV for different color cut-offs, as
given by a least-square fit and using 0.5 mag interval bins.
The color criterion that provides the largest slope is the
adopted one. Figure 6 shows the LF in V for stars with
U~-V=-0.5. The break in the function for V>23.5 sug-
gests that the data become incomplete at that magnitude, and
hence we only include stars with V<23.5 in our fit. Table 4
lists the best fitted power-law slopes for various color crite-
ria, for the entire field population and stars in associations
only. The errors listed include statistical uncertainties but not
systematic effects due to crowding or incompleteness. There
is no important difference among the three color criteria. The
slightly smaller value from the B~V selection is hardly sig-
nificant, and, if real, might be due to the inclusion of some
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FiG. 6. The differential V luminosity function for the stars in the

associations. Only stars having (U~ V) <—0.5 are included.

later-type stars. It is interesting however that no difference is
seen between stars in associations and stars in the field. We
conclude that the slope of the V LF in this field is ~0.60
*0.05. :

Freedman (1985) found a value of 0.67+0.03 for the V
LF of the brightest stars in nearby galaxies. More recent
determinations from HST observations are given, among oth-
ers, by Hughes et al. (1994) and Hunter & Thronson (1995).
The values found (0.56-0.58 in the case of M81, and be-
tween 0.58 and 0.65 for different sets of stars in I Zw 18) are
consistent with the slope determined for M101, and confirm
that the upper LF does not change significantly. This is per-
haps not surprising given the relative insensitivity of the LF
slope to changes in the IMF (Massey 1985). However these
results appear to rule out any radical variation in IMF slope
or stellar mass limit (see Sec. 7).

6.2 Reddening

The substantial extinction in this M101 field is readily
inferred from the optical images, which show many dust fila-
meats along the spiral arms, and by the color (B — V=0) of
the blue plume in the CMD of Fig. 3. Hence it is important to
measure the reddening of the OB associations. The extinc-
tion law in M101 was found to be similar to the Galactic one
(Ry=3.16, Ry=A/E(B—V)) by Rosa & Benvenuti (1994).
The foreground extinction in the direction of M101 is virtu-
ally zero (de Vaucouleurs et al. 1991).

To measure the reddening we used the Johnson Q param-
eter technique, where Q=(U—B)—0.72(B— V) is a redden-
ing-free quantity. The Q value for stars in associations with
B-V<0.1 was used to derive, by means of the equations
given in Massey efal (1995a), an intrinsic color,
(B—V)o, which allowed individual stellar reddenings to be
calculated (see Table 5). The mean value for all stars belong-

TABLE 5. Balmer decrement reddening and number of ionizing photons.

Association no. E(B-V) log Qo
4 0.82 50.91
11 0.19 49.91
13 0.29 50.33
31 0.29 50.22
36 0.36 49.88
41 0.14 4925
51 0.19 4991
52 041 49.71
57 0.24 5117
61 047 50.27
67 025 50.12
68 039 5094
” 029 5192

ing to the same association was then adopted as the redden-
ing for the entire group. The estimated uncertainty is E
(B—V)==0.1. For the stars in our associations the average
(E(B—V))=0.21. Wilson (1991) gives an average of 0.3
mag for associations in the inner region of M33 (0.15 in an
outer region studied by Regan & Wilson 1993), and values in
the range 0.2-04 are reported, for example, by Haiman
et al. (1994).

The ground-based narrow-band imaging was used to mea-
sure the -extinction for a number of H 1l regions, some of
which match the position of an OB association. The redden-
ing can be measured by the Balmer decrement,

LHA-F_"'mcuw-m

Iy Fyg ;
where we assume the theoretical value Iy, /Tys =2.86 (case
B, T=10* K, N,=100 cm™>, Osterbrock 1989) and the ex-
tinction curve f(\) of Seaton (1979). The visual extinction is
given as Ay=2.15-C(HB) (Rosa & Benvenuti 1994). The
average reddening for 35 H 1l regions is 0.39 mag, with a
large scatter (0.19 mag). Of these, 13 coincide with OB as-
sociations (nearly 40 percent of the associations have H 1
region counterparts, but these are often too faint to be in-
cluded in the analysis). The comparison with the values from
the broad-band photometry is shown in Fig. 7. The Balmer
ratio gives, on average, a reddening value ~0.1 mag larger
than the QO method. This is of the same order as the uncer-
tainties, therefore the difference in the two distributions is to
be considered marginally significant. Note also that many of
the larger reddening values are found for H I regions that
have no OB association counterpart. We could say that the
identified OB associations do not lie in the regions with the
higher reddening. With such a small sample, though, it is
difficult to assert the reality of this effect. In general we
expect however that H 1l regions will be more reddened than
the average OB association.

6.3 The Color-Magnitude and Color-Color Diagrams

‘We show in Fig. 8 the CMD of those stars that lie within
the OB associations boundaries. For each association the
stars have been dereddened according to the average
E(B— V). The CMD morphology is similar to that of Fig. 3,
and shows that the selected OB association boundaries con-
tain several evolved stars. The scatter of stars across the
diagram can be therefore attributed partly to a spread in age.
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FIG. 9. (U=B) vs (B—V) diagram for those stars in associations having

internal photometric errors smaller than 0.15 mag in each band. The redden-
ing jon has been applied as in Fig. 8. The main sequence and super-

found in the M101 field (measured by the Balmer ). (b)

giants seq are plotted, together with two lines of constant U~ V color

E(B - V) for those associations for which both O and the Balmer d
were measured.

The age analysis (next section) tends to confirm the presence
of stellar groups older than 10 Myr among the selected
associations.

The dereddened color-color plot of stars in associations
with photometric uncertainties <0.15 mag is shown in Fig.
9. The sequences for dwarf and supergiant stars have been
drawn, adopting the calibrations of Fitzpatrick & Garmany
(1990) and FitzGerald (1970). O-BS stars (U~ V=-0.9)

\ T T
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2
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Fia. 8. Color-magnitude disgram for the stars within the OB associations
boundaries. For each association the stars have been dereddened according
to the average (B~ V) value d from the Q p

(0.9, supergiants of spectral type BS, and ~04, nhmumhuwm
late B and ecarly A The arrow the g vector
for a BO supergiant.

are clumped around the tip of the sequences. A few B5-B9
and A stars are also present at redder colors. According to
the calibration of Fitzpatrick & Garmany (1990) stars of lu-
minosity class Ib have My=—52 (—4.3) at U~V~-09
(—0.4) (Ia supergiants are at least one magnitude brighter),
corresponding to V=24 (25). At this magnitude both B and
U frames are severely incomplete, thus explaining the rapid
decline in the number of stars visible below the
U=V=-0.9 line.

6.4 Estimating the Age

We attempted to estimate the age of the OB associations
in M101 by comparing their dereddened CMDs by visual
comparison with theoretical isochrones (Schaller et al. 1992;
Meynet et al. 1993). Usually the brightest stars were used in
the comparison, since the fainter ones tend to have large
photometric errors. The major sources of uncertainty in as-
signing these ages are the reddening, the small number of
stars available in individual associations and photometric er-
rors. The presence of binary stars and unresolved clumps is a
further problem. An uncertainty of =2 Myr is estimated,
based on the fact that typical photometric and reddening er-
rors can produce a variation of a few (~2) Myr in the cal-
culated ages.

Figure 10(a) shows an example of this procedure. The
isochrones, calculated from 2.5 to 9.5 Myr in steps of 1 Myr,
are superposed on the CMD of association # 37. In this case
an age of 4*2 Myr was estimated. The evolved stars in the
red part of the diagram probably do not belong to the same
episode of star formation that created the younger stars. The
coexistence of red supergiants and younger OB stars, point-
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PG. 11. The integrated and dereddened colors of the richest associations
(Nyee™ 15) compared to Leitherer & Heckman's (1995) population models
for an i burst at solar metallicity. The dots represent the ob-

vs age. (c) Diameter of the associations vs age. (d) Number of i
photons (measured from the Ha flux) vs age. In these plots the estimated
umcertainty of =2 Myr is represented by elongated bars.

ing to non-coevality, has been noted in previous studies
(Doom et al. 1985; Massey et al. 1989; Garmany & Stencel
1992). If the observed red stars are indeed members of the
associations, it would mean that star formation occurs in epi-
sodes separated by several Myr, and that no single age can be

assigned. At least qualitatively, though, there is no apparent .

" clumping of the red stars within the associations boundaries.
We conclude that they could appear to belong to the associa-
tions simply because of projection effects.

‘We show in the other panels of Fig. 10 the dependence on
age of three quantities: the number of blue stars, the size of
the associations and the number of ionizing photons Q, (cal-
culated from the Her flux) for the H Il regions which have
been identified also as OB associations. The estimated uncer-
tainty of 2 Myr is represented by bars elongated along the
is probably due to the disruption of the gravitationally un-
bound associations with time, combined with selection ef-
fects, which make it easier to detect stars belonging to young
associations. There is also a dependence of Q, on age, due to
the relation between the number of blue, ionizing stars and
age. This plot is consistent with the typical H Il region life-
time of 5-6 Myr. Table 2 summarizes the associations prop-
erties presented in this section.

7. ON THE UPPER MASS LIMIT OF THE IMF
The use of broad-band photometry to study the IMF of

distant populations of stars is subject to several difficulties.
First of all is the well-known insensitivity of broad-band

served colors and the assigned ages. The two lines are for a Salpeter IMF
with high-mass limits of 100 and 30 Mo .

colors to the effective temperature of hot, massive stars
(Massey et al. 1995a). This makes the task of discriminating
stars of different masses practically impossible with photom-
etry alone. Moreover incompleteness in the data hinders the
detection of the hottest stars, whose large bolometric correc-
tions make them visually fainter than supergiants of later
type. Photometric uncertainties and reddening, together with
crowding and blending of unresolved stellar images (particu-
larly in the young clusters within the star-forming regions)
complicate matters further. With these caveats in mind, we
can look at the CMDs of Figs. 3 and 8. These suggest the
presence of stars mor= massive than 25-30 .# , perhaps 60
A or higher. The degeneracy of massive stars in this re-
gion of the CMD, though, makes it impossible to say
whether very massive stars are unambiguously present or
not.

We also attempted to use an evolutionary synthesis model
to constrain the upper mass limit of the IMF. Integrated mag-
nitudes and colors for the richest associations (those having
more than 15 stars) were measured by adding up all the flux
colors were compared with the models of Leitherer & Heck-
man (1995) (instantaneous burst, solar metallicity). In Fig.
11 the model predictions for two upper mass limits, 30 and
100 £, of a power-law IMF with Salpeter’s slope are
superposed on the observed colors and ages. While the com-
parison for (U—B), favors an upper mass limit of 100
Mo, the other two colors are however more difficult to

We conclude from these two exercises that there is some
evidence for an IMF in M101 with a high cut-off mass (com-
parable to the ~100 .4 limit found in the Magellanic
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Clouds and in the Milky Way by Massey et al. 1995b). This
field has an oxygen abundance of ~1-2 Zp (Kennicutt &
Garnett 1996) and some authors have suggested previously
that the H 11 regions in this part of M101 have a much lower
upper stellar mass limit (e.g., Shields & Tinsley 1976). Our
observations suggest that such a strong change in the upper
mass limit may not be present, but further observations are
needed to make a definitive test. This result also agrees with
the study of Rosa & Benvenuti (1994), who found no need to
invoke a metallicity effect on the IMF in their study of four
giant H 11 regions in M101.

8. POPULOUS STAR CLUSTERS

The importance of star clusters for the understanding of
star formation and evolution has been stressed many times
(van den Bergh 1991). The clusters of the Magellanic Clouds
in particular have been the subject of intense study, leading
to a picture of differing evolutionary histories between the
Clouds and the Galaxy. Of great interest is the presence in
the Clouds of populous clusters (‘‘blue globulars’’), which
are absent in the Milky Way. Populous clusters have been
observed in a handful of galaxies, and Kennicutt & Chu
(1988) suggested a Hubble type dependence, being these
clusters preferentially found in late-type (Sc, Irr) galaxies. It
is therefore interesting to extend the search for populous
clusters to as many galaxies as possible. This could lead to a
better understanding of the properties and systematics of star
formation in galaxies. Observations with HST like those used
in the present work are well suited for this search. With
typical sizes larger than 10 pc in the LMC (van den Bergh
1991), we expect to be able to identify these objects at least
to a distance of 10-12 Mpc on WFPC2 images.

A total of 41 clusters were found by visual search in the
WFPC images, with typical FWHM=073. Their luminosity
was measured with aperture photometry on average images.
The estimated uncertainty in the colors is 0.1 magnitudes,
based on the variation in the measured fluxes using different
apertures and sky annuli. The magnitudes are more uncer-
tain: aperture radii of eight pixels (= 29 pc in the three Wide
Field chips) were adopted, but in some cases smaller values
had to be used to avoid contamination from nearby objects.
The results are summarized in Table 6, while Figs. 12 and 13
show the integrated color-magnitude and color-color dia-
grams, respectively.

Most clusters are blue (B — V<0.5), and occupy the same
region in the (B— V) vs V diagram as the LMC blue clusters
(Fig. 12). The bluest objects are young nuclei of OB asso-
ciations, which were included even though they differ from
the stable open clusters. The color histogram shows a lack of
red clusters relative to the LMC. This color distribution dif-
fers even more strongly from the colors of clusters in M33
(Christian & Schommer 1982, 1988) and, especially, in M31
(Hodge et al. 1987), where a larger fraction of clusters have
(B-V)>0.5.

In Fig. 13(a) the sequence of LMC clusters used for age
calibration by Girardi et al. (1995) is indicated. Using their
age calibration the clusters for which we could measure both
U-—B and B—V have ages between a few Myr and ~500

TABLE 6. Cluster photometry.

ID RA(14) DEC(+54°) V UB BV VI
I A 211" 2051 =050 021 0SS
Yicanoae 2'06" 2093 -080 026 051
e 24" 2326 - 058 067
4 "4 208 DI e 024 045
5 o 21'28" 2159 . 038 060
6 Tph 20°58" 2248 .- 030 049
75 a%280 W LB 031 053
8. 3N T e L 006 039
9 Im2% 2'04" 2207 -067 029 055

10 % 21" 231 -023 010 036

13169 201 2188 =007 033 062

12 PisT 22'33" 2086 -079 -0.18 009

13 3Ty 21'45" 2045 089 -002 034

14 315 2013 AN00E M 02y “oks

15 340 2'08" 2095 =027 012 082

16 »i1ra 22' 09" 21.27 0.11 0.25 071
17 3® 197 21' 407 20.04 1.01 1.08
18 3™ 185 22’ 33" 21.65 0.04 043 0.59
19 32 22' 49" 2152 -041 0.16 0.60
20 3™ 25% 22' 41" 2100 -0.06 0.20 0.37
21 3274 22' 15" 2176 -050 0.13 0.68
3™ 26%4 211 n 2171 066 030 0.99

ot o4 22’ 24" 20.84 0.09 035 0.65
Fus 22' 19" 2135 0.46 0.72
3™ 284 2219 2226 039 0.66
222 2 3 21.74 oee 0.46 097
™24 21" 43" 2185 093 007 0.48
3™ 24% 21’ ST 2210 -1.00 0.05 029

32507 22' 09" 153 =097 -0 0.31
32472 20' 56" 2050 -0.06 0.22 0.55

3" 242 21' 10" 2046 -061 029 0.69
3240 21’ 12 2056 —051 038 0.59
32213 21" 12" 2234 e 099 1.01
3™ 240 21' 3" 19.58 114 147
™21 21° 05" 20.76 033 0.4 0.70
3™ 24'8 2150 2149 0.17 0.78 L19
3™ 24%%6 211 21.59 0.01 027 054
3™ 245 21' 02" 2148 -035 0.38 0.60
3™ 2419 21 N 2191 -047 042 0.69

EBRURURVBELLVBIRRNYN

23 20" 53" 2146 -042 029 0.55

41 F B2 21' 01" 2203 . 0.51 0.82
42' 32238 21" 4" 1771 -L10 0.08 0.05
F R 21' 16" 1938 -105 025 -0.09

Notes to TABLE 6

'H n region core cluster, in association 72.
H u region core cluster, in association 57.

Myr. No reddening correction has been applied, even though
E(B— V)=0.1 could probably bring the data to a better fit to
the LMC sequence. It seems appropriate to compare the
MI101 clusters with the cluster system of M33, also an Sc
galaxy, studied in detail by Christian & Schommer (1988).
Fig. 13(b) compares the (B — V) vs (V—1) diagram for the
two galaxies. The calibration line of Christian & Schommer
(1988) is shown. The lack of M101 red clusters, having
(V=1)>0.7, is evident. It could be possible that this is an
effect of the position in the galaxy where these clusters are
found, i.e., close to the nucleus. In the M33 data, however,
there is no indication that the red clusters preferentially lie
away from the nucleus. The fractional area of M101 sur-
veyed for clusters is too small to draw firm conclusions on
the overall cluster population and on its differences relative
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o other galaxies. We however remind the reader that this
area roughly equals the extent of the entire LMC. On the
basis of our analysis we can only conclude that red clusters
(“‘old globulars’ candidates) are rare in the field studied.
Many of the remaining clusters are very likely populous
clusters of the same kind found in the LMC. The large ratio
between the number of blue and red clusters is consistent
with previous findings that populous clusters are preferen-
tially found in late-type galaxies.

Two giant H 1l regions, numbers 972 and 1013 in the
catalog of Hodge er al. (1990), fall in our HST field, corre-
sponding to associations 57 and 72, respectively. Both have a
high Har luminosity, with a number of ionizing photons in
excess of 10°! s™! (Table 5). By comparison, 30 Dor in the
LMC has an Ha luminosity corresponding to ~ 10°? ionizing
photons/s. The morphology of the two regions differs some-
what. Region 72 resembles 30 Dor in having a bright, com-
pact core cluster, which is probably responsible for most of
the ionizing flux in the nebula. Several fainter clusters or
single stars surround the central object. In region 57, on the
contrary, we see a normal association of bright stars, similar
in structure to the giant H 1 region NGC 604 in M33: To
better quantify the properties of these embedded star clusters,
and in order to compare them with similar objects in nearby
galaxies, we measured fluxes in different apertures, centered
on the brightest object in each of the two HII regions. In
region 72, the radius of the core cluster is ~22 pc, with a
radius containing one-half the total light Ry s==7 pc, and a
total absolute magnitude My=—12.3. This object shows
some finer structure, namely the presence of 2 distinct clus-
ters, with a peak ratio of about 3:1. Each one has Ry s=<3.6
pe. The brightest component has a luminosity My=—12.0,
and a comresponding mean surface brightness s

Fua. 13. (a) (B~ V) vs (U~ B) integrated color-color diagram for the M101
clusters. The sequence of LMC clusters from Girardi er al. (1995) is indi-
cated; (b) (V~1) vs (B~ V) diagram for clusters in M101 (open circles) and
M33 (dots). The theoretical sequence shown is taken from Christian &
Schommer (1988).

=6.9%10* Ly,c pc™? inside the radius Ros. This compares
with £o5=1.3X10° Ly o pc™2, Ros=1.7 pc and a total ab-
solute My=-11.1 for R136 in 30 Dor (Hunter
et al. 1995). Region 72 is therefore comparable to 30 Dor
also quantitatively, even though it is somewhat less compact.
‘We remind the reader that the *‘super star clusters’* found in
some galaxies (O’Connell et al. 1994) represent more ex-
treme modes of star formation, 10-30 times more luminous
than region 72, relative to the same age. In region 57 the
main component is not as bright as in region 72,
My=—10.7, while the nearby objects are typically 2 mag-
nitudes fainter, and could be smaller clusters or very bright
stars.

9. CONCLUSIONS

We have described an objective algorithm to identify 79
OB associations in an HST field of the galaxy M101. The
following results were found:

(1) The size distribution of the associations is comparable
to that in the Magellanic Clouds, M33, NGC 6822, and M31,
with a typical mean size of 90 pc.

(2) The stellar luminosity function has a slope dlogN/
dV=0.60%0.05, both in the associations and in the general
field. :

(3) H 11 regions tend to be slightly redder than the average
OB association.

(4) No indication that the upper mass limit of the IMF is
lower than in low-metallicity environments is found.

(5) Most of the star clusters identified in the field belong
to the same class of populous clusters found in the LMC.
Red clusters are rare.
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tions were found, and less for sizes of 80-100 pc. In general, though, the
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APPENDIX: OB ASSOCIATIONS IN THE LMC

As a further application of the objective algorithm de-
scribed in Sec. 4, data on the LMC were analyzed. Stellar
associations in the LMC were catalogued from wide-field
photographic plates by Lucke & Hodge (1970) and the char-
acteristics of the 122 associations in the catalog were studied
by Hodge & Lucke (1970). We applied the clustering algo-
rithm to the catalog of bright stars of Rousseau er al. (1978)
(in the updated machine-readable form available through the
NASA Astronomical Data Center). It is interesting to com-
pare our numerical association-finding technique with sub-
jective human intelligence when applied to the nearest gal-
axy, where a resolution of less than a pc (1"=0.24 pc) is
attainable.

Stars were selected with two different criteria, based on
spectral type (all cataloged stars with type earlier than B2.5)
and on photometric parameters (V<13.7, B—V<0.15, to
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Fic. 15. This map shows the LMC iation boundaries d ined by the
objective (irregular polygons) together with the associations in the

algorithm
Lucke & Hodge (1970) catalog (circles). Although there are several match-
ing cases, many discrepancies are present. This is likely to be due to the
incompleteness of the bright LMC stars catalog in the densest regions and in
correspondence of H 1 regions.

match the criteria adopted for M101 and M33). The two sets
of stars gave approximately the same results, so the follow-
ing discussion concentrates on the photometrically selected
one. The search radius determined by the algorithm is 60 pc
[the same used by Battinelli (1991) in the SMC]. Out of the
1354 “‘blue’’ stars, 725 are distributed in 121 associations.
The resulting average size is 78 pc, the same value found by
Hodge & Lucke (1970). This includes all agglomerations of
stars with at least three stars. A correction, based on the
expected contamination by statistical fluctuations, gives 94
pe instead. The distribution of association sizes is shown in
Fig. 14 for both Hodge and Lucke’s data and this work. They
appear remarkably similar, except for a larger .number of
small associations in Hodge and Lucke. Regarding the case-
by-case comparison (Fig. 15), the agreement is far from
good. It has been noted (Caplan & Deharveng 1986) that the
stars in the Rousseau et al. catalog, which is based on an
objective prism spectral survey, show no concentration to-
ward H I regions, and we infer that the catalog is under-
representing the regions richest in OB stars, which may be
the explanation for the poor agreement. For the purpose of
making an objective catalog of associations in the LMC a
better catalog of the brightest blue stars is needed.
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FiG. 1. Mosaic of the four WFPC2 chips. H 1 regions 1013 and 972 from the catalog of Hodge ez al. (1990) are the brightest objects in chip 4 (upper right)
(courtesy A. Tumner).
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ABSTRACT

Photometry in UBVR and Ha of H 1 regions and OB associations in a sample of Sa-Scd galaxies is
presented. The distributions of Har equivalent widths for H 11 regions show no significant dependence on
morphological type, and the continuum luminosity functions of the OB associations closely parallel the
Ha luminosity functions of the H 1i regions. Both luminosity functions show a strong dependence on
Hubble type, in the sense that the characteristic luminosity of the brightest H I regions/OB associations
decreases sharply in early-type disks. This implies that the changes in H I region and association properties
along the Hubble sequence are most likely due to changes in the clustering properties of massive stars,
rather than in the mass function. © 1997 American Astronomical Society. [S0004-6256(97)02303-0]

1. INTRODUCTION

Among the defining characteristics of the Hubble se-
quence are the rate and history of star formation in galaxies
(Searle et al. 1973; Larson & Tinsley 1978; Kennicutt 1983).
Spatially resolved observations indicate that the strong trend
of star formation activity along the Hubble sequence is due
to increases in both the luminosity of the individual H 1
regions and the number of the star forming events per unit
area (Kennicutt et al. 1989). More than an order of magni-
tude difference in the luminosity of the brightest H I1 regions
exists between Sa and Sc-Irr galaxies. Although it is com-
monly assumed that this difference is due to changes in the
characteristic number of stars in the star forming regions, this
idea remains largely untested, and others possibilities cannot
a priori be ruled out. In particular lower-luminosity H 11 re-
gions could be explained if the stellar Initial Mass Function
(IMF) is systematically depleted of massive stars in early-
type spirals, as first suggested by van den Bergh (1976) and
Kormendy (1977). In this paper we investigate this possibil-
ity, by analyzing UBVR and Ha imaging of H Il regions in a
sample of spiral galaxies of different Hubble type. The
Balmer-line equivalent widths, being sensitive to changes in
the upper IMF of the young ionizing clusters, are measured
and compared between early-type (Sa-Sb) and late-type
(Sbc-Scd) spirals. The broadband luminosity functions of
the embedded associations provide an additional check for
IMF variations.

Throughout this work a power-law parametrization of the
IMF is adopted: dN/dm = m~® (a=2.35 for Salpeter slope).
The IMF is then characterized by its slope a and its upper
and lower cutoff masses M,,, and My, . The paper is orga-
nized as follows: observations and data reduction are pre-
sented in Sec. 2; results on the broadband colors, the Ha
equivalent widths and the continuum luminosity function are
given in Sec. 3. We then discuss in Sec. 4 the implications
for the IMF.

975 Astron. J. 113 (3), March 1997
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2. OBSERVATIONS

The observations were obtained with Steward Observato-
ry’s 2.3 m telescope in 1995 April and May. A thinned Loral
1200% 800 CCD was used, providing a rather limited field of
view (3'X2’), but an excellent response in the blue. Images
of each target galaxy were obtained through broadband U,
B, V, and R filters, and a narrow-band (FWHM=70 A)
Ha filter. Typical exposure times were 1800 s in U, and 900
s in the remaining filters. Standard stars from the lists of
Landolt (1992) and Massey ef al. (1988) were observed for
calibration during each photometric night.

The 10 galaxy sample was chosen to span a wide range in
Hubble type (from Sa to Scd), and is described in Table 1.
Distances are taken from Tully (1988), except for NGC
3351, NGC 4321, and NGC 5474 (assumed at the M101
distance), for which we have used results from Cepheids
(Graham et al. 1997, Ferrarese et al. 1996; Kelson et al.
1997). Most of our objects have distances between 7 and 17
Mpc, since the small field of view forced us to avoid very
nearby objects, in order to observe a good fraction of the
number of star forming regions in each galaxy. The approxi-
mate spatial coverage is indicated in Table 1.

Data reduction proceeded in the standard way for the
broadband images. The R-band images were used for con-
tinuum subtraction from the Ha images, with scaling factors
determined from the spectrophotometric standards and from
continuum sources in the galaxy frames. The equations of
Waller (1990), applied to the measured line and continuum
fluxes, were used to determine the Ha flux and equivalent
width (=EW(Ha)). A correction for the [N 1] contamina-
tion from the gaseous emission within the He filter bandpass
was made by assuming [N n1)/Ha=0.33, a typical ratio for
H1I regions in the abundance range considered here. The
wavelength shift of the Ha emission line due to redshift was
accounted for in the calibration. The measured fluxes were
finally corrected for foreground Galactic extinction. We did

© 1997 Am. Astron. Soc. 975
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TABLE 1. The Galaxy sample.

Distance No. of Fraction

Galaxy Type (Mpc) regions covered
NGC 2775 Sa 170 6 1.00
NGC 2841 Sb 120 23 046
NGC 3351 (M95) SBb 98 32 031
NGC 3521 Sbe y 2 3 050
NGC 4321 (M100) Sc 16.1 49 031
NGC 4736 (M%) Sab 43 15 039
NGC 5194 (M51) Sbe 77 41 0.17
NGC 5248 Sbe 27 14 039
NGC 5474 Scd 74 20 0.39
NGC 6384 Sb 26.6 35 0.21

not correct for nebular continuum emission, which is impor-
tant during the first few Myr after an initial burst of star
formation, particularly in the R band. After ~3 Myr the
relative contribution can however be neglected (<10%,
Mas-Hesse & Kunth 1991).

A total of 266 H 11 regions which showed both continuum
and line emission were interactively selected from the im-
ages. We note that several objects were bright in the con-
tinuum only, probably corresponding to OB associations or
star complexes which are too old to have a detectable Ha
emission. For a few other regions it was difficult to define a
common center for the continuum and Ha objects, and it was
decided to exclude them from our analysis. The radius for
the aperture photometry (typically 2—3 arcsec) and the posi-
tion for sky+background subtraction were then chosen for
each region. For the faintest regions this is rather critical,
since small variations in sky+background measurements de-
termine rather large changes in the total flux, which therefore
is affected by a large uncertainty. The fluxes within the cir-
cular apertures were measured with the PHOTOMETRY routine
in DAOPHOT (Stetson 1987), and an aperture correction was
then applied to account for flux not included within the ap-
erture. This correction was measured from stars in the field
and from calibration stars as a function of seeing, and in
principle applies to point sources only. It was nevertheless
decided to apply the correction (typically 0.] magnitudes)
also to the H I regions, even though in many cases they are
spatially resolved. Because of uncertainties introduced by the
selection of the aperture radii and the sky+background level,
by the effect of merging and crowding, and by the amount of
flux falling outside of the apertures, it is difficult to quantify
the error in the total fluxes. Colors and EW(Ha) were found
somewhat less sensitive to these problems. Measurements
with different radii and sky+background values indicate that
the typical uncertaintics are ~15% in (U-B) and (B-V),
5% in (V-R), and 15%-20% in EW(Ha). The uncertainty
in the Ha flux is of the order of 15%.

A comparison of Ha fluxes for regions in common with
Keanicutt (1988) shows good agreement (~ 10% scatter, and
no zero point offset), except for NGC 3351 and NGC 5474
(0.2 dex fainter and 0.3 dex brighter, respectively). In both
these cases however we have indication of possible non-
For the rest of the data the sky was photometric. No
UBVR H 1 region photometry from the literature was avail-
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Fic. 1. (a) Distribution of the broadband colors as a function of V magni-
wde. (b) (B-V) vs (U~B) diagram. Symbol size scales with brightness.
Model predictions (age <10 Myr) by Leitherer & Heckman (1995) are
indicated: Salpeter IMF with a=2.35, Z=Z; (continuous line); a=3.3,
Z=Zy (dotted line); a=2.35, Z=2Z, (dashed line); a=2.35, Z=0.1Z,
(dot-dashed line). The reddening vector 0 Ay=1 mag is
indicated at the upper right.

able for comparison; in particular we have no object in com-
mon with the only other work of this kind known to us
(Mayya 1994).

3. RESULTS
3.1 General Resuits

The broadband colors of the measured H Il regions are
shown as a function of V magnitude in Fig. 1(a). Part of the
color spread is due to observational uncertainties, but some
of it must be related to reddening and metallicity effects.
This is suggested by the distribution in the (B-V) vs
(U-B) diagram [Fig. 1(b)]. We also show the model predic-
tions by Leitherer & Heckman (1995) for an instantaneous
burst, for different choices of metallicity and IMF (age
<10 Myr). We remind the reader that in these models the
contribution of the nebular continuum emission is taken into
account. Even though the observed colors are consistent with
those predicted for young star forming regions, it is clear that
it is impossible from the broadband data alone to disentangle
the effects of reddening, metallicity, age and IMF, an already
well-known result (e.g., Larson & Tinsley 1978).

Some of the observed H 11 region properties are displayed
in Fig. 2. The data points have been indicated scparately for
regions in early-type spirals (Sa through Sb; open circles)
and late-type spirals (Sbc and later; solid circles). In Fig. 2(a)
model predictions are coded as in Fig. 1(b). This plot shows
a trend of decreasing EW(Ha) with increasing (U-B),
which reflects the evolution of the embedded stellar popula-
tion. A correlation between Ha luminosity and EW [Fig.
2(b)] is also expected from evolutionary considerations: as
the most luminous stars evolve, decreasing the total output of
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PG, 2. Correlations between H u region observed properties for early-type
spirals (open circles) and late-type spirals (solid circles). In (a) the same
models as in Fig. | are shown.

jonizing radiation, the red continuum is enhanced by the
evolved supergiants. This leads to a net decrease in both
EW(Ha) and L(Ha). Such an effect is not seen in the cor-
relation with My [Fig. 2(c)], because the continuum energy
output remains approximately constant during the first 10’
years from the initial burst of star formation. In Fig. 2(f) the
reddening-free quantity Q=(U-B)—0.72(B~V) is plotted,
as an estimate of the amount of extinction. The most impor-
tant result from Fig. 2 is that the star forming region proper-
ties in early-type spirals are virtually the same as in late-type
spirals, except for their luminosity. No H Il region brighter
than L(Ha) = 10% erg s™' (My=>=—12.5) is found among
the Sa’s and Sb's, while in the Sc’s the brightest objects
reach L(Ha) = lo”’ergs"(Mv- 14). Our coverage of
the disks of these galaxies is generally incomplete, but this
result is consistent with the finding of Kennicutt (1988),
Kennicutt et al. (1989), and Caldwell er al. (1991) that Sa
and early Sb spirals have no HIl region brighter than
L(Ha) = 10* erg s™, while in late-type spirals and irregu-
lars the most luminous HI regions are brighter than
L(Ha) = 10% erg s™'. However, our data suggest no other
obvious difference, in particular the EW(Ha) values and col-
ors are comparable between the two sets. This will be dis-
cussed further in the next section.

3.2 Equivalent Widths Distribution vs Hubble Type

The Balmer emission-lines equivalent widths are a mea-
sure of the relative proportion of ionizing photons (produced
mostly by massive stars, M>10 Mp) and continuum pho-
tons emitted by the whole cluster embedded in the H 11 re-
gion (plus a contribution from the gas, which is significant,
>30%, in the R-band continuum for ages <3 Myr). As such
they are sensitive, in principle, to variations in the upper
IMF. An analysis of the distribution of the equivalent widths
might therefore tell us if IMF changes are required to explain
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Fia. 3. Evolution of the Ha and HB eq widths as predicted by

wwluwlumumhy(ﬁmum&lhctm 1995).
The solid and dashed lines refer to a Salpeter IMF with upper mass limit of
100 and 30 solar masses, respectively. The arrows labeled 40 and 60 show
the | Myr value of EW(Ha) for M, =40 and M,=60 solar masses, respec-
tively (C. Leitherer, private communication).

the differing H1 region properties along the Hubble se-
quence. There is nevertheless a complication, due to the dif-
ficulty in separating IMF and age effects. As the most mas-
sive stars evolve and vanish, the EWs for an embedded
cluster become degenerate with IMF after 3—4 Myr from the
initial burst of star formation, as indicated by evolutionary
population synthesis models (Leitherer & Heckman 1995;
Mas-Hesse & Kunth 1991). In order to test for an IMF
change we must therefore consider regions as young as 2-3
Myr, when different IMFs produce equivalent widths differ-
ing by as much as 0.3-0.4 dex (see Fig. 3). Since subtle
variations are clearly difficult to detect, only largely different
IMFs (M,,=100 Mg and 30 Mg, a=2.35 and 3.3) will be
considered in the remainder of the paper. We will refer to the
*'standard”’ IMF as the one characterized by M,;,=100 Mg
and a=2.35. It is important to notice that our EW(Ha)s are
calculated from continuum and line emission measured
across great part of the extension of the nebulae, and not
from sampling a small fraction of the H Il regions, as is often
the case in spectroscopic observations. This condition is im-
portant if we want to draw conclusions on variations in the
IMF parameters (Copetti et al. 1985; Rosa & Benvenuti
1994), since *‘‘local”’ measurements could be not representa-
tive of the whole nebulae and their ionizing clusters.

Figure 4 compares the EW(Ha) distributions for the H1l
regions in our galaxy sample, subdivided into Sa, Sb, and Sc
types. No obvious trend with morphological type is seen.
The EW(Ha) and EW(HPB) distributions from the data of
Kennicutt et al. (1997), consisting of spectra of more than
one hundred H 1 regions in 21 spiral galaxies, also show no
clear dependence on the parent galaxy Hubble type.
The upper limit of the EW(Ha) distribution lies around
log EW(Ha)=3.4-3.6, independent of Hubble type. We note
from Fig. 3 that for young (age <2 Myr) star forming
regions log EW(Ha)=34 for the standard IMF and
log EW(Ha)=3.0 for either M,,=30 Mg or @=3.3 in the
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Fic. 4. Histogram of the measured EW(Ha) as a function of Hubble type.

Leitherer & Heckman (1995) models at solar metallicity.

These results immediately allow us to exclude radically
different IMFs between Sa, Sb, and Sc spirals, and suggest
that a standard IMF is consistent with the observations. We
cannot exclude modest changes in the upper IMFs, for ex-
ample a systematic change in M,, from 100 Mg to ~60
My, over this range of galaxy types. However our data rule
out (at the ~20 level) more extreme variations, for example
the low mass cutoffs (M,,< 30 Mg) proposed in some lu-
minous infrared starbursts (e.g., Rieke er al. 1993), or the
even lower cutoffs in early-type spirals suggested by van den
Bergh (1976) and Kormendy (1977).

3.3 Broadband Luminosity Functions

The sample of H Il regions described so far is not com-
plete. As mentioned before, only objects in common between
the Ha and continuum images have been measured. Typi-
cally this restricts the analysis to young, bright objects. In
order to have more complete information on the star clusters,
we measured the luminosity of H II regions and continuum
knots (OB associations and star complexes), without restrict-
ing to detection in both Ha and continuum, in four of the
galaxies, NGC 2775, NGC 2841, M51, and M100, which
span most of the range of Hubble types in our sample. The
results of this comparison are shown in Fig. 5, where it can
be seen that those continuum knots which have an Ha coun-
terpart (solid dots) are generally the bluest (youngest).

Luminosity functions (LFs) are presented in Fig. 6. The
continuous line refers to H I regions, the dashed line to con-
tinoum knots. The turnover at low luminosities is due to
incompleteness. A word of caution: for a given galaxy the
fluxes for most knots and H I regions were measured with
the same aperture size and annulus for sky +background sub-
traction. This reduces the accuracy of the photometry, expe-
cially in the continuum bands and for late-type spirals, where
background variations due to dust lanes, spiral arms, crowd-
ing, etc., are more important than in Ha and for early-type
spirals.
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FiG. 5. (B-V) vs (U-B) diagram for the continuum knots (V<21) mea-
sured in a restricted sample of galaxies. Solid dots d to objects
having an Ha counterpart.

Of the four galaxies in Fig. 6, NGC 2775 is the only one
for which we have complete coverage; for the other three the
area surveyed is a fraction of the total extension of the gal-
axies, therefore the numbers should be scaled upward to get
total numbers. In the case of NGC 2775 the slope
a=d log N/dlog L(Ha)=—2.8, consistent with the average
value a= —2.6 found by Caldwell ez al. (1991) for the Hn
region LFs of seven Sa galaxies (indicated by the dotted
line). The brightest Ha and continuum luminosities are also
comparable. The dotted line in the plots for the remaining
galaxies has a slope of —2, a typical value found for Sbe-Sc
galaxies by Kennicutt et al. (1989). For M100 the actual
slope seems somewhat flatter, while in M51 a break in the
LF can be traced at log L(Ha)==38.6, or My=—12.

The continuum LF matches the H I LF remarkably well,
considering the uncertainties of the adopted measurement
process, as mentioned above. It is particularly interesting that
both the slope of the bright, linear part and the maximum
luminosity vary with Hubble type. This result allows to ex-
tend to the continuum LF what Kennicutt ef al. (1989) found
for the H 11 region LF, namely that the maximum luminosity
of the star forming regions varies by more than an order of
magnitude from early-type to late-type spirals and irregular
galaxies. The slope of the LF, which can be represented by a
power-law function N(L) « L, where a=—2x0.5, flattens
out towards Sc-Irr galaxies, such that the distribution is
dominated by large, bright objects in late-type spirals
(a>—2), whereas in early-type spirals relatively more low-
luminosity objects are present (a< —2). According to Fig. 6
the slope of the continuum LF therefore can be roughly ex-
pressed as b=d log N/dMy=0.4a. It is worth noting that the
continuum slope for late-type spirals and irregulars is com-
parable to the slope of the stellar LF in nearby galaxies
(b=0.65, e.g., Freedman 1985).

4. DISCUSSION

It is generally assumed that the Ha luminosity of star
forming regions scales with the mass of the ionizing clusters,
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and it is this assumption that underlies the use of the Ha
luminosity as a quantitative measure of the star formation
rate. Since the continuum luminosity of a starburst is domi-
nated (after 1-2 Myr) by the stellar flux of the embedded
clusters, the results just presented allow us to establish that
the HI region LF variations seen across the Hubble se-
quence reflect analogous changes in the luminosity and mass
functions of the ionizing clusters.

Similarities in the Ha and continuum LFs have been
noted before, e.g., for the star clusters of the LMC Elson &
Fall (1985) found a slope of the B LF a=— 1.5, consistent
with a= —1.75 for the H 1l regions (Kennicutt er al. 1989).
Caldwell eral. (1991) studied the continuum knots in a
sample of Sa spirals, obtaining a similar result. The Galactic
molecular cloud masses are also distributed in a similar fash-
ion, with a= — 1.6 (Williams & McKee 1997). Moreover our
results on the continuum LF are in agreement with the study
of Wray & de Vaucouleurs (1980), who found a strong gal-
axy type dependence in the luminosities of the brightest su-
that the bright star clusters are associated with H1I com-
plexes, for spirals of all types, receives further support from
our data. As a consequence, the observed variations in the
Ha properties of the star forming regions along the Hubble
sequence are likely due to a differing mass spectrum of the
regions themselves.

However other scenarios could in principle explain the
observed trend. Extinction differences between early- and
late-type spirals seem to be ruled out by the investigations of
Oey & Kennicutt (1993) and Zaritsky et al. (1994). The main
other explanation follows from the suggestion made by van
den Bergh (1976) and Kormendy (1977) that the stellar IMF
is depleted of massive stars in Sa and Sb galaxies, an idea

PO R O |
4
Log M, (Me)

FiG. 7. Isochrones for 2, 4, 6, 8, and 10 Myr (from lower right to upper left)
calculated as explained in the text are shown for comparison with the ob-
dots indicate H 0 regions for which EW(Ha)>3.2, darker open symbols
have been used for EW(Ha) between 3.0 and 3.2. The shaded area repre-
sents the in the position of the isoch ing a 20% flux
error.

originated at the time since many blue knots, but no Hul
regions, could be observed in these galaxies. The subsequent
detection of H 1l regions even in S0/Sa galaxies (Caldwell
et al. 1994) has weakened the importance of this argument
(stars more massive than 10-15 Mp must be present in order
to ionize the gas), but less dramatic changes in the upper
IMF could still be possible. In Sec. 3.2. we have shown
evidence for comparable H 1l region equivalent width distri-
butions in spirals of different Hubble type. We can
strengthen our assertion that indeed early- and late-type spi-
rals produce H Il regions with similar IMF, if we can show
that the high-EW objects are young enough to be sensitive to
IMF variations, since older objects will have similar EWs
even for largely different IMFs.

In order to estimate the ages of the H Il regions we make
the simplifying assumption that star formation in a giant H I
region occurs in a single, isolated burst. In reality distinct
non-coeval star clusters are observed to coexist in nearby
superassociations (e.g., 30 Dor). At much larger distances, as
for our H 11 region sample, these clusters will remain unre-
solved. Nevertheless our simplification will allow us to de-
fine a ‘“‘mean’” age, weighted by the age and size of each
separate cluster. Our approach relies on the fact that in prin-
ciple for radiation-bounded regions the estimates of the ion-
izing cluster mass, M, and M, derived by adding the
contribution from all stellar masses to the ionizing flux and
to the continuum luminosity, respectively, must coincide.
We then used the Leitherer & Heckman (1995) models with
standard IMF and solar metallicity to approximate the age of
an H 1 region by the time at which M ,=M o .

In Fig. 7 we show the results, after correcting the data for
an average visual extinction of one magnitude. Points along
a selected isochrone (dotted line) will satisfy the condition
M ;=M . The scales along the axes, giving the total mass
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of the clusters (in stars in the 1-100 M mass range), arbi-
trarily refer to the 6 Myr isochrone, while the shaded area
gives the uncertainty in the position of the isochrones con-
sidering a 20 percent error in the measured fluxes. Figure 7
shows that the high-EW regions, represented by the solid
dots, are, as expected, the youngest in our sample, with ages
<4 Myr. Our values are consistent with other determinations
of Hu region ages (e.g., Copetti et al. 1985), which give
values between 1 and 3 Myr for the youngest H Il regions in
spirals. Changing M,;, from 100 to 30 Mo is expected to
produce as much as a 0.4 dex lowering in the EWs in this
age interval. Not only this is not observed in our galaxy
sample, as explained in Sec. 3.2, but also the maximum EWs
are consistent with the theoretical values for the standard
IMF.

A limitation of our data and technique is that values of the

upper mass limit differing by as much as 40 My (between
100 and 60 M) are indistinguishable, as shown in Fig. 3.
‘We can however conclude that even though it is not possible
to rule out variations of this order of magnitude, they alone
cannot explain the large changes in HII region properties
along the Hubble sequence. Differences in the number of
stars per star forming region and in the number of regions
per unit area are more likely to be responsible for the sys-
tematic trend with morphological type.

We thank C. Leitherer for providing us with unpublished
evolutionary models. Comments from an anonymous referee
helped to improve the manuscript. This work was supported
by grant AST-9421145 from the National Science Founda-
tion.
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