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ABSTRACT

An outstanding question in galaxy evolution research is whether the star for-
mation histories of low mass systems are dominated by global starbursts or modes
that are more quiescent and continuous. In this thesis, we quantify the prevalence
of global starbursts in dwarf galaxies at the present epoch, and attempt to infer
their characteristic durations, frequencies and amplitudes in the past. Our ap-
proach is to directly tally the number of bursting dwarfs in a complete local sam-
ple, and to compute the fraction of star formation that is concentrated in these
systems. The resulting starburst number and mass fractions are then combined
with B — V' colors from the literature, the Ho EWSs presented here, and stellar
evolutionary synthesis models in order to place constraints on the average star-
burst duty cycle. The primary dataset used has been put together by the 11 Mpc
Ha UV Galaxy Survey, who have collected data on an approximately volume-
limited, statistical sample of star-forming galaxies within 11 Mpc of the Milky
Way.

Our main observational results, along with the accumulation of star formation
studies of dwarf galaxies over the past three decades, paint a consistent picture
where systems that are currently experiencing a massive global burst are just the
6 + 3% tip of a low-mass galaxy iceberg. Moreover, bursts are responsible for
22 4+ 10% of the total star formation in the overall dwarf galaxy population, so the
majority of stars in low-mass systems do not appear to be formed in this mode
today.

Over their lifetimes, however, a greater fraction of the stellar mass of a dwarf
may be formed in the burst mode. Synthesis modeling suggests that bursts cy-

cles appear to be necessary in order to simultaneously explain the present-day



13

observed blue B — V' colors and modest Ha EWs of typical, currently non-bursting
dlirrs, unless non-standard assumptions concerning the IMF and the escape frac-
tions of Lyman continuum photons are made. The starburst cycle that we con-
verge upon involves burst durations of 50-100 Myrs, cycle frequencies of <1 —3
per Gyr, and elevated burst SFRs that are a factor of 6-10 higher than the rate in
the quiescent state. Galaxies characterized by such a SFH would spend ~ 10% of

their lives in the burst state, and form ~50% of their stellar mass during this time.
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CHAPTER 1

INTRODUCTION

1.1 The Significance of Starbursts in Dwarf Galaxies

Do cycles of violent, intense, but short-lived global bursts represent a significant
mode of star formation in low-mass galaxies? This question was originally raised
over thirty years ago, in connection with the discoveries of dwarf galaxies that
resembled “isolated extragalactic HII regions” (Sargent & Searle 1970). These
systems, now commonly referred to as the blue compact dwarfs (BCDs) or HIl
galaxies, were first identified in Zwicky’s (1966, 1971) catalogs of “compact” and
“eruptive” galaxies, and in Markarian’s (1967, 1969a,b) survey for objects with
large ultraviolet excesses. Star formation histories punctuated by strong “flashes”
were then eventually proposed as the most likely solution to the puzzle presented
by the anomalously blue colors and low gas-phase metal abundances observed in
the lowest luminosity members of these samples (Searle & Sargent 1972; Searle,
Sargent & Bagnuolo 1973, hereafter SSB73; Huchra 1977b).

Since then, the study of starbursts in dwarf galaxies has been greatly amplified
due to the gradual recognition that these events may have a profound impact on
systems with such shallow potential wells. The consequences can be far-reaching.
Starburst episodes have been invoked, although with much ensuing debate, as an

agent which transforms gas-rich dwarf irregulars® (dirrs) to gas poor dwarf ellip-

Throughout this thesis | will use the term dwarf irregular to broadly refer to the full suite
of low-mass star-forming galaxies. This will include the Sm class, where spiral structure is just
barely apparent, the Im class, where there is a clear lack of organized structure, and the BCDs. |
will also note here that the term BCD has historically been somewhat vaguely defined — Thuan
& Martin (1981) introduced the classification to encompass galaxies with Mg > —18, an optical

~
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ticals (dEs) through gas consumption and expulsion (Vader 1986; Dekel & Silk
1986; Skillman & Bender 1995 and references therein, Marlowe et al. 1999). The
stellar winds and supernovae produced by starbursts are argued to drive metal-
enriched winds which may escape the haloes of low-mass galaxies and pollute
the intergalactic medium (IGM) (e.g., Mac Low & Ferrara 1999; Martin 1999; Gar-
nett 2002). Starbursts, therefore, are also implicated in the potentially related
phenomenon of the observed decrease of the effective yield and metallicity with
decreasing luminosity (e.g., Skillman et al. 1989; Lee, Salzer & Melbourne 2004),
rotational velocity (Garnett 2002) and stellar mass (Tremonti et al. 2004).

An outstanding issue of basic importance to all these matters deals with the

prevalence of starbursts in dwarfs. We must ask: What are the characteristic

durations, frequencies and amplitudes of the starburst cycles which determine

their efficacy as critical sinks of fuel and impulsive sources of disruptive energy?

What is the mass fraction of stars formed during the burst phases? How do

these parameters vary over cosmic time? Moreover, are all low mass galaxies

are equally prone to bursting episodes, or rather does the starburst mode only

operate in a particular sub-set of the population? These are the open questions

that have motivated this thesis.

1.2 Methods for Constraining the Prevalence of Bursts

A generic description of the information needed to fully answer these questions
is as follows. We would require a statistically complete sample of dwarf galaxies

that span the total range of star formation activities, from those systems which are

spectrum exhibiting “strong sharp narrow emission lines superposed on a blue continuum,” and
optical sizes < 1kpc in diameter — and this has led to class of objects that is quite heterogeneous in
their physical properties (see Gil de Paz et al. 2003 for a more comprehensive review). However,
one of the intentions of these criteria is to isolate low-mass systems which are in a burst phase,
and accordingly, the | will use the term BCD to refer to starbursting dwarfs.
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presently undergoing a starburst event, to those which are in a period of relative
guiescence. Star formation histories (SFHs) would be needed for each of galax-
ies in the sample, and the temporal sampling of the SFHs must be fine enough to
resolve a burst cycle. The typical modes of global star formation can then be char-
acterized. If violent fluctuations in the star formation rate (SFR) are evident for
only some galaxies, then one can search for commonalities in the physical prop-
erties among those objects that may distinguish them from non-bursting systems.

Of course, it is often not possible to gather the ideal dataset which will yield
all the bits of information needed to entirely constrain a problem. This is cer-
tainly true for the motivating questions of this thesis, and for galaxy evolution
studies in general. The trouble is that we typically cannot follow the SFHs of
individual systems back through cosmic time. The exception is for the galaxies
in and around the Local Group. The stellar populations of these galaxies can be
resolved and observed to sufficient depth such that color-magnitude diagrams
(CMDs) can be used to reconstruct detailed SFHs. The results of these investi-
gations for nearby dlrrs have shown that many of them have had only modest
fluctuations in their star formation rates (e.g., Tosi et al. 1991; Greggio et al. 1993;
Marconi et al. 1995; Aparicio et al. 1997a, b; Dohm-Palmer et al 1998; Gallagher et
al. 1998; Dolphin et al. 2005). In particular, Dohm-Palmer et al. (1998) derived the
SFH of four Local Group dlrrs (Sextans A, Pegasus DIG, Leo A and GR 8) over the
recent past using main sequence and blue helium burning (supergiant) stars, and
found that there were no bursts (no star formation episodes that deviated from
the average activity by more than a factor of ~3) in these systems over the past
500 Myrs. Assuming a burst duration of 100 Myr, they then inferred that the total
time spent in the burst state must be less than ~5%, since there was the potential

of observing 20 burst episodes in their data, but none were encountered. Clearly,
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the conclusions of this study are weakened by the very small sample examined.
However, by increasing the number of galaxies observed, extending the analy-
sis to include earlier times, and capturing systems in which bursts have played
a role, CMDs can indeed be used to robustly constrain the duty cycle and the
prevalence of starbursts in the evolution of dwarfs. This should be possible for
a large, statistical sample of dwarfs with the next generation of very large 30-m
class telescopes such as the Giant Magellan Telescope, but in the meantime, we
require an alternate strategy.

One reasonable approach is to use the present-day integrated properties of
dwarfs to trace their SFHs. Although this method is coarser in its temporal re-
solving power, it allows for the analysis of the larger sample that is needed, and
so, is complementary to the CMD studies. Certainly, the use of global properties,
in particular the U BV colors and Ha-based SFRs, to infer SFHs has long been the
staple of galaxy evolution studies (e.g., Tinsley 1968, 1972; SSB73; Kennicutt 1998
and references therein; Bruzual & Charlot 2003 and references therein). How-
ever, a robust analysis based on a dwarf sample which is not only statistical and
complete, but also spans the full range of activities and includes all BCDs/HI|I
galaxies as well as the more difficult to observe quiescent, low surface brightness
systems in a given volume, has not yet been carried out. The work in this thesis
aims to fill the need for such an analysis. We will give an overview of our par-
ticular strategy at the end of the chapter, but first we complete this discussion by
providing a more general background on our current understanding of the SFHs

of dIrr galaxies.
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1.3 Our Current Understanding of the Evolutionary Status of

Dwarf Irregular Galaxies

Over the past three decades, dlrrs have been shown to be the most gas-rich,
metal-poor and the bluest of all galaxies on the Hubble sequence. There have
been many studies which have concluded that the present-day properties of most
dlirrs reflect SFHs that are characterized by constant, but relatively low SFRs over
the galaxies’ lifetimes. This result has been primarily based on (1) the comparison
of observed global colors with those synthesized by stellar population modeling
(e.g., SSB73; Huchra 1977b; van Zee 2001), (2) the calculation of current SFRs from
Ha emission line fluxes (e.g., Gallagher, Hunter & Tutukov 1984; van Zee 2001,
Hunter & Elmegreen 2004), and (3) the estimation of gas consumption timescales
(e.g., Hunter, Gallagher & Rautenkranz 1982; van Zee 2001; Lee et al. 2002). More
recently, studies of the resolved stellar population of the nearest dwarfs have pro-
vided additional evidence for this picture, as described above.

This picture, however, does not yet entirely exclude the possibility that the
SFHs, which appear constant when averaged over a Hubble time, are actually
composed of short burst cycles when examined with a finer temporal resolu-
tion. Clearly, a direct consequence of such variability is that we should be able
to observe dlirrs in a range of star formation states. As already discussed, this is
in fact where the idea of burst cycles originated — with the first observations of
BCDs/HII galaxies. Using U BV photometry and the earliest generation of stellar
synthesis models, SSB73 and Huchra (1977b) found that the extremely blue col-
ors (B-V~0.0) of these systems could be fit by models where there was a much
elevated episode of star formation (“a flash”) superimposed on a older stellar
population. Ever since then, the objectives at the forefront of research on low-

mass galaxies have included the need to elucidate the relationship between the
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BCDs and the quiescent dirrs — i.e., to establish whether the typical dirr can
be a post-burst BCD, and if not, to identify the population which does represent
the BCDs in their off-state — and to characterize the short term variability in the
SFHs.

Matters can be substantially simplified by assuming that the bursts observed
in BCDs can occur with equal probability in any dwarf galaxy with gas, and that
all dirrs share acommon SFH. That is, the large ranges in properties exhibited by
dwarfs are merely a consequence of observing them at different points in their
star formation cycles. If these “equal probability” assumptions are true (the sub-
ject of which we will return to in Chapter 6), then the frequency distribution of
galaxies in the various phases will correspond to the time spent in those phases,
for a complete sampling of the population.

Perhaps the most quantitative analysis along these lines was carried out early
on by Sargent (1972), who tentatively estimated that these hyperactive systems
make up ~10% of the overall dwarf galaxy population. He reached this conclu-
sion by comparing the space densities of low luminosity systems (14, 2 —17) in
Markarian’s UV-selected survey and van den Bergh’s (1961) normal field galaxy
sample. Although rigorous completeness tests were carried out, the result was
emphasized as preliminary since the analysis suffered from small number statis-
tics and large incompleteness corrections; both of Sargent’s starbursting and nor-
mal dwarf samples contained only about a dozen objects. Nevertheless, the
rough estimate was used in SSB73 to infer that dlrrs undergo 5 to 10 short star-
bursts, each with a duration of ~10® yrs, over their lifetimes of 10'° years (i.e.,
dwarfs spent ~10% of their lives in the burst state). Note that this is roughly con-
sistent with the Dohm-Palmer et al. (1998) 5% estimate based on resolved stellar

populations.
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Surprisingly however, there have been a dearth of studies in the intervening
years that have tried to produce a robust confirmation of Sargent’s initial esti-
mates. Huchra (1977a) repeated the exercise, but his space densities were also
based on the Markarian samples and thus share the same uncertainties due to
small numbers and incompleteness. In the following decade, work on the SFHs
of dwarf galaxies was focused on similarly sized samples that were simply cho-
sen to be representative of the parameter space that dwarfs are thought to oc-
cupy (e.g., Hunter, Gallagher & Rautenkranz 1982), or selected to probe the prop-
erties of a particular subclass of them (e.g., Bohuski, Fairall & Weedman 1978,
emission-line galaxies; Thuan 1983, BCDs; Hunter & Gallagher 1985, isolated
dirrs). More recent analyses have built upon this foundation by increasing the
number of dwarfs studies by factors of a few, but the samples are still not com-
plete in nature (e.g., van Zee 2000, 2001; Parodi et al. 2002; Gil de Paz, Madore
& Pevunova 2003; Hunter & Elmegreen 2004, 2006). The exceptions among these
studies have involved the emission-line and color-selected surveys which have
produced the most homogenous and best characterized samples containing large
number of dwarf galaxies. However, programs such as the Haro (1956), Markar-
ian (1967, 1969a,b), UCM (Zamorano et al 1994.) and KISS (Salzer et al. 2000)
surveys, preferentially have selected the most strongly star-forming systems by
design and become severely incomplete for galaxies in which the current star for-
mation rate is not elevated relative to the average past activity. In sum, there has
been no robust follow-up statistical analyses which have focused on uniting the
disparate types of dwarfs to our knowledge.

And so, this overview brings us to our present-day understanding of bursts
in dwarf galaxies. The current situation is, admittedly, a bit odd. The first and

essentially last rigorous statistical studies were done over 30 years ago, and have
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already tentatively shown that dwarfs spend a small minority of their time in
the burst state (given the assumptions stated above). Yet these results seem to
have been perhaps largely forgotten and/or overshadowed by discoveries of the
most extreme members of the low-mass galaxy population, and this has led to the
development of a “common wisdom” that the recent SFHs dwarfs are typically
dominated by bursts. | refer to the conception that “dwarfs are bursty” as com-
mon wisdom because although this idea is often referred to in conversation, and
anecdotally-supported allusions to it are sometimes found in the literature (e.g.,
Dong, Lin & Murray 2003; Elmegreen & Scalo 2006), well-substantiated state-
ments of it are difficult to find in print.

It is in this context that we revisit this problem.

1.4 Overview of the Thesis

In this thesis, we quantify the prevalence of global starbursts in dwarf galaxies
at the present epoch, and attempt to infer their characteristic durations, frequen-

cies and amplitudes. Our approach is to directly tally the number of bursting

dwarfs in a statistically complete local sample, and to compute the fraction of star

formation that is concentrated in these systems. The resulting starburst number

and mass fractions are then combined with B — V colors from the literature, the

Ha EWs presented here, and stellar evolutionary synthesis models in order to

place constraints on the average duty cycle. The primary dataset that we use

has been put together by the 11 Mpc Ha UV Galaxy Survey (11HUGS) team,
who have constructed an approximately volume-limited, statistical sample of
star-forming galaxies within 11 Mpc of the Milky Way. The Ha-imaging com-
ponent of the survey (Kennicutt et al. 2006, in preparation) yields measurements

of the SFRs and birthrates (normalized SFRs) over the past ~107 yrs which are
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needed for our analyses. We describe the survey and its completeness properties
in Chapters 2 and 3, respectively.

Before focusing on solely on dwarf galaxies however, we take a step back and
give a more general overview of the connections between the current star forma-
tion activity and the mass, luminosity and morphology of galaxies across the full
extent of the 11HUGS sample in Chapter 4. To do this, we examine the parame-
ter spaces defined by (i) Mz and the Ha EW, and (ii) the disk rotational velocity
Vinaz @nd the Ha EW. Galaxies form sequences in these planes which exhibit two
characteristic transitions. One occurs at Mz ~ —19 and V,,,,, ~ 120 km s~!, where
the more luminous and massive galaxies tend to have Sa-Sb bulge-dominated
morphologies and EWs that turn-off toward lower values. The EW distribution
of galaxies in this regime also has a dispersion that is larger by 50% as compared
with the intermediate mass systems below the transition. The systematic drop
of the EW indicates that star formation is shutting off above this particular mass
threshold. This transition is another manifestation of the recently uncovered bi-
modality of the galaxy population, i.e., the general division at a stellar mass of
~ 3 x 10'%My,, over which the stellar populations in galaxies are predominantly
red and old, and under which galaxies are blue and more actively star-forming
(e.g., Kauffmann et al. 2003b, Blanton et al. 2005). The second transition occurs
at Mz ~ —15 and V,,,,, ~ 50 km s~ !, where the least luminous and lowest mass
galaxies in the sequence have predominantly irregular morphologies, and an EW
distribution that is broader by a factor of 2. The region between these two tran-
sition, which is mostly populated by late-type spirals, thus has the tightest EW
distribution. Possible explanation for the lower-mass feature include (i) burstier
star formation due to negative feedback in physically small systems (e.g., as ex-

plored by Gerola et al. 1980), and/or the absence of the stabilizing effect of spiral
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structure, and (ii) star formation “flickering,” statistical effects due to the very
low average SFRs in these dwarfs (e.g., Hunter & Gallagher 1986).

Our main observational results on the prevalence of starbursts in dwarf galax-
ies are presented in Chapter 5. We first specify and justify our criteria for identify-
ing starbursts as those systems with integrated Ho EW larger than the 3o limit of
the logarithmic EW distribution (i.e EW> 100,&). We then calculate the starburst
number fraction, and the fraction of the dwarf galaxy Ha luminosity density pro-
duced by these systems. The findings of this thesis, along with the accumulation
of work on the star formation properties of dirrs over the past three decades,
paint a consistent picture in which dwarfs that are currently experiencing a mas-
sive global burst are just the 6 + 3% tip of a low-mass galaxy iceberg. Moreover,
bursts are responsible for 22 4+ 10% of the total star formation in the overall dwarf
galaxy population, so the majority of stars in low-mass systems are not formed
in this mode today. This consistency is quite notable since the aggregate of these
studies cover a broad range of independent approaches to the problem.

The model-dependent results of this thesis, however, are at odds with previous
conclusions that the SFHs of typical dirr galaxies are characterized by constant
SFRs. We instead find that the majority of dlrrs are currently forming stars at
rates that are depressed by ~ 50% relative to their lifetime averages. This dis-
agreement can generally be traced back to changes over the past 30 years in the
base assumptions that stellar evolutionary synthesis models are predicated on,
which specifically can affect dwarf galaxies. We elaborate on these issues, and
describe the model grid we have constructed and use here in Chapter 6.

Finally, the latter half of Chapter 6, we present and discuss the finding that
bursts cycles appear to be necessary in order to simultaneously explain the present-

day observed blue B — V' colors and modest Ho EWSs of typical, currently non-
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bursting dlrrs, unless non-standard assumptions concerning the IMF and the es-
cape fractions of Lyman continuum photons are made. The starburst cycle that
we converge upon involves burst durations of 50-100 Myrs, cycle frequencies of
1-3 Gyr !, and elevated burst SFRs that are a factor of 6-10 higher than the rate
in the quiescent state. Galaxies characterized by such a SFH would spend ~ 10%
of their lives in the burst state, and form ~50% of their stellar mass during this
time. We note that it is quite remarkable that such a SFH was predicted by the
first back-of-the-envelope calculations of SSB73. This 10% duty cycle is in agree-
ment with the observed starburst number fraction of 0.06 + 0.03. However, the
~50% mass fraction is only nominally consistent with the 22 + 10% inferred us-
ing the “equal probability” assumptions, in which all dirr galaxies are similarly
able to burst and the observed starburst star formation fraction has been constant
over cosmic time. If all of the inputs to our burst cycle solution are robust, then
this nominal consistency indicates that the equal probability assumptions may
not be entirely correct. We speculate that the most likely explanation may be that

starbursts in low-mass systems have occurred at a different rate in the past.
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CHAPTER 2

OBSERVATIONS OF THE CURRENT STAR FORMATION IN

A COMPLETE SAMPLE OF DWARF GALAXIES

2.1 Introduction

The work in this thesis is primarily based upon data from an Ha imaging survey
of the 11 Mpc local volume, which is the result of a collaborative effort led by
Robert Kennicutt and a team that includes data analyst Sanae Akiyama (Stew-
ard), Jose Funes (Vatican), Shoko Sakai (UCLA) and myself. The objectives of the
survey extend far beyond those that are pursued in this thesis. Broadly, the goals
are to characterize, using a complete sample, the star formation demographics
of the local volume and to provide a foundation for follow-up studies of the Hll
region populations, star formation, chemical abundance, and ISM properties of
the nearest galaxies. The program has obtained Ha+[NIl] and R-band imaging
for all known spiral and irregular galaxies which are within a distance of 11 Mpc,
outside of the plane of the Milky Way (|b] > 20°), and brighter than 15 B mag-
nitudes. These bounds define the ranges over which the parent catalogs that we
have used to build our sample are relatively complete, but observations have also
been made for a number of other local galaxies that fall outside these limits. A UV
imaging component was added to the survey subsequent to its essential comple-
tion, and the composite project was named 11HUGS, the 11 Mpc Ha UV Galaxy
Survey. The UV data is being obtained through two bands at 1500 A and 2300
Afora complete subset of the Ha catalog galaxies through an ongoing GALEX

Cycle 1 Legacy program, for which the collaboration has been extended to in-
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clude Christy Tremonti (Steward) and Liese van Zee (Indiana). The combination
of Ha imaging, which provides snapshots of the ongoing star formation, and UV
imaging, which traces star formation over a much longer ~ 10® yr timescale, will
yield powerful constraints on the systematic errors in the inferred star formation
related quantities.

The design and execution of the Ha imaging program is described in this
chapter to provide background for the analyses of the prevalence of global star-
bursts in low-mass systems. For more details the reader is referred to Kennicutt
et al. (2006, in preparation). In Section 2.2, we describe the sample selection strat-
egy with an emphasis on the dwarf galaxies of primary interest in this thesis.
We also document the sample construction and compilation of ancillary litera-
ture data, and provide the final target catalog. In Section 2.3, we describe the
observations and data reduction, and compare our integrated fluxes and EWs
with measurements available in the literature. The 11HUGS catalog of integrated
(galaxy-wide) Ha+[NII] fluxes and EWs can be found at the end of this chapter.

The contributions of the team members to the project are as follows. The sam-
ple selection was carried out by Kennicutt and Sakali, the bulk of the observa-
tion by Kennicutt, Funes and Akiyama, and the image processing primarily by
Akiyama. My roles mainly dealt with the flux calibration and measurements of
the images, wrap-up observations for these purposes, and the compilation of an-
cillary data. | also subsequently refined and updated the sample, to ensure com-
pleteness for the calculation of the dwarf galaxy starburst statistics presented in
Chapter 5. Note that all distance dependent quantities assume H, =75 km s}

Mpc~! throughout this entire work.
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2.2 The 11HUGS Sample

2.2.1 The Motivations for, and Challenges in Assembling a

Volume-Limited Sample in the Local Neighborhood

The definition of our sample was driven by two primary scientific objectives: to
characterize the full range of star formation properties among local galaxies, and
to constrain the starburst duty cycle in low-mass systems. Ideally, the dataset
used for tackling these issues would be one that truly gives a complete inventory
of the current star formation in all galaxies within a local volume, and further, one
that is large enough to ensure decent number statistics. However, the ability to
assemble such a dataset rests upon having a total census of the galaxy population
within the given volume, and this is an impractical, if not unachievable, goal. Af-
ter all, faint nearby galaxies are continually discovered, and the number of known
galaxies within ~10 Mpc has doubled from ~200 to over 450 in the past ten years
alone (e.g. Karachentsev et al 2004). Although these new additions most often
have magnitudes which fall below the limits of the older, large, homogeneous
catalogs such as Zwicky’s CGCG (B < 15.5) and the UGC (B; < 14.5), they are
not all necessarily typical of the dead, gas poor dwarf spheroidals that most re-
cent Local Group discoveries bring to mind (e.g. Canes Venatici dSph, Zucker
2006; Belokurov et al. 2006 and references therein). Some of the newly cataloged
galaxies have been shown to have Ha-derived star formation rates (SFRs) of ~
0.01 M, yr-!(e.g. Karachentsev et al. 2005), which is common of the average
system studied in the seminal work by Gallagher, Hunter and others on the star
formation histories of dwarf irregular (dirr) galaxies (e.g. Gallagher & Hunter
1984; Hunter & Gallagher 1986 and references therein). Thus, it appears that we
might not yet be at the point of diminishing returns in an inventory of star forma-

tion of a statistical sample of nearby dwarf galaxies, even if this tally were based
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on the most up-to-date and comprehensive of galaxy databases available today.

Nevertheless, we must begin somewhere, and as with other scientific endeav-
ors, this somewhere is determined by the adequacy of the datasets available to
address the objective at hand, and the outstanding issues surrounding that objec-
tive. Here we will focus most of our attention on the subject of this thesis, which
concerns the star formation histories of dwarf galaxies.

To repeat some of the background given in the introductory chapter, solid
groundwork has been laid over the past three decades in terms of revealing the
nature of dirrs as gas-rich, metal-poor, but not-necessarily-young galaxies which
have enough fuel to sustain star formation at their current rates for another Hub-
ble time. The aggregate of this work has also shown that dlrrs (which I will gener-
ically use to refer to the full suite of Im, Sm and BCD - star-forming dwarf — galax-
ies) have the most expansive range of star formation properties among late-type
systems on the Hubble sequence. Galaxies with otherwise similar characteristics
in the dlrr morphological class encompass those which are observed to be rela-
tively quiescent and forming stars at rates which are a only few percent of their
past average rate, to the spectacular instances of starbursting systems in which
the current rate is enhanced by several times over the past average. This imme-
diately brings to the forefront the outstanding issue of the possible evolution-
ary connections between the various star formation states of dwarfs. Progress in
our understanding of this issue depends on our ability to constrain the starburst
duty cycle in low-mass systems; that is, to quantify the characteristic frequen-
cies and durations of starbursts and the mass fraction of stars formed in these
episodes. However, work on astrophysical questions which demand samples of
dwarf galaxies which are not only representative, but statistically complete, has

been notoriously difficult simply because of the general challenges associated
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with observing such faint objects.

Though the advent of large-format, high quantum efficiency CCDs and the
ever-increasing size of telescope apertures has greatly ameliorated the difficul-
ties involved with collecting data on large samples of faint, nearby galaxies, sta-
tistically complete samples of dwarf galaxies which span the full range of star
formation properties had not yet materialized at the time of the inception of this
project.

In light of this, we were motivated to carry out an observational program
which would move us one step closer toward filling the need for a complete
dataset on the star formation properties of the overall dwarf galaxy population.
We have produced an approximation of an ideal total galactic star formation in-
ventory of the local volume based on existing galaxy catalogs. Our program gen-
erally concentrates on obtaining Ha imaging for all known spiral and irregular
galaxies which are within a distance of 11 Mpc, outside of the plane of the Milky
Way (|| > 20), and brighter than 15 B magnitudes on the RC3 system. These
constraints have been chosen as a compromise between two necessities: one to
avoid the severe incompleteness that is known to set in at larger distances, fainter
apparent magnitudes and lower Galactic latitudes, and another to try to keep the
sample large enough such that an analysis of the dwarf galaxy starburst cycle
based on this dataset is not entirely dominated by Poisson statistics. Within our
imposed limits on B-band brightness and Galactic latitude, the current census
of the inhabitants of the local volume should be fairly complete, and any incom-
pleteness that does occur should be statistically correctable. The morphological
selection was applied to avoid spending large amounts of observing time imag-
ing elliptical, dwarf spheroidal, or gas-poor SO galaxies, which are known to con-

tain few if any detectable HII regions (Pogge & Eskridge 1987, 1993, Kennicutt
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1998a). However, to address the more general scientific objective of character-
izing the star formation properties over the full mass-spectrum of local volume
galaxies, we include peculiar or unusually gas-rich early-type objects which are
already known to contain significant amounts of star formation (e.g., Cen A =
NGC 5128).

Even armed with a clear framework for constructing such a sample, the task of
compiling a list of targets is still a non-trivial exercise. Although ambiguities can
arise in determining which galaxies actually belong in a sample with a specified
distance limit in any volume, they are more problematic within several Mpc of
the Milky Way. Observed heliocentric recessional velocities of galaxies in the local
neighborhood cannot be directly used to compute distances for the galaxies in our
sample since they can be dominated by peculiar motions. Instead, a model must
be used which at least corrects velocities for the motion of the Local Group and
for infall onto the Virgo cluster. The computed flow-corrected velocities can vary
by ~15% depending upon the precise model adopted, however, and even these
cannot be employed blindly — attention must be paid to possible membership in
less massive groups (e.g., Coma I, Leo and Fornax) whose gravitational effects
have not been included in most models, but can also have a ~15% effect on the
distances. Fortunately, we can think of no cosmological bias that would cause
this uncertainty to systematically vary as a function of star formation properties,
so we have proceeded in the following way, where we have tried to be practical

but as comprehensive as possible.

2.2.2 Construction of the Sample
We have chosen to use the Nearby Galaxies Catalog (NBG) of Tully (1988) to build
the foundation of our sample, since its completeness properties with distance are

well understood and documented (Tully 1988c, Shaya et al. 1992). The NBG
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lists 2367 galaxies that were known in 1978 to have v, < 3000 km s~!. The con-
tents of the NBG are mainly a combination of galaxies in the magnitude-limited
Shapley-Ames sample (B < 12) and an all-sky HI survey based on a homoge-
neous re-inspection of photographic atlases by Tully, Fisher and collaborators.
For each entry, the NBG provides a distance which is based on the Virgocentric
flow model of Tully & Shaya (1984) and assumes H,= 75 km s~ Mpc!. In the
direction toward the Virgo cluster, model-based velocities are triple-valued, so
Tully et al. have used independent distance estimators to identify the most prob-
able velocity for galaxies within 28°of the Virgo core. In addition, galaxies with
probable membership in 13 other massive clusters are identified and given dis-
tances consistent with the mean flow-corrected velocity of the cluster. One of
the many other contributions of the NBG is that it also gives affiliations for over
98% of its entries with gravitationally bound groups and looser associations, or
“clouds.” These cluster, group and cloud assignments are particularly impor-
tant for the trecherous fine-tuning of our initial sample, as will be discussed in a
moment.

From the NBG, a list of 315 candidates was generated by selecting galaxies
with NBG reported morphological types later than S0/a (i.e. with non-negative
Hubble type codes) and distances less than 11 Mpc. There were no Galactic lati-
tude or apparent magnitude restrictions applied to this list. However, the following
modifications were made based on more recently published direct distances and
group membership. The Coma | group (NBG cloud 14 group -1), which was pre-
viously assigned a distance of 9.7 Mpc in the NBG, was subsequently placed far
beyond 11 Mpc (e.g. at 16.4 Mpc, by Trentham & Tully 2002). Further, it has a
cepheid measurement to one of its members, NGC 4414, of 17.70 Mpc (Freedman

et al. 2001). Thus, the 17 spiral and irregular galaxies associated with this struc-
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ture were removed from our candidate list. In addition, 4 galaxies associated
with the NGC 3184 group (NBG cloud 15 group +7) by Ferrarese et al. (2000b)
were excluded since cepheid distances to two of its members, NGC 3319 and
NGC 3198, show that the group is at a distance of ~13.6 Mpc (Freedman et al.
2001). Three other galaxies with new cepheid distances were also removed. NGC
2090 and NGC 2541, have distances of 11.75 and 11.22, respectively, as reported
by Freedman et al. 2001, while Leonard et al. (2002) places NGC 1637 at a dis-
tance of 11.7 Mpc. Another galaxy, NGC 3985, with d(NBG)=8.3 Mpc, was later
identified to be a member of the Ursa Major cluster which is at 18.6 Mpc (Tully
& Pierce 2000), and was omitted as well. NGC 4517, with d(NBG)=10.4 Mpc,
was also excluded as it was identified to be associated with the Virgo cluster by
Gavazzi et al. (2002). Finally, a cross check of recessional velocities given in the
NBG with measurements collected by NED for the remaining candidates showed
that five galaxies have updated redshifts which place them well outside the local
volume. These galaxies, NGC 4687, NGC 4941, NGC 7518, CGCG 413-002 and
ESO347-1G007, were not retained in the candidate list either. This leaves us with
284 galaxies from the NBG.

Of course, there have been many new redshifts measured and additional galax-
ies identified since the compilation of the NBG. To account for these objects, a sec-
ond list of candidates was generated by first searching NED for all galaxies with
|b] > 20°, B < 15 and v, < 3000 km s~'. Applying these restrictions on this search
produces a sample which approximately replicates the overall characteristics of
the NBG catalog. Heliocentric velocities were corrected using a flow-field model
and galaxies with distances greater than 11 Mpc (where a Hubble constant of 75
km s~'Mpc~! is used to maintain consistency with the NBG) were eliminated.

We use a linear velocity field model which includes a single attractor, the Virgo
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Cluster, based on the algorithm outlined by the H, HST Key Project (Mould et al.
2000). The model used to calculate distances for the NBG is not straightforward
to precisely reproduce, particularly in the large volumes toward Virgo and Coma
I, so we have simply opted to use this alternate model. The overall differences
between NBG flow model and the one employed here are relatively generic —
they involve the choice of the correction to the Local Group centroid (e.g., the
prescription of Yahil, Tammann & Sandage (1977) vs. the IAU adopted 300 sin /
cos b) and in the parameters describing the correction for Virgocentric flow (e.g.
infall velocity, position and extent of the cluster). After the distance limit was
applied, ellipical and lenticular galaxies were removed from the NED candidate
list.

At this point, it would appear as if the process of identifying galaxies based
on our previously established criteria has been completed. However, we have
yet to fold in the wealth of information on galaxies with primary and secondary
distance measurements or group membership. The latter issue of a galaxy’s af-
filiation with structures which may perturb the flow velocities by more than
~ 15% is not an entirely straightforward one to deal with since ambiguities in
group/cluster assignments will arise for dynamically complex regions, as well as
for objects at the peripheries of the structures. This is another reason we chose to
use the NBG as a starting point for constructing our sample — much of this work
has already been done for the galaxies tabulated there. Thus, the strategy applied
to fine-tune the NED candidate list is one that is: (1) based on the membership
assignments given by the NBG and supplemented by those discussed in the ap-
pendix of Ferrarese et al. 2000b, and (2) tied to cepheid and SBF derived distances
to central members of the groups/clusters (Ferrarese et al. 2000b, Freedman et al.

2001, Tonry et al. 2001). We now proceed to document the details of the modifi-
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cations made to the candidate list in this last step.

The main structures that contaminate our sample with distant galaxies are the
Coma | group (16.4; Trentham & Tully 2002), the Ursa Major cluster (18.6 Mpc;
Tully & Pierce 2000), and the Virgo Cluster (17.0 Mpc; Trentham & Tully 2002)
and its satellite groups. All NBG galaxies affiliated with cloud 14 group -1 (Coma
I) or cloud 11 group -1 (Virgo) were removed. Ursa Major cluster (cloud 12 group
-1) members were eliminated based on the more recent Ursa Major catalog of
Tully et al. (1996). Galaxies associated with several smaller groups were also
omitted. These groups are: the N3184 group (15 +7; <D(cepheid)>~13.6 Mpc,
Freedman et al. 2001), the Leo Cloud (cloud 21; <D(SBF)>~20 Mpc, Tonry et
al. 2001), the Fornax cluster (51 -1; <D(cepheid)>=19.0 Mpc, Freedman et al.
2001), and the Dorado or NGC 1566 cluster (53 -1; <D(Fundamental Plane)>=13.8
Mpc, Freedman et al. 2001). Galaxies in our NED candidate list that were not
originally included in the NBG were removed if they were found to lie within
the velocity, RA, or DEC ranges formed by one of these NBG assemblages. On
the other hand, galaxies with flow-corrected velocities greater than 11 Mpc, but
within two groups near the boundary of the volume with cepheid distances less
than 11 Mpc were retained. These are the NGC 1023 group (cloud 17 group -1)
with a distance to NGC 925 of 9.16 Mpc, and the Leo | group (cloud 15 group
-1) with an average distance to NGC 3351 and NGC 3368 of 10.0 Mpc (Freedman
et al. 2001). When completed this process leaves us with 58 spiral and irregular
galaxies with |b| > 20°and brighter than 15 NED “indicative optical magnitudes”
that are not in our first sample of 284 NBG galaxies.

Clearly, the use of NED magnitudes to identify galaxies brighter than our cho-
sen limit may be problematic. Although the NED “Basic Data” compilation uses

B-band measurements from the RC3 (de Vaucouleurs, et al. 1991) whenever pos-
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sible, it also compiles photometry from other smaller studies when RC3 magni-
tudes are not available. Most frequently, the tabulated data from other sources in
the literature correspond to B-band photometry (although these have not been re-
duced to a homogeneous system with the RC3 magnitudes), but data in other fil-
ters are also collected as necessary to provide an “indicative optical magnitude.”
In spite of this, the combination of the NBG and NED target lists should still
yield a sample which represents virtually all known spiral and irregular galaxies
brighter than 15 RC3 By magnitudes, within our given distance and Galactic lat-
itude limits. This is because we have found that the NED non-RC3 magnitudes
tend to be systematically brighter than measurements that we have subsequently
compiled which have been homogenized to the RC3 system (i.e. B magnitudes
from the Hyperleda database).! Thus, the sample as currently defined will con-
tain contain some galaxies fainter than B(RC3)=15, but should be fairly complete
to that brightness. More rigorous tests of the sample’s completeness properties
have been performed and a thorough discussion of both its completeness and
other general properties will given in the following chapter.

As will be described in detail in the next section, calibrated Ha images have
been obtained by our group for the majority of the NBG and NED final candidate
lists over a four year campaign, using three different telescopes in both northern
and southern hemispheres. Further, Ha measurements have been compiled from
the literature for those galaxies which were not observed. The resulting dataset
presented here helps fill a critical need for statistical studies of the star forma-
tion properties of dwarf galaxies, but again, it is still only an approximation of
an ideal total star formation inventory of the local volume. Although we would

expect that our sample is relatively complete to the specified limits, there remains

1We note that although this is true at the time of the final revision of our sample (June 2005), it
may not be true at some later data since NED is of course a dynamic repository of data.
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the population of galaxies within 11 Mpc that may have on-going star formation,
but which lies outside the boundaries that we have imposed on Galactic latitude,
B-band brightness and morphology. During the course of our observational cam-
paign, we have used gaps in our program to obtain data for some of these objects.
Ha images, fluxes and EWSs are also available in the literature for several other of
these galaxies. The aggregate of those measurements from the literature and the
ones accumulated by our group for galaxies at low Galactic latitudes |b| < 20°,
fainter than 15 B magnitudes, and/or with elliptical or lenticular morphologies
can be thought of as the beginning of a sample which represents a 1st (or 2nd)
order correction to our approximation of the wholly complete star formation in-
ventory. A justification for or against conducting another Ha survey for a deeper
statistical sample of local galaxies is not clear at the time of the writing of this
chapter, but will be revisited later after the analysis of the dwarf galaxy starburst
duty cycle in Chapter 6.

In Table 2.1, we tabulate the galaxies, along with the properties relevant for
their selection, in our final candidate lists of 284 NBG galaxies and 58 galaxies
compiled from NED. We also include an additional 57 galaxies with existing Ha
measurements that are within 11 Mpc (based on our flow field model) but are not
within the bounds of the initial NBG or NED samples. Taken altogether, the 399
galaxies listed in Table 2.1 and the Ha measurements that we have collected for
them, both from the literature and from our own observations, comprise the Ha
dataset of 11HUGS, and embody an exhaustive synthesis of our present state of
knowledge of the star formation currently occurring in galaxies within 11 Mpc as

inferred through this nebular recombination line.
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2.2.3 A Catalog of Star-Forming Galaxies within 11 Mpc

The 399 galaxies in the resultant Ha. sample described above constitute the gen-
eral 11HUGS catalog. Sub-samples for subsequent studies (including the UV
component of the survey) are derived form this parent set of galaxies. The galax-
ies and the general properties relevant for their selection are given in Table 2.1.
The information listed in the columns there are as follows:

Column (1) - The running index number in this table.

Column (2) - Internal 11HUGS reference ID number.

Column (3) — Galaxy name.

Columns (4-5) — J2000 equatorial coordinates.
As reported in NED.

Column (6) — Galactic latitude.

Column (7) — Heliocentric recessional velocity.
As reported in NED. In km s~ 1.

Column (8) — Flow-field corrected recessional velocity.
A linear velocity field model is employed which includes a single at-

tractor (the Virgo Cluster) and a correction to the Local Group centroid
as specified by Yahil, Tammann & Sandage (1977). The algorithm used
is based on the prescription in Mould et al. 2000 by the H, HST Key

Project. Inkms!,

Column (9) - NBG distance.
Distance as reported in the Nearby Galaxies Catalog (NBG, Tully 1988).

The NBG provides a distance which is based on the Virgocentric flow
model of Tully & Shaya (1984) and assumes H,= 75 km s~! Mpc~!. In
the volume surrounding the Virgo cluster, model-based velocities are
triple-valued, so Tully et al. have used independent distance estima-

tors to identify the most probable velocity for galaxies within 28°of



the Virgo core. In addition, galaxies with probable membership in 13
other massive clusters are identified and given distances consistent
with the mean flow-corrected velocity of the cluster. In Mpc.

Column (10-11) - Adopted distance & distance determination method.
Direct measurements from the literature, such as those based on stan-

dard candles, are adopted when available. The majority of these mea-
surements for galaxies in our 11 Mpc sample has also been compiled
and recently published by Karachentsev et al. (2004) in their Catalog
of Neighboring Galaxies (hereafter, KKHM). We have simply chosen to
adopt the direct measurements listed in KKHM, unless updated val-
ues are given by Freedman et al. (2001) or Mould et al. (2005). If
direct measurements are not available, distances are computed from
the flow corrected velocities listed in column 8, using H,= 75 km s!

Mpc!. In Mpc.

The methods used to determine the tabulated distances are: the lumi-
nosity of cephieds *“ceph,” the luminosity of the tip of the red giant
branch ““trgb,” surface brightness fluctuations “sbf,” membership in
known groups “mem,” the luminosity of the brightest stars “bs,” and
the Tully-Fisher relation “tf.” Flow model derived distances are indi-
cated with “v(flow).”

Column (12) — Morphological type & classification error.
Revised de Vaucouleurs morphological types were taken from the Hy-

perLeda database. The numerical codes follow those established in
the RC2. A dozen objects without types in Hyperleda, all of which are
dwarf galaxies, were assigned codes based on the classification listed
by NED. Further, since starbursting dwarf galaxies, a.k.a blue compact

dwarfs (BCDs) or HIl galaxies, are often misclassified as ellipticals, the



morphological codes for 17 galaxies which appear in the Palomar/Las
Campanas Altas of BCDs (Gil de Paz et al. 2003) were checked. Nearly
all of these galaxies were either indeed classified as ellipticals, had
large errors (err(T)<3) or were not classified at all. These dwarfs were
(re-)assigned a code of 11 (compact irregular). All galaxies with clas-

sifications given by us have err(T) set to -999.

Column (13) — Apparent B-band magnitude & error.
B-band photometry has been compiled from the literature, and adopted

from the following large, homogeneous, catalogs in the following or-
der of preference, when available: (1) B from the collection of dwarf
galaxy observations obtained by van Zee, Haynes & Salzer (e.g. van
Zee, Haynes & Salzer 1997), and Binggeli, Barazza, Bremnes, Parodi
& Prugniel (e.g. Parodi, Barazza & Binggeli 2002), (2) By as reported
in the RC3 (de Vaucouleurs et al 1991), and (3) By as compiled and
reduced to the RC3 system by HyperLeda. For a small number of ob-
jects (18 galaxies), a measurement is not available from one of these
sources. In these cases, the literature is searched and a B magnitude
taken from smaller datasets of photometry given in individual papers.
As a last resort, the “indicative optical magnitude” listed on NED is

adopted in 8 cases.

Column (14) — Reference codes for photometry and distances.
The key to the reference codes are given in Table 2.2. Numerals give

distance references, while letters give those for the photometry. Neg-
ative numerals indicate distances adopted from KKHM, where the
original distance reference cited in their compilation has been repeated

here for completeness and convenience.
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TABLE 2.3 — Observational Set-Ups Used in the Ha Imaging Survey

Telescope Detector CCD Scale FOV Continuum Filter Line Filter(s) Exp Times

1) ) @) 4) ©) (6) ()
Bok2.3m  Loral 2Kx2K 043 49 6451/1473 6585/66 1000/200
VATT 1.8m  Loral 2Kx2K 0’40 64 6338/1186 6585766 18007360

6600/69
CTIO0.9m Tek 2Kx2K 0’79 1355 6425/1500 6563775 27007360
6600/75

Col(1): Telescope.

Col(2): CCD detector.

Col(3): CCD scale (arcsec pixel ~1).

Col(4): Detector field of view (arcminutes).

Col(5): Continuum filter (R-band) central wavelength and FWHM bandwidth (A).
Col(6): Narrowband Ha+[NII] filter central wavelength and FWHM bandwidth (A).
Col(7): Standard exposure times in narrowband and continuum filters (sec).

2.3 11HUGS: Ha Imaging

2.3.1 Observations

Over a four year period between 2000 to 2004, narrowband Ha and R-band imag-
ing was obtained for the majority of galaxies in Table 2.1 using CCD imagers on
the Steward Observatory Bok 2.3 m telescope on Kitt Peak (Bok), the Lennon
1.8 m Vatican Advanced Technology Telescope (VATT) on Mount Graham, and
the 0.9 m telescope at Cerro Tololo Interamerican Observatory (CTIO). Table 2.3
summarizes the parameters for the instrumentation and filters used. Similar ob-
serving procedures were followed for all of the observations except as noted be-
low.

Data for most of the northern galaxies in the survey were obtained with the

now retired 2K CCD imager at the Bok telescope, primarily over 17 nights dur-
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ing 2001 March to 2002 March. A customized 88 mm Andover 3-cavity interfer-
ence filter, with an unusually high peak transmission of 90%, was obtained for
the project. When combined with the 94% quantum efficiency of the 2K Loral
CCD detector at ~ 6500 A, this produced a fast system that enabled us to reach
relatively deep emission-line flux and surface brightness limits (~2 x 1076 ergs
cm 2stand ~4 x 10 '8 ergs cm 2 s~ ! arcsec?, respectively) in exposure times of
only 1000 s. To subtract the continua from the narrowband images, we observed
the same fields using a Kron-Cousins R filter, with standard integration times
of 200 s. Using broadband R as the continuum filter complicates the process of
continuum removal, due to the significant mean bandpass shift relative to the
narrowband filter (see Table 2.3), and the presence of [N I1], [S I1], as well as Ha
itself in the continuum band. However, as will be discussed in Section 2.3.6, we
were able to subtract and calibrate the narrowband images to requisite accuracy
using the R-band data, and this enabled us to nearly double the size of the sample
relative to what would have been possible had we used narrowband continuum
filters instead.

The majority of observations on the VATT telescope used the same Andover
narrowband filter, while a similar filter centered at 6600 A was used for a few
objects. Longer total integration times of 1800 s (narrowband) and 360 s (R) were
used to compensate for the smaller telescope aperture and the somewhat lower
guantum efficiency of the CCD detector, to achieve the same signal/noise limits
as the Bok observations to within 10%.

Data for galaxies lying too far south to reach from the Arizona telescopes were
obtained using the Cassegrain Focus CCD Imager (CFCCD) on the CTIO 0.9 m
telescope over 3 observing runs between 2001 and 2002. A 75 A bandpass Ha

interference filter from CTIO was used for the observations. Because of the much
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smaller telescope aperture, it was not practical to reach the depth of the Bok and
VATT observations, so exposure times were chosen (2700 s narrowband, 300 -
600 s R) to provide approximately 1/3 of the effective exposure time. The wide
field of view of the CFCCD camera (135), however, allowed many of the most
extended galaxies in the project to be imaged efficiently.

Whenever possible, galaxies were observed with imagers that encompassed
the full extent of the Ha-emitting disk, or else were covered with multiple point-
ings. Calibration exposures included zero, dome flatfield, twilight sky flatfield,
and dark exposures following standard practice. During photometric conditions,
observations of galaxies were interspersed with measurements of spectrophoto-
metric standard stars from the catalogs of Massey et al. (1988), Oke et al. (1990),
and Hamuy et al. (1992, 1994) several times per night to calibrate the flux ze-
ropoints. Although the majority of observations were made under photometric
conditions, some data were taken through thin clouds, and these were subse-
guently calibrated using short (300 — 600 s) bootstrap exposures in the narrow-
band. This process provided a measurement of the transparency at the time of
the first observations, and only those taken through transparencies higher than
50% were kept (although in most cases the transparency was >80%), while the

remainder were re-observed using the full exposure times.

2.3.2 Image Processing and Continuum Subtraction

Raw images were reduced following standard procedures using IRAF2. The data
were bias-subtracted and flat-fielded using the IRAF task CCDPROC. Mulitple
images, if taken, were medianed using IMCOMBINE. Cosmic rays were excised

using JCRREJ2 (Rhoads 2000).

2The Image Reduction and Analysis Facility (IRAF) is distributed by the National Optical As-
tronomy Observatories, which are operated by AURA, Inc. under cooperative agreement with
the National Science Foundation.
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The processed narrowband images contain both Ha and [N 1] line emission
as well as underlying stellar continuum and Balmer absorption. Net emission-
line-only images were produced by subtracting a scaled R image from the nar-
rowband image, after the two were aligned using foreground stars. The R-band
scaling factor for each instrumental set-up was established using the following
strategy. For a number of galaxies with strong continua that were observed un-
der photometric conditions, the subtractions were iteratively performed using a
range of scalings, until the surface brightness of the continuum-dominated re-
gions of the galaxy agreed with level of the background, and the stellar residuals
reached an image-wide minimum. The average of the scaling factors that pro-
duced the best global subtractions was then adopted and primarily used for all
galaxies observed with the same set-up. Scaling factors adopted in this way pro-
vided the optimal continuum subtraction for the majority of galaxies observed
during clear nights, although slight adjustments were applied occasionally when
they produced an obvious improvement in the images. Underlying stellar Ha ab-
sorption is automatically corrected for, on average, in this process. For galaxies
taken under non-photometric conditions, the scaling factor was adjusted manu-
ally to account for changes in transparency between the R and narrowband ex-

posures.

2.3.3 Astrometry

An astrometric solution for each pair of narrow-band/ R-band images was cal-
culated using the MCSZERO and MSCCMATCH tasks in the MSCRED package.
These routines performed cross-correlation between the positions of stars in the
R-band image and equatorial sky position of matching stars in the USNO-AZ2 cat-
alog. The same calibration is assumed for the corresponding narrow-band image,

which was previously aligned to the R-band image for the purposes of contin-
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uum subtraction. The solutions are described using the standard WCS keywords

and have rms deviations <0’ in both RA and DEC for all images.

2.3.4 Aperture Photometry

Aperture photometry was performed with the aid of the GALPHOT package® for
IRAF as follows.

First, the boundaries of the galaxies in the continuum and line-only images
were individually marked by eye, and foreground stars and background galaxies
(or in the case of the continuum-subtracted line images, the residuals of these
objects) were automatically masked outside of this region, using the GALPHOT
MCLEAN routine. Masking of objects or residuals within the galaxy boundaries
was carefully done by hand to ensure that HIl regions were not inadvertently
removed.

Three different “aperture configurations” were used measure count rates, each
of which seeks to minimize the contribution of the sky. The method applied most
frequently employs a curve-of-growth analysis with a set of 10 concentric ellipti-
cal apertures which extend from the outer regions of the galaxies to the sky. The
flux at which the growth curve begins to level off was adopted as the total inte-
grated instrumental flux. Typically, the variation of the enclosed flux among at
least three consecutive apertures at this point was less than 2%. This procedure is
effective when the radial extent of the emission is substantially less than the field
of view of the image, so that there is ample blank sky available for determination
the background level. A different procedure was used when a galaxy filled the
field of view, or when the sky background region was affected by vignetting. In

those cases, an average background level was estimated from regions in the im-

SGALPHOT is a collection of scripts in the IRAF/STSDAS environment first developed by
W. Freudling and J.J. Salzer. The current version has been further enhanced by members of the
Cornell Extragalactic Group and is maintained by M.P. Haynes.
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age that were the least affected by galaxy emission and/or vignetting, and the
count rate was measured from the entire frame. Finally, there were a few galaxies
where the nebular emission was confined to a handful of widely-separated faint
H 11 regions, with little apparent diffuse emission between them. In such cases,
asingle large aperture curve-of-growth measurement yielded unacceptably large
uncertainties (>20%), so instead, smaller apertures were used to measure the in-

dividual H Il regions and the results summed to estimate the integrated flux.

2.3.5 Absolute Flux Calibration

Since the methods that are used to convert observed narrowband count rates to
absolute fluxes vary from study to study (and is partly dependent on the charac-
teristics of the continuum filter used), we document the details of our calibration
procedure in Appendix A. Here, we give a brief discussion of the steps that are
involved.

Magnitudes of the observed spectrophotometric standards stars on the stan-
dard system were obtained by integrating their spectral energy distributions over
the filter response functions. Zero points (ZPs) were then calculated by compar-
ing these values with the instrumental magnitudes measured through aperture
photometry. ZPs were averaged and the mean value adopted over periods of
time in each run where o;p was less than ~ 0.02 mag. These ZPs are used to
set the absolute flux scale using the equations given in Appendix A. Galaxy im-
ages originally taken during nights which showed ZP variations larger than 0.02
mag, or taken during non-photometric nights when no standards were observed,
were instead calibrated with short bootstrap calibration observations, or by ty-
ing the integrated measurements of the images to published fluxes based on the
literature compilation of Kennicutt et al. (2006, in preparation). A standard at-

mospheric extinction coefficient of 0.08 mag airmass ! was adopted throughout.
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Corrections for the filter transmission at the redshifted wavelengths of Ha
and [NII] were also applied (Appendix A), where the variation of the [NIl]/Ha
ratio between galaxies was approximately accounted for (Appendix B.1). When
a broadband filter such as R is used as a proxy for the continuum band an addi-
tional series of corrections are needed to compensate for the presence of emission
lines in the continuum bandpass, as well as for mean bandpass shifts between
the narrowband and R filters (Appendix A). These latter corrections can be sig-

nificant, and are typically 4-5% for the observational set-ups used.

2.3.6 Integrated Flux and EW Error Analysis

In this section, we discuss uncertainties in the integrated Ha+[NII] fluxes which
have been independently calibrated through our own observations, and the un-
certainties in the EWs. For the small number of images that are tied to fluxes
from the literature compilation of Kennicutt et al. (2006, in preparation), we are
effectively citing those measurements, and the flux uncertainty in those cases is
simply the one adopted from the original study, or is based on the differences in
reported values if multiple measurements exist. Although these latter data do
not offer an independent measurement of the integrated flux, they still provide
us with measurements of the EWs.

For the data that have been taken under photometric conditions, the accuracy
of our calibrated fluxes is primarily limited by the usual three factors: 1) errors
in determination of the sky background level, 2) errors in the photometric ze-
ropoints, as dictated by the observing conditions, and 3) errors in the continuum
subtraction. For the data initially taken through thin cirrus which were calibrated
using shorter subsequent narrowband exposures of the same field, there is also
the uncertainty associated with the bootstrapping procedure. Finally, for galaxies

close to the Galactic plane (b < 20°) there are significant uncertainties introduced
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by the multitude of foreground stars that pepper the fields. The dominant er-
ror in the majority of our measurements is found to be due to uncertainties in
the determination of the continuum level. All of these sources of error are in-
corporated into our quoted uncertainties, which will be presented alongside our
measurements in Table 2.4. We now discuss these issues in more detail.

Standard flatfielding corrections using a combination of dome and twilight
sky exposures generally produced images that are usually flat to £1-3%. How-
ever all three imagers showed systematic structure in the sky background arising
from a combination of imperfect baffling, vignetting, and scattered light in var-
ious combinations. We were able to reduce some of these residual instrumental
features through use of dark sky flats and some of the object exposures them-
selves. The effects of these signatures on the integrated photometry is minimal
for most objects, but special care was taken to quantify their effects in galaxies
with low surface brightness extended line emission. In the majority of images,
however, where the sky background has been adequately sampled, flux errors
due to the determination of the sky level are mostly between 1-4%.

As already discussed, zeropoint uncertainties for over 80% of our data are
effectively limited to be no greater than 2%, since measurements of data that
were originally taken during periods where the ZP showed variations larger
than this were bootstrap calibrated with subsequent photmetric observations. In
this process, the count rates of galaxies measured from non-photometric data are
scaled by the average ratio of the count rates of unsaturated stars common to the
non-photometric and bootstrap images. The ratio of stellar count rates typically
showed variations between 2-3% within a given field. Overall, errors in the pho-
tometric zeropoint therefore vary between 1-5%, with the majority of these being

smaller than 2%.
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The reliability of the continuum scaling and subtraction is the dominant source
of uncertainty in most of our measurements. The accuracy with which continuum
levels can be determined from the R-band images was estimated in two ways.
First, for a dozen galaxies spanning a range of fluxes, EWs and nebular emission
spatial distributions in our sample, the narrowband images were subtracted with
a range of continuum levels to identify the points at which the resultant line-only
image begin to appear over- or under-subtracted. From this exercise, the con-
tinuum scaling was found to be determined to within ~3% for galaxies such as
bright spirials with strong Ha. emission and ample area within the star-forming
disk that are dominated by continuum. In the most difficult cases, as in some
dwarf galaxies where it is not clear whether what is being subtracted away is
continuum or actually diffuse ionized emission, this range increased to a level of
15-20%. Nevertheless, for the majority of galaxies, the range of acceptable sub-
tractions corresponds to variations between 4-7% in the R-band scaling factor.
As a check on these estimated uncertainties, we examined the distribution of the
differences between the average scaling factor determined for each observational
set-up and the actual scaling factors used to subtract the photometric data. The
dispersion in the differences was 5%, which is consistent with the results of the
first exercise. Thus, we have used the fractional difference between the actual
and average scale factor, or a minimum uncertainty of 5%, to calculate the cor-
responding fractional error in the emission-line flux due to uncertainties in the
continuum level within the apertures used to measure the narrowband images.
This results in a median flux error of 12%, with lower (~10%) uncertainties for
higher EW (>20A) systems and larger ones (~20%) for lower EW (<20A) sys-
tems (see Fig. 2.1). These are also indicative of the typical total flux errors since

those caused by calibration of the photometric zeropoint or determination of sky
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Figure 2.1. Total flux and EW errors plotted against the measurements themselves. Gray
squares represent EW errors while points represent flux errors. The errors generally increase with
decreasing EW, due to the dominance of the continuum subtraction errors in the total uncertainty.

The 11HUGS fluxes and EWs have median uncertainties of ~12%.

background are much smaller on average, as described above.

Uncertainties in the EW measurements are generally driven by the same fac-
tors as in the flux measurements. However, errors in the absolute flux calibration
do not come into play since the EW is a ratio of the emission-line flux to the un-
derlying continuum flux density, and calibrations are not required for the mea-
surements in the first place. Also, since the uncertainties in the continuum levels
usually translate into much larger fractional errors in the emission-line flux than
in the continuum flux density itself, the errors in the EW follow the errors in the

fluxes to within a few percent in most cases. The exceptions involve galaxies that
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are faint, extended low surface brightness systems whose integrated continuum
fluxes cannot be determined to better than a few tenths of a magnitude because
of bright foreground stars either in the vicinity of, or superimposed on the galaxy,
and/or limitations imposed by imperfections in the flat-fielding. We illustrate the
distributions of the total uncertainties in our measurements by plotting the frac-
tional errors in our fluxes and EWs as functions of the measurements themselves

in Fig. 2.1.

2.3.7 Literature Comparison of Integrated Fluxes and EW

Many of the galaxies that we have observed have independent Ha+ [N 11l and/or
Ha flux measurements in the literature, and these provide a valuable external
check on our photometry and calibrations. The best comparison data set for this
purpose is the integrated spectrophotometric atlas of nearby galaxies of Mous-
takas & Kennicutt (2006; hereafter MKO06). This atlas is based on 8 A resolution
spectra with a wavelength range of 3650 — 6950 A which were obtained by drift-
scanning the spectrograph slit over as much of the optical extents of the galaxies
as practical. Thus, spectral measurements extracted from this dataset represent
the averaged, integrated properties of the galaxies, rather than local ones derived
from the more usual single-position spectral observations of individual HII re-
gions or the nuclear regions of galaxies. Emission-line fluxes were extracted from
these spectra after fitting a stellar synthesis model to the underlying continuum.
This process provides high S/N measurements even for relatively low emission-
line EWSs, and includes explicit correction for underlying stellar Ha absorption.
There are 77 galaxies in common between 11HUGS and MKO06, with 61 of
these having independently calibrated fluxes from our observations. The left
panel of Figure 2.2a compares the respective Ha+[NII] fluxes. Galactic fore-

ground extinction corrections have not been applied to either data set in this
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comparison. The filled gray circles denote galaxies where the full extent of the
Ha emission was thought to be sampled by the spectral scan, while the open
gray circles denote galaxies in which the scan misses outlying low surface bright-
ness regions such as extended tidal features or the outer portions of spiral arms.
Particularly in these latter cases, the drift scan apertures are generally smaller
than the ones used in the photometry of our imaging data. Thus, we have also
re-measured our imaging using the MKO06 spectral apertures for the majority of
galaxies in common between the samples, and have overplotted the resulting
fluxes using black symbols.

Considering that the fluxes from these two datasets have been measured us-
ing entirely different techniques, the correspondence between the 11HUGS and
MKO6 results is quite reassuring. For the galaxies which have been fully cov-
ered by the spectral drift scans, the mean offset between the original 11HUGS
measurements and the MK fluxes is only 0.007 dex (MKO06 spectra 1-2% brighter)
with an rms dispersion about the mean of 0.086 dex. The expected systematic
difference for galaxies that suffer from spectral aperture undersampling is also
seen, with the MKO05 fluxes being 15% fainter on average. Using the re-measured
11HUGS fluxes instead confirms that most of this difference is indeed due to
aperture effects, as the mean offset is reduced to 0.012 dex (MK spectra fainter
by < 3%) as shown in the residual plot in the left panel of Figure 2.2. The rms
dispersion about a mean difference of zero is 0.083 dex, and is reduced by ~5%
to 0.066 dex when it is calculated about the best fit line to the residuals. These
dispersions are consistent with the average flux uncertainties of 10-15% in both
datasets.

We compare the EWs in right panel of Figure 2.2. Although the correspon-

dence between the measurements is still good, the MK06 EWSs are higher on av-
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erage whether the galaxies that are compared have been limited by the aperture
sizes in the MKO6 observations or not. The mean offsets between the original
11HUGS EWs and the MKO06 values for the fully covered and aperture limited
galaxies are 10% and 20% respectively. It may seem odd that galaxies which are
completely enclosed by the spectral scans should exhibit such an offset, but since
the resultant spectral apertures are generally set by the extents of the nebular
regions, they often do not contain all of the contiuum emission, which is more
extended in galaxies on average. On the other hand, the apertures used to mea-
sure the continuum light in our imaging include the entire stellar disk (when not
restricted by the FOV of the detector), and are larger than the narrowband aper-
tures on average. Thus, the spectral continuum flux densities are typically lower
than those measured from the imaging, leading to comparatively higher spectral
EWSs. However, these differences can only be partly explained by aperture dif-
ferences. When we use the spectral apertures to re-measure our scaled R-band
images, the relative mean offset of the MK EWs decrease, but are still 7% higher
than the 11HUGS EWs. It is possible that the method we use to scale the R-band
images, systematically overestimates the continuum flux density, but this would
also result in systematically fainter fluxes, which are not seen. Another plausi-
ble explanation is that the sky background levels are overestimated in some of
the spectral data where the spectrograph slit (~3'3) cannot adequately sample
the sky. The rms dispersion about the mean difference between the re-measured
11HUGS and MK EWs is ~20%, which is consistent with the dispersion seen in
the flux comparison.

In addition to comparisons with the MK06 measurements, we have also taken
advantage of a comprehensive compilation of integrated Ha (and Ha + [NII])

fluxes and EWs by Kennicutt et al. (2006, in preparation; hereafter KALO6) to
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Figure 2.2: (left) Integrated Ha+[NII] fluxes based on 11HUGS observations plotted against
measurements from the integrated spectral atlas of Moustakas & Kennicutt (2006, MK06). Black
symbols represent a comparison with imaging fluxes re-measured using the drift scan spectral
apertures, while gray symbols represent a comparison that uses the original 11HUGS photome-
try. Open and filled circles denote galaxies where the extents of the nebular emission are limited
by the MKO06 apertures and those that are fully covered respectively. The line of one-to-one corre-
spondence is shown by the gray line. The best fit line to the black symbols is indicated in black.
A residual plot is shown in the bottom panel. (right) Same as the left panel, but for a comparison

of the integrated Ha+[NI1] EWSs.

carry out a more general comparison of our measurements with those already
published in the literature. Measurements gathered by KALO6 were reduced to a
uniform system by (1) standardizing corrections for Galactic extinction and [NII]
contamination (where applicable), (2) inter-comparing common measurements
among different studies to (a) determine if zeropoint corrections are necessary
for the individual datasets, and (b) identify and remove highly discrepant mea-

surements.* After the flux scales of the studies are homogenized in this way;,

“Note that although both the 11HUGS and MK06 measurements are included in the KALO06
compilation, they have been excluded from homogenization procedure for the purposes of this
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Figure 2.3: (left) Integrated Ha+[NII] fluxes based on 11HUGS observations plotted against
measurements from the homogenized flux compilation of Kennicutt et al. (in prep). (right) Same

as the previous panel except for the EWs.

common measurements are averaged. Fluxes from the KALO6 compilation are
available for ~60% of the galaxies that we have observed and calibrated inde-
pendently, and we compare our measurements to those data in the left panel of
Figure 2.3. The agreement is excellent with essentially no mean offset (11HUGS
~1% fainter), although there is a quite a large 0.15 dex (40%) rms dispersion about
the mean.

As for the EWSs, measurements from KALOG6 are available for 40% of the galax-
ies that we have observed, and a comparison between the datasets is shown in
the right panel of Figure 2.3. Again, there is good overall correspondence be-
tween the measurements. For the higher EW systems (EW>15A), there is a small
mean offset of 0.013 dex (11HUGS 3% lower) and a rms dispersion of 0.164 dex

(46%). However, our measurements of the lowest EW systems (EW§15A) appear

analysis.
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to be systematically lower by 30%. The literature EW values of these galaxies
are primarily from the Ha Galaxy Survey of James et al. (2004), who themselves
have reported that their EWSs are 30% larger on average than other measurements
in literature. Since the EWSs, unlike the fluxes in KALO06, have not been homog-
enized in any way, this discrepancy persists in the comparison presented here.
Thus, we attribute the 30% offset as a systematic error in the James et al. (2004)
measurements.

In summary, based on both the comparisons against the integrated spectral
data of MKO06 and the literature compilation of KALO06, we conclude that the
methods we have used to flux calibrate, continuum subtract and measure our
narrowband imaging result in measurements that are on an overall flux scale
that is accurate to within +3%. Our reported EWs are also generally consistent
with other measurements in the literature, although the possibility remains they

may be underestimated by up to 7% on average.
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2.3.8 The 11HUGS Integrated Ha Flux and EW Catalog

We conclude this chapter with a presentation of the 11HUGS integrated Ha flux
and EW catalog. We have obtained narrowband Ha+[NI1] and R-band images for
307 of the 399 galaxies identified in Table 2.1, where 282 of these have been inde-
pendently calibrated through our own observations. Integrated measurements
from the literature are available for the majority of the remaining galaxies. We
report both our measurements and those from the literature in Table 2.4 below.
Overall, ~95% of the galaxies in the sample have fluxes, and ~92% have both
fluxes and EWs.

Only 18 galaxies (<5% of the sample) lack measurements, and many of these
have not been observed due to bright foreground stars which make obtaining ad-
equate imaging difficult, if not impossible. As will be discussed in the following
chapter, the physical properties of this subset of galaxies are not biased in any par-
ticular way, so the absence of these measurements should not affect conclusions
regarding the star formation properties of the greater sample. Upper-limits cor-
responding to a 5o point source detection have been listed for another 16 galaxies
that have not been detected.

Column (1) - The running index number in this table.
Column (2) — Internal 11HUGS reference ID number.
Column (3) — Galaxy name.
Column (4) - Integrated Ha+[NII1] flux & error.
In LOG (ergscm 2s 1),
Column (5) - Integrated Ha+[NI1] EW & error.
InA.
Column (6) — Source of flux & EW measurements.
The sources of the integrated Ha+[NI1] fluxes and EWs listed in the

previous columns are coded as follows.



Galaxies with 11HUGS imaging

1.1: (N=230) Measurements and errors are based on 11HUGS obser-

vations which were carried out under photometric conditions.

1.2 : (N=51) Measurements and errors are based on 11HUGS obser-
vations which were initially carried out under thin cirrus, and are cal-
ibrated with bootstrap observations obtained under subsequent pho-

tometric conditions.

1.3 : (N= 25) 11HUGS observations for these galaxies were initially
carried out under non-photometric conditions, but no subsequent boot-
strap observations were obtained, generally because fluxes were known
to already exist in the literature. Thus, EWs are based on 11HUGS ob-

servations, while fluxes are adopted from the compilation of KALO5.

1.4: For one galaxy, UGCA298, 11HUGS observations were carried
out under non-photometric conditions and no bootstrap calibration
exposures were obtained. There is no previously published Ha flux
measurement. The reported flux should thus be considered a lower-

limit.

Galaxies without 11HUGS imaging

2.1: (N=46) Both flux and EW measurements are available in the liter-
ature, and have been adopted from the compilation of KALO06. Fluxes
gathered by KALO5 were reduced to a uniform system by (1) stan-
dardizing corrections for Galactic extinction and [NII] contamination
(where applicable), and (2) inter-comparing common measurements
among different studies to determine if zeropoint corrections are nec-

essary for the individual datasets, and to also identify and remove
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highly discrepant measurements. After the flux scales of the various
studies are homogenized in this way, common measurements are av-

eraged.

Errors are adopted in the following order of preference. For galaxies
with multiple measurements in the literature, the quoted errors cor-
respond to half the range of non-rejected measurements. For galaxies
with only single measurements, 1o errors from the original paper are
listed. If no errors are given by the reporting author, and an EW can
be estimated by KALO5 (see description for code 2.2 below), then half
the fractional difference between the predicted EW and the measured
EW is adopted as the error for both the flux and EW. In all cases a
minimum error of 0.01 dex is assigned to the fluxes. If an error cannot

be estimated in one of these ways, a 10% uncertainty is quoted.

2.2 . (N= 15) Flux values have been adopted from the compilation of
KALO5. However, no previous measurements of the EW are avail-
able in the literature, so the estimated values given by KALO5 have
been adopted. KALO5 have computed EWSs for galaxies for which
both fluxes are available in their compilation and published R-band
photometry exist elsewhere in the literature. Continuum flux densi-
ties are calculated from the R-band magnitudes and an approximate
correction for the contribution of the Ha+[NII1] flux to the R-band light
that scales with the EW itself is applied. The relation used is given by:

EW = f(Ha + [N11]) 10%4(2+21.801) 2.1)

When the estimated values from this relation are compared with mea-

sured values from the literature, there is a rms dispersion of ~35%
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about a mean difference of zero. Thus, a fractional error of 35% is

adopted for the estimated EWs given in the table.

2.3 : (N=13) Flux values have been adopted from the compilation of
KALO5. EWSs are not available in the literature, and cannot be esti-

mated because the relevant photometry does not exist.

0 : (N=18) No measurements are available.

Column (7) — Telescope Used for 11HUGS Observations.
The telescopes and parameters of the detectors and filters used at each

facility are given in Table 2.3.

Column (8) — Spatial Coverage Code for 11HUGS Observations.
The integer part of the code in this column indicates if the nebular

emission in a galaxy has been adequately covered by the 11HUGS ob-
servations. For galaxies with large angular extents, observations using
two different pointings were sometimes needed to more completely
image the entire star-forming region. Decimal codes of “X.2” indicate

when this has been done.

1: (N=263) The boundaries of the star-forming regions/disk are clearly
seen and the nebular emission in the galaxy has been completely sam-

pled.

2. (N=28) The boundaries of the star-forming regions appear to be co-
incident with the edge of the FOV. The nebular regions are thought to
be completely sampled, but there may be outer low surface brightness

components of the galaxy which are not contained within the images.

3 : (N= 16) The fluxes for these galaxies should be considered lower
limits since the imaging does not fully cover the high surface bright-

ness nebular regions.



Column (9) — B-band Galactic extinction.
The Galactic extinctions listed represent an average of values based

on the maps of Burstein & Heiles (1978) and Schlegel, Finkbeiner &
Davis (1998), when both are available. We adopt independently mea-
sured foreground extinctions from the literature for the three galaxies
in our sample which are closest to the Galactic plane (IC 10, Maffei 2,
Circinus), since the SFD98 extinctions in these regions of the sky (i.e.
b <5°) are known to be highly overestimated. Whereas the SFD98 Ap
values are 6.6, 10.0 and 6.3 magnitudes for IC 10, Maffei 2, and Circi-
nus, the adopted measurements are only 3.15 (based on E(B-V)=0.77
from Richer et al. 200), 6.12 (based on A for Maffei 1 from Fingerhut
et al. 2003) and 2 magnitudes (based on A,,=1.5+/-0.15 from Freeman
et al. 1977), respectively.

Column (10) — Absolute B-band magnitude.
Absolute B-band magnitudes are calculated using the distances and

apparent magnitudes tabulated in Table 2.1, and the Galactic extinc-

tions listed in the previous column.

Column (11) — The total [NI1]A\6548,6583/H« ratio.
[NI11]A6584 to Ha emission-line flux ratios are taken from (1) the in-

tegrated spectral observations of Moustakas & Kennicutt (2006) and
Jansen et al. (2000), and (2) the spectra of individual HII regions from
the various dwarf galaxy datasets of van Zee (van Zee & Haynes 2006
and references therein) where the average is adopted for those galax-
ies with multiple HII region observations. If measurements are not
available from one of these sources, then the ratio is estimated us-
ing an empirical scaling relation between [NI11]\6584/Ha and Mg, de-

rived using data from MKO06 (see Appendix B.1). The relation used is



given by:

log([N1I]A6584/Ha) = (—0.173 + 0.007) Mp — (3.903 £ —0.137) if Mp > —21

[NIA6584/Ha = 0.54  if My < —21
(2.2)

[NI11)\6548 is computed in the usual way, as 1/3 of [NI1]A6584, which
is set by the electron transition probabilities between energy levels in
[NT1I].
Column (12) — Integrated Ha luminosity.

Ly, is calculated using the fluxes given in this table and the distances
compiled in Table 2.1. A correction for foreground extinction is made
using Ay, = 0.6 Ag, but no correction has been applied for extinction
internal to the galaxies themselves. Luminosities have been computed
to exclude [NII] emission, by using the [NII]/Ha using the ratios in

this table. In ergs s 1.
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CHAPTER 3

BAsSIC PROPERTIES OF THE 11HUGS SAMPLE

3.1 Selection Properties

To begin, we present distributions of the 11HUGS galaxies in T-type, B magni-
tude, Galactic latitude and distance in Figure 3.1. These are the properties rel-
evant for the selection of the targets for the survey. Histograms for the entire
target catalog (Table 2.1) are shaded in gray. Histograms for the core sample for
which we have tried to be complete as possible in our compilation of currently
known galaxies (i.e. for |b| > 20°, B < 15, T>0 and D< 11 Mpc) are outlined in
black. The samples are clearly dominated by dwarf irregular systems, as would
be expected for a dataset on star-forming galaxies that is thought to be approx-
imately distance-limited. The 18 galaxies which lack Ha flux measurements are
also separately indicated. About half are in the core sample (shaded in black) and
half are not (cross-hatched). As mentioned at the end of the last chapter, most of
these galaxies have either not been observed or fluxed due to excessively bright

foreground stars.

3.2 Completeness

Ultimately, the 11HUGS sample is a composite of numerous catalogs with diverse
selection criteria, so its selection function would not be straightforward to derive
analytically. Rather we estimate the completeness limits of our sample by per-
forming a statistical test similar to the widely applied V/V},.. test (Schmidt 1968).

We also qualitatively compare our number density distributions with indepen-
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dently established B-band luminosity and HI mass functions. Finally, we check
our target sample against the contents of the HIPASS (HI Parkes All Sky Survey,
Meyer et al. 2004) catalog.

3.2.1 The Rauzy T, Completeness Statistic

The Rauzy (2001) 7- completeness statistic is analogous to the V/V;,,,. test (Schmidt
1968), but does not rely on any assumptions about the spatial homogeneity of the
sample. The method is based on the estimation of the uniform variate ¢, which
is a ratio of space number densities. More specifically, if F'(x) is the normalized

integral of the luminosity function from —oo to z, and 7 is the distance modulus

m — M, then
F(M)
= 3.1
= Flhan(2) &
An estimate of ( is given by
T
¢~ P (3.2)

where r; is the number of galaxies with M < M; and Z < Z;, and n; is the number
of galaxies with M; < M < M}, and Z < Z;. The expectation value of ¢ is 0.5

and its variance is given by

1n;—1
= 3.3
Vi 12n; +1 (33)
The T> completeness statistic is then defined as
Ngal 1
> (G—3)
To = =—, (3.4)
Ngal

> Vi
=1
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To test for completeness, T is computed for sub-samples truncated to increasing
apparent magnitude limits. For complete samples 7> has an expectation value of
0 and variance of order unity, while systematically negative values of 7;, indicate
that the sample is becoming incomplete. The confidence levels for rejection of
the hypothesis that the sample is complete up to a particular limit are 84.1%,
99.7% and 99.4% when T < —1, T < —2 and T < —3 respectively. In his paper
describing the T estimator, Rauzy uses a 20, T < —2 criterion for rejection of the
completeness hypothesis. In what follows, we will opt to be more conservative
and use the point at which T begins to fall consistently below zero to indicate
the limit to which the sample is 100% complete.

We first calculate 7 as a function of B (corrected for Galactic extinction) and
plot the results in the top panel of Figure 3.2. Three different subsets of the over-
all target sample, as described in the figure, are examined. By construction, the
11HUGS sample is limited at B ~ 15 (prior to Galactic extinction corrections) in
order to avoid the severe incompleteness that is known to set in at fainter magni-
tudes in the existing parent catalogs (e.g. Zwicky et al. 1961; Tully 1988c). Thus,
it is not surprising that 7 drops precipitously for B > 15.5 in all three subsets.
This limit of B=15.5 for the 11HUGS core sample (thin solid line) corresponds to
a 100% completeness in Mz to —14.7 at 11 Mpc. In the bottom panel, a plot of
Mp with distance is shown to illustrate the depth of the sample throughout the
studied volume.

We also check the completeness of the 11HUGS sample with respect to the
HI mass. To do this, we have compiled HI single dish fluxes from the literature.
Measurements are available for 97% of the galaxies in the overall 11HUGS tar-
get catalog. The data are primarily taken from the following three sources, in

the following order of preference: the digital archive of Springob et al. (2005)
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(N=110), the HI Parkes All Sky Survey (HIPASS) catalog as published in Meyer
et al. (2004) (N=61), and the homogenized HI compilation of Paturel et al. (2003)
as made available through the Hyperleda database (N=208). Finally, data for 9
galaxies are supplemented from the compilation accompanying the Catalog of
Neighboring Galaxies of Karachentsev et al. (2004) and other individual papers.

We evaluate T as a function of the HI flux and plot the results in the top panel
of Figure 3.3. Here, the T statistic begins to become systematically negative at
integrated fluxes < 9 Jy km s~!. To find the corresponding completeness in the
HI mass, we apply the standard relation My;[M,] = 2.36 x 10° D? F, where
D is the distance in Mpc and F is the 21-cm line flux in Jy km s~!. The gas is
assumed to be optically thin, and corrections for the presumably small (<10%,
Haynes & Giovanelli 1984, Zwaan et al. 2003) amount of HI self absorption are
not applied. The HI mass is plotted against the distance in the bottom panel
of Figure 3.3. At the edge of the 11 Mpc target volume, a limit of 9 Jy km s}
corresponds completeness inAy; down to 3x 108 M.

Finally, we also compute T as a function of the Ha flux and plot the results
in Figure 3.4. At fluxes below 6x 10~'* ergs s=' cm~—2, T becomes systemat-
ically negative. This corresponds to a completeness down to a Ha luminosity
of 10% ergs s! at 11 Mpc, or a SFR of 0.008 M, yr~!, using the conversion of
Kennicutt (1998). Since the Kennicutt calibration is based on expectations for a
solar metallicity population, using this conversion for metal-poor (~7; /5) dwarf
galaxies results in an overestimate of the SFR — a relative deficiency of metals
will cause a greater number of ionizing photons to be produced per unit stellar
mass formed. Applying a calibration that is based on a Z; /5 population (see Ta-
ble 6.3 and Section 6.2) instead yields a limiting SFR that is ~70% lower at 0.006
Mg yrt.
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3.2.2 Luminosity and Mass Functions Comparisons

Another perhaps more intuitive way of checking the completeness of the sam-
ple is to compare the 11HUGS number density distributions to previously cal-
culated luminosity and mass functions that are based on survey samples which
have well-determined selections functions.

In Figure 3.5, we show the Schechter function fits to two independent lu-
minosity functions (LFs) of datasets that have morphological make-ups which
should be similar to the 11HUGS sample. The blue curve is based on the B-band
follow-up of the Arecibo HI Strip Survey (AHISS, Zwaan, Briggs & Sprayberry
2001), a optically blind survey for galaxies based on 21-cm emission alone. The
red curve is based on spiral and irregular galaxies in the Second Southern Sky
Redshift Survey (SSRS2, da Costa et al. 1988; Marzke et al. 1998), which has gen-
erated its targets using the STScl Guide Star Catalog (Lasker et al. 1990). The
SSRS2 LF is a composite of two separate Schechter function fits to the spiral and
irregular populations. Clearly the SSRS2 and AHISS LFs are quite different in
their determinations for the densities of dwarf galaxies. This difference empha-
sizes the uncertainties and illustrates the probable ranges of such measurements
for low luminosity populations. The SSRS2 exhibits a much steeper rise at the
faint end, with a slope of -1.8, while the slope of the AHISS LF is much flatter at
-1.0.

The gray curves in Figure 3.5 show the number densities of the 11HUGS core
sample (|b] > 20°, B < 15, T>0, D < 11Mpc). Subsets truncated at distances of
7, 8,9, and 10 Mpc are also plotted. The densities based on the 11HUGS sample
are systematically higher by a factor of ~2. This is likely due to cosmic vari-
ance. Since (i) the characteristic correlation length, the scale on which the density

of galaxies exceeds the average by a factor of two, has been well-measured to
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be r, = 5h~! Mpc, (ii) the power-law slope of the function ¢ = (r,/r)?, which pa-
rameterizes the excess probability over random of finding two galaxies separated
by a distance r, has also been established to be 1.8 (Longair 1998 and references
therein), and (iii) our volume is not centered on a void, it is not surprising that
the densities we compute are higher relative to those based on surveys which
probe much larger volumes. We note that Karachentsev et al. (2004) have also re-
ported finding that the integrated luminosity densities of galaxies within 8 Mpc
are larger by factors of 1.7 to 2 than other previous measurements based on their
Catalog of Neighboring Galaxies.

Because of these differences in the overall normalizations, we will limit this
analysis to qualitative comparisons and examine the relative shapes of the LFs.
First, we shift the 11HUGS distributions by a factor of 2 to force approximate
agreement with the LF densities at M* (~-20.0) and plot these in black. The
11HUGS distributions are not flat at the faint end and show increasing densi-
ties for dwarfs that are more consistent with the SSRS2 LF (blue) than the AHISS
LF (red). However, the densities do not continue to rise and abruptly drop for
Mp > —14. This is consistent with with the determination based on the 7 statis-
tic that 11HUGS is complete throughout its entire target volume to Mz = —14.7.

We also perform a comparison of the 11HUGS number densities as a func-
tion of the HI mass with HI mass functions (HIMFs) based on the optically blind
searches of the Arecibo Dual Beam Survey (Rosenberg & Schneider 2002) and the
HIPASS Bright Galaxy Catalog (Zwaan et al. 2003). The Schechter fits for these
samples are plotted in along with the number densities of the 11HUGS galaxies.
Again, the densities based on the 11HUGS samples (gray curves) are too high as
compared with the mass functions from the literature, although the discrepancy

is not as large as for the LFs. Karachentsev et al. (2004) find that the integrated
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HI density with 8 Mpc is 1.4 times greater relative to other previous published
values based on larger volumes. Shifting the 11HUGS densities down by this
factor (black curves) results in better consistency with the HIPASS HIMF. The
completeness of the 11HUGS core sample begins to drop at HI masses < 108M,
as the computed densities are systematically lower than the HIPASS HIMF past
this point. This is consistent with the assessment based on the T statistic that

11HUGS is complete throughout its entire target volume to My; = 3 x 108M,,.

3.2.3 Comparison with Local Volume Galaxies found in HIPASS

Finally, we compare the contents of the 11HUGS target catalog with that of HIPASS
as published in the optical counterpart analysis of Doyle et al. (2005). The HIPASS
recessional velocities were run through our flow model and cross-correlated with
available direct distance measurements as in our examination of the nearby galax-
ies compiled by NED (Section 2.2.2). Out of the 4315 HI detections, there are 78
galaxies within 11 Mpc. (Note that HIPASS only surveys the southern sky up to a
declination of +2°, and has velocity coverage only beyond 300 km s=!.) Of these
78 objects, 14 were not in the 11HUGS catalog. However, all of these objects were
below our magnitude selection limit of B=15 and/or have |b| <20°. This provides
another assurance that our core sample is relatively complete to its stated limits
and not missing a large population of optically faint, but gas-rich systems.

In sum, the statistical tests we have performed on the 11HUGS sample, and
the secondary checks against the contents of the HIPASS catalog as well as with
independently derived luminosity and mass functions, show that the core sample
is complete out to 11 Mpc for Mp < —14.7 and My; > 3 x 108 M. In the analysis
of starburst statistics performed in the following chapters, star formation prop-
erties will be examined as a function of Mg, and we will chose to be conserva-

tive by basing our primary conclusions only on galaxies in this core sample with
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Mp < —14.7 (i.e. we will not try to expand the sample beyond this by applying
incompleteness corrections). Before we proceed onward however, we conclude
this chapter with a short discussion regarding the objects which were observed

but had no detectable Ha emission.

3.3 Non-detections

Only 16 galaxies (out of 383 which have been observed) have not been detected
in Ha. 11 of these have been observed by 11HUGS. Two of the 16, NGC 5206
and UGC 2689 are low-luminosity early-type galaxies, so a lack of Ha emission is
not unexpected. The remaining 14 galaxies are classified as irregulars, and are all
extremely low-luminosity systems with—13.6 > My > —7.9. Moreover, HI mea-
surements are available for 13 of these systems, and show that they all have very
low gas masses. For all other galaxies besides the most luminous non-detection
(U7356; Mp=-13.6), which has a HI mass of 5 x10® M, the values range from
2 x10%to 5 x10” M. The non-detections are indicated with the green symbols
in bottom panels of Figures 3.2, 3.3 and 3.4, where the upper limits listed in the
Ly. Vvs. distance plot correspond to 50 point source detections. Thus, a lack of
Ha emission either reflects the lack of sufficient fuel for star formation, or SFRs
that are so low that the probability of forming an ionizing star and/or of ob-
serving an HII region at any given time are small (e.g. LGS3; Aparicio, Gallart
& Bertelli 1997). This would be a very interesting sample to follow-up, particu-
larly in the UV, which probes SF on a timescale that is about 10 times longer than
the 107 yr temporal sensitivity of Ha, and would be more likely to detect recent
star-formation in “flickering” systems.

The fact that we see Ha in over 95% of the galaxies in the 11HUGS sample

may not be surprising given our morphological restriction to spiral and irreg-
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ular galaxies in the selection of targets. After all, spirals are classified as such
precisely because of the presence of star formation due to spiral density waves;
i.e. visible spiral patterns are due concentrations of young stars and HII regions
and not concentrations of slightly older populations unaccompanied by recent
star formation. The same can thus be said for the dwarf irregulars, whose lumpy
structure must be indicative of current star-formation. The interesting implica-
tion however is that if the SFHs of dlrrs follow burst cycles and remain dirrs in
the inter-burst state (i.e. rather than becoming dwarf ellipticals), then ‘off’ modes
rarely occur and the inter-burst state must be characterized by low-levels of star
formation rather than by its complete cessation. We will look at the properties
of potential inter-burst states as well as of the overall burst cycles in detail in

Chapter 6.
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Figure 3.1: Histograms of properties relevant to the selection of the 11HUGS galaxies. The gray
shaded histogram shown in the background of each panel illustrates the distributions of the total
target sample listed in Table 2.1. The histograms outlined in black indicate the distributions for
the core sample with |b| > 20°, B < 15, D<11 Mpgc, and T>0, for which we have tried to be as
complete as possible in our compilation of currently known galaxies. The 18 galaxies which lack

Ha data are shaded in black if they are in the core sample and cross-hatched if they are not.
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Figure 3.2: Rauzy (2001) T Statistical Test for Completeness in Mp. See section 3.2.1 for more

details.
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CHAPTER 4

GLOBAL STAR FORMATION PROPERTIES OF GALAXIES IN THE

11 MPC VOLUME: GENERAL OBSERVATIONAL PATTERNS

41 ABSTRACT

Before we begin our analysis of the incidence of global starbursts in dwarf galax-
ies, we broaden our focus and give a more general overview of the connections
between the current star formation activity and the mass, luminosity and mor-
phology of galaxies across the full extent of the 11HUGS sample. To do this, we
examine trends in the Ha EW with two tracers of the galaxy mass, Mz and V,,,,.,
the maximum circular rotational velocity of the disk.

To summarize our results, we find that galaxies form sequences in the Mg-EW
and V,,..-EW planes which exhibit two characteristic transitions. One occurs at
Mg ~ —19 and V},,, ~120 km s, where the more luminous, massive galaxies
tend to have Sa-Sb bulge-dominated morphologies and EWs that turn-off toward
lower values. The EW distribution of galaxies in this regime has a dispersion
that is larger by 50% relative to that for the intermediate mass systems below the
transition. The systematic drop of the EW indicates that the relative star forma-
tion activity in galaxies above this particular mass threshold is depressed. This
transition is another manifestation of the recently uncovered bi-modality in the
present-day galaxy population —- the general division at M, ~ 3 x 10°M,, be-
tween massive galaxies that are predominantly red and old, and those that are
less massive, blue and more actively star-forming (e.g. Kauffmann et al. 2003b,

Blanton et al. 2005). The second transition occurs at Mz ~ —15 and V4 ~ 50
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km s—!, where the least luminous and lowest mass objects in the sequence tend
to have irregular morphologies, and an EW distribution that is broader by a fac-
tor of 2. The region between these two transitions, which is mostly populated
by late-type spirals, thus has the tightest EW distribution. Possible explanations
for the lower-mass broadening include (i) burstier star formation due to negative
feedback in physically small systems (e.g. as explored by Gerola et al. 1980),
and/or the absence of the stabilizing effect of spiral structure, and (ii) star for-
mation “flickering,” statistical effects due to the very low average SFRs in these
dwarfs (e.g. Hunter & Gallagher 1986). In all regimes, the EWs are well character-
ized by log-normal distributions. However, for dwarf galaxies in our sample, we
find excesses in the tails of the logarithmic EW distribution above what would be
predicted for a normal function. These features will be used in the next chapter

to develop a means of statistically identifying starbursts.

4.2 The Ha EW as a Relative Star Formation Indicator

In all of the subsequent analyses in this thesis, we will make extensive use of the
integrated Ha emission-line EW as a measure of the normalized star formation
activity in a galaxy. Recall that thermal Balmer emission results from the pho-
toionization of nebular gas by young, short-lived O & B stars. Thus, the EW,
which is given by the Ha flux divided by the red continuum flux density, indi-
cates the strength of the current SFR relative to the total mass of stars (i.e. the spe-
cific SFR). A closely related physical quantity is the stellar birthrate b, which is the
current SFR relative to the average lifetime rate. This latter parameter is more in-
tuitive as it is dimensionless and can easily be interpreted as a measure of “bursti-
ness.” Galaxies with birthrates much greater than unity are in a bursting mode,

experiencing episodes of elevated activity, while anomalously low birthrates in-



102

dicate that star formation has somehow been globally suppressed.

Transforming the observed EW to the physical properties that it represents re-
quires the help of stellar population synthesis models. For example, the EW can
be related to b given: (i) a set of stellar evolution tracks, (ii) assumptions about
the stellar initial mass function (IMF) and the general form of the SFH, and (iii) a
method to calculate the photoionization rate of the gas (e.g. Kennicutt 1983; Ken-
nicutt, Tamblyn & Congdon 1994, hereafter KTC94). Such transformations will
be discussed further in the next chapter and carried out in detail in Chapter 6. For
now however, simply noting that the EW can be used as a relative SFR indicator is
sufficient, since we will aim to keep this exposition of the issues primarily based
on observables. This will allow our conclusions here to be as model-independent
as possible. Finally, we note that the following analysis will consistently be car-
ried out with respect to the logarithm of the EW, although we will not repeatedly
re-state this. This is done because the EWs have a distribution that is generally

log-normal, as will be shown below.

4.3 The Local Galaxy Sequence in the Mg-EW and V,,,.-EW Planes

To visualize trends in star formation activity across the 11HUGS sample, we ex-
amine the relationship of the EW with two indicators of the mass, Mg and V,,,,.,
the maximum circular rotational velocity. We have chosen to use Mp since B-
band photometry is widely available in the literature and can be approximately
reduced to a common (RC3) system for all of the galaxies in the sample. A draw-
back with using the B-band light to trace the stellar mass is however, that the
mass-to-light ratio in the blue has strong systematic dependencies on the re-
cent star formation history itself (e.g. Bell & deJong 2001). Thus, we have also

looked at the variation of the EW with V,,,,, which traces mass gravitationally,
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and should in principle be independent of the recent star formation activity in
individual galaxies. The existence of the baryonic Tully-Fisher relation for low-
mass galaxies (McGaugh 2005 and references therein) supports the use of V.,
as a mass indicator for our dwarf dominated sample. Of course, using V;,,; IS
not without its own weaknesses. For example, one issue is that the maximal
rotation velocity for low-mass systems is somewhat ill-defined since dwarfs are
generally known to be solid body rotators (e.g. Skillman 1996). Another issue
is that previous measurements of V,,,, are limited, and are not available for the
complete sample. Therefore, the two tracers have complimentary strengths and
weaknesses, such that general consistency checks on mass-dependent trends in
the EW are provided by examining the distribution of galaxies in both V,,,,.-EW
and Mpg-EW planes.

4.3.1 Sources of Data

The Mp’s used in this analysis have been compiled from the literature as de-
scribed in Chapter 2 and given in Table 2.1. The EWs are from the 11HUGS sur-
vey as also described in Chapter 2 and reported in Table 2.4. We adopt V,,,..’S
from the HyperLeda database (Paturel et al. 2003). These measurements of the
rotational velocity are extrapolated from single-dish 21-cm line widths using a
scaling relationship between the two quantities, which Paturel et al. have de-
rived using galaxies for which line widths and rotation curves have both been
previously measured.

Vinaz Measurements are available for only ~80% of the 11HUGS sample, so to
better assess trends in the V,,,.,.-EW plane, we include additional data from the Ha
Galaxy Survey (HaGS, James et al. 2004) in our analysis. The HaGS has also col-
lected narrowband Ha+[NI1] and R-band imaging for acomparably sized sample

of nearby galaxies (N=334) in the northern sky. Specifically, it includes S0/a to
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Im galaxies in the UGC (Nilson 1973) with recessional velocities between 0 and
3000 km st and with D,; diameters between 17 ro 60. There is a ~25% overlap
between 11HUGS and the HaGS samples, but the selection methods used in the
two surveys are complementary. 11HUGS provides a distance-limited sample
over essentially the entire sky and maximizes the number statistics for the least
luminous objects in the sample, while the HaGS probes a larger volume and thus

includes a larger fraction of massive spiral galaxies.

4.3.2 Qualitative Features

In Figures 4.1 and 4.2, we show the distribution of 11HUGS galaxies in the Mp-
EW and V,,..-EW planes. Corrections for internal extinction and the [NI1] contri-
bution to the EW (see appendix B) have been applied to the symbols shown in
gray, while the symbols shown in color represent the data prior to these correc-
tions. No internal extinction corrections have been made to the Mz. We show
only those galaxies in the sample that are (i) on the late Hubble sequence be-
ginning with the SOa morphological type (T>0), (ii) outside the galactic plane
(16| > 20°), and (iii) within 11 Mpc. This is the subset of 11HUGS that is complete,
as discussed in the previous chapter. We have used different symbols to repre-
sent different morphological types as indicated in the plot. Galaxies without EW
measurements are plotted to the immediate right of the vertical axis, with the Sm
and dlrr types slightly shifted from the earlier spiral types for clarity. Similarly,
galaxies without V},,,,. measurements are plotted immediately above the horizon-
tal axis in Figure 4.2. Upper-limit symbols are overplotted on the non-detections.

Star-forming galaxies in the local Universe outline particular sequences in
these diagrams. The average progression of increasing mass (as traced by lumi-
nosity and rotational velocity) with earlier morphological type (Roberts & Haynes

1994 and references therein) is one of the more obvious features in the plots.
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We begin with a description of the distinguishing features of the sequence, and
then discuss the underlying physical correlations that they are thought to reflect.
We note that although many of the star formation trends that will be discussed
are well-known, it is instructive to see how they are manifested in a parameter
space defined by the relative SFR and mass, using a sample that is approximately
volume-limited and dominated by dwarf galaxies.

Looking first at the distribution of points in the Mz-EW plane (Figure 4.1),
qualitatively, we see that the mean EW and its dispersion systematically change
as a function of both morphology and luminosity, with two characteristic tran-
sitions. Beginning at the bottom of the diagram, the largest range in the EW is
exhibited by the lowest luminosity galaxies (Mp 2 —17). Moving upwards in lu-
minosity, the range narrows between —17 > Mp 2> —19. This transition from the
2.5 decades to the less than 1 decade span also correlates with morphology. The
irregulars (light blue stars), which have both the highest and the lowest EWs,
dominate the broad swath of points with Mg 2> —17, but begin to diminish as
the sequence tightens. The intermediate lumnosity “waist” is then dominated by
mid- to late-type spirals, which mostly lie between about 20A and 40A. There is
then a second transition between the intermediate and highest luminosity galax-
ies in the sample. Above Mz = —19, the points gradually turn off toward lower
EWs. The range and dispersion of the distribution again increases in this regime.
The most luminous end of the sequence becomes primarily occupied by mid- to
early-type bulge dominated spirals. Note that the extinction corrections that we
have applied (gray symbols) do not affect the appearance of these general fea-
tures.

Switching now to the V,,,.-EW plane (Figure 4.2), a sequence similar to the

one exhibited in the Mz-EW plane, is also readily apparent. However, the char-
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acteristic features are not quite as well delineated because there are fewer data
points. Approximately 15% of the galaxies do not have V,,,., measurements in
Hyperleda. Another ~5% that are nearly face-on (i <30°) are also excluded be-
cause the large inclination corrections applied to the observed rotational veloc-
ities make their V,,...’s highly uncertain. Thus, we have suffered a data loss of
~20% in going from Figure 4.1 to Figure 4.2.

To better populate the V,,,, diagram, we momentarily sacrifice completeness
and relax the constraints on the Galactic latitude, distance and apparent magni-
tude that have been applied to the 11HUGS sample. We also add galaxies from
the HaGS. The composite dataset is plotted in Figure 4.3, where galaxies com-
mon to both samples appear only once, using the EWs measured by 11HUGS.
The extinction corrected EWSs, as represented by the gray symbols in the previ-
ous figures, have been omitted since the corrections have been shown to have a
very limited impact on the distribution of points. Instead, we use the gray sym-
bols in Figure 4.3 to indicate the positions of the excluded galaxies with i <30°.
A handful of objects with low inclinations are outliers to the main distribution,
likely because of large errors in V,,,..., but the majority of the gray points fall well
within the general galaxy sequence.

It is clear that galaxies in the HaGS are concentrated in and avoid the same
regions of parameter space as those in 11HUGS. With the addition of more data
points, particularly in the high-luminosity, high-V;,.,. regime, the distinguishing
features of the galaxy sequence become more conspicuous. From this qualitative
assessment, the two transitions at Mz=-19 and M =-17 appear to roughly occur at
50 km s~! and 120 km s~!. Note also that although the plume of high luminosity
points appears to be stretched out in the V},,.-EW plane, and the broad swath

dominated by dwarf irregular galaxies appears compressed, this is just due to
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the change of the ordinate from a logarithmic to a linear scale. In sum, the trends
appear to be qualitatively consistent whether Mp or V,,,. is used as an indicator
of the mass, and for two different, well-defined catalogs of spiral and irregular
galaxies in the nearby Universe. This gives us some confidence that the features
of the distribution are real, and not merely due to covariance between Mg and the
EW, and/or to the peculiarities of the 11HUGS sample or the relatively limited

local volume that it probes.

4.3.3 Quantitative Features

To quantify the trends along the sequence, we return to the Mz-EW plane. Here,
measurements of both variables are available for essentially all galaxies within
the 11HUGS complete sub-sample, so the density of points in Figure 4.1 is sta-
tistically representative of the local Universe, down to our completeness limit of
—14.7. We collapse the distribution along the Mpg-axis in three coarse bins corre-
sponding to the regimes defined by the two characteristic transitions. We also ex-
amine the EW distribution for the lowest luminosity galaxies in the sample which
are fainter than our completeness limit. The resulting histograms are shown in
Figure 4.4.

In Figure 4.4, the black histograms in each panel show the distribution of log-
arithmic EWs in the indicated magnitude range. The dotted lines outline those
for the EWs that have been corrected for the contribution of [NII] and internal
extinction, while the solid lines are for those of the data prior to the corrections.
The EW histogram of the most luminous galaxies (gray area) is repeated in all
panels for reference.

For each of the distributions plotted in Figure 4.4, we compute the means
and the standard deviations in two ways. First, we simply use all of the EWs

in a given luminosity bin, excluding the non-detection upper-limits. Gaussian
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distributions with these means and standard deviations are over-plotted on the
histograms (thin gray curves). For the two higher-luminosity bins (upper pan-
els), these Gaussian functions appear to describe the data fairly well. However,
the thin gray curves fit the data poorly for the two lower-luminosity bins (lower
panels), implying that the full distributions of logrithmic EW in these luminosity
ranges are not normal. This appears to primarily caused by an excess of outliers,
since the main bodies of the histograms do appear to have Gaussian profiles.
Thus, to compute statistics that better characterize the majority of data, we find
the best fitting Gaussian function for each histogram by minimizing »? (yellow
curves). We use the corresponding means and standard deviations in the remain-
ing discussion below. The results of these calculations are summarized in Table
4.1. The integrated Ha EW of local galaxies can thus be seen to form distributions
that are primarily log-normal.

For the two intermediate luminosity bins which include galaxies with —19 <
Mp < —15, the means and dispersions of the central body of logarithmic EWs are
essentially the same, with values of ~30A, and 1- and 3-0 ranges from about 20-
50A, and 10-100A respectively. The apparent narrowing of the sequence between
—19 > Mp > —17 is thus due to the absence of outliers, rather than to a marked
change in the central distributions. This lack of outliers may simply be caused
by the decreasing number statistics with increasing luminosity, and does not nec-
essarily mean that late-type galaxies cannot occupy these regions of parameter
space; it only implies that galaxies with EW’s lower than 10A or higher than
100A are very rare. Looking at this another way, we can use the Kolmogorov-
Smirnov (KS) test to determine whether the EW samples in the two intermediate
luminosity bins differ significantly. The result is that the probability that the two

sample have been drawn from the same parent distribution is 35%, so we can-
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not confidently conclude that the EWs have been drawn from two distinct parent
populations.

However, significant differences do exist between the central EW distribu-
tions for galaxies in the highest and lowest luminosity bins relative to that for
galaxies with —19 < Mp < —15. The turn-off to lower EWs of the highest lumi-
nosity, early-type galaxies corresponds to a drop in the mean EW by a factor of
~2 to 15A, and an increase in the dispersion by a factor of 1.5. At the opposite
end of the sequence, the broadening at the lowest luminosities corresponds to a
factor of two increase of the dispersion. There also appears to be a ~25% drop
in the mean EW to 25A for these extreme dwarfs. Although the fractional er-
rors in the EW do get larger with both decreasing EW and decreasing luminosity,
changes in the average random uncertainty do not drive the variation of the dis-
persion along the sequence, except in the unlikely situation in which the 11HUGS
errors have been substantially underestimated. The average measurement error
changes by several percent at most between luminosity bins, and this can cause
an increase in the dispersion of only a few hundredths dex. Thus, the transitions
in the Mz-EW plane should be associated with Mg ~ —19 and Mg ~ —15, rather
than Mz ~ —19 and Mp ~ —17 as identified above from a visual inspection of
the diagram. Finally, we note that there is good correspondence between these
revised characteristic Mp’s and the analogous V., transition points implied by
the Tully-Fisher relation. Based on the B-band Tully-Fisher relation derived by
Kannappan, Fabricant & Franx (2002) using the full Nearby Galaxy Field Survey
dataset (Jansen et al. 2000a), Mz = —19 and Mg = —15 map to maximal veloci-
ties of 120 km s=! and 50 km s~! respectively, when the appropriate velocity scale

conversions given in their work are applied.
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4.3.4 Physical Underpinnings of the Observed Sequence

As mentioned earlier, many of the general properties of the galaxy sequence in

the Mz-EW and V,,,..-EW planes have been known for some time. The well-

established, ordered variation of the old stellar content and the current star for-
mation activity along the Hubble sequence (Kennicutt 1998 and references therein)
underlies the changes in the distribution of EW with morphology. A large scatter
and range of Ha EWs for the dlrrs, a narrowing of the distribution for the Sb-Sc
galaxies, and a tendency toward lower EWs for the earliest-type bulge-dominated

spirals can also be identified in previous star formation studies which have been

based on representative samples of galaxies (James et al. 2004; Kennicutt 1998;

KTC94). What we have done a bit differently (aside from using an approximately

volume-limited dataset) is to add a mass scale to the problem. It is the coupling

of the trends in star formation with morphology, along with the fact that the Hub-
ble sequence also represents a coarse progression in mass (Roberts & Haynes 1994

and references therein), that produce the Mz-EW and V,,..-EW galaxy sequences

described above. Thus, the Mz-EW and V,,,..-EW parameter spaces are valuable

because they are constructed from simple observables and represent a concise

synthesis of the systematic dependencies of the physical properties of star forma-

tion activity with mass and morphology.

While it is beyond the scope of this work to delve into the mechanisms that
may drive and regulate global star formation, particularly those that operate out-
side the realm of dwarf galaxies, the characteristic features of the Mz-EW and
Vinaz-EW galaxy sequences offer some insights into the nature of these mecha-
nisms, so we briefly comment on such issues here.

First, we consider the transition at Mz ~-19 and V,,,. ~120 km s~!, where the

turn-off toward lower EWs for the most luminous and massive galaxies appears.
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The average decrease of the mean EW can be nominally caused by the increas-
ing contribution of continuum flux from the bulge component, as more massive
galaxies tend to be early-type spirals. However, as argued by KTC94, a decrease
in the SFR per unit mass of the stellar disk with earlier morphological type is
more significant, and thus should be primarily responsible for the turn-off rather
than the systematic increase of the bulge-to-disk ratio. As suggested previously,
mechanisms associated with the growth of a dynamically hot, spheroidal compo-
nent, such as the growth of supermassive blackholes and the resulting feedback
from AGN, may also cause the relative, subsequent, long-term supression of the
overall star formation activity (Hopkins et al. 2006b and references therein).

Thus, the systematic drop in EW for the population indicates that star forma-
tion generally becomes depressed above a certain mass threshold in the present-
day Universe. This can be due to an early epoch of highly efficient star-formation
and subsequent gradual gas depletion, and/or mechanisms that suppress star
formation which are uniquely associated with the transition mass identified in
the diagrams. We note that this feature of the Mg-EW and V,,..-EW galaxy se-
guences is another manifestation of the recently uncovered bimodality in galaxy
properties — the general division at a stellar mass of ~ 3 x 10'°M,, over which
the stellar populations in galaxies are red and dominated by old stellar popula-
tions (“the red sequence”), and under which galaxies are blue and more actively
star-forming (“the blue sequence”) (e.g. Kauffmann et al. 2003b, Blanton et al.
2005).

Incidentally, we also note that another physical correlation, the mass-metallicity
relationship, also undergoes a change at M ~-19 and V,,,,,, ~120 km s~! (Garnett
2002, Tremonti et al. 2004). Below this characteristic transition, O/H increases

monotonically with increasing mass, while above it, the correlation significantly
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flattens. The causes of this behavior are still being debated, but one favored ex-
planation is that low-mass galaxies suffer the loss of metal-enriched material due
to supernova-driven winds, whereas the most massive galaxies completely retain
all of their metals due to their deep potential wells. This coincidence is interest-
ing because supernova feedback is also thought to play a major role in regulating
star formation in dwarf galaxies (e.g. Gerola, Seiden & Schulman 1980, Walter &
Brinks 1999, Dekel & Woo 2003). Thus, Mz ~-19 and V,,,, ~120 km s~ transi-
tion may also indicate the mass scales for which supernova feedback may globally
control star formation (Dekel & Woo 2003).

Finally, the transition at at Mz ~-19 and V., ~120 km s ! is also marked by
a 50% increase in the dispersion of the EW for the more massive galaxies. Not all
of this increase in the dispersion can be nominally attributed to rises in internal
extinction variations (see Figure B.3 in Appendix B) and in the EW measurement
error, which together can account for half of the increase in scatter at most. The
remaining change may reflect a greater incidence of short-term fluctuations in the
relative star formation activity for massive, early-type spirals as compared with
the later-type spirals with —19 > Mz > —17.

Moving on to the lower-mass transition at Mz ~-15 and V},,, ~50 km s},
we see that the trends in the EW for the most extreme dwarfs parallel those for
the most massive galaxies. Below the transition there is a slight turn-off toward
lower EWSs (by ~25%, from 30A to 24 A ) and a broadening of the distribution
(by a factor of 2). In this case however, we suspect that the turn-off is not neces-
sarily an indication of depressed star formation, but a reflection of the decreased
probability of forming the highest-mass ionizing stars in systems where the av-
erage SFR is < 0.01 Mg, yr—! (see Figure 4.5). Calculations of the minimum SFR

required to fully sample the stellar initial mass function (IMF) have been per-
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formed by Kroupa & Weidner (2003) based on the assumption that the IMF acts
like a probability distribution function. For a Salpeter IMF, and additional con-
servative assumptions on the IMF of cluster masses, Kroupa & Weidner (2003)
predict that the upper-mass limit begins to dip below the standard value of 100
M, at ~0.03 M., yr~! and reaches 50 M, at ~0.005 M., yr—!. From Figure 4.5,
these SFRs respectively correspond to Mz ~ —16 and Mg ~ —14, which are
values that approximately flank the transition. We calculate the reduction in the
ionization rate for populations with 1/, = 50 Mg, relative to that from a fully
sampled IMF with A7, = 100 Mg, using Starburst99 (Leitherer et al. 1999) and
find that it is 50%, which is enough to account for the drop in the typical EW.
We note that while we only observe a 25% drop in the average EWs, this may be
due to the coarse binning that is used, and the rapid incompleteness that sets in
for galaxies with Mz > —14.7. It thus would be interesting to obtain Ha obser-
vations for a larger, complete sample of extreme star-forming dwarf galaxies to
further investigate the extent of statistical effects on the IMF.

Statistical effects may also be responsible for the factor of ~2 broadening of
the EW distribution below the transition at Mz ~ —15. The low average SFRs
in the extreme dwarfs can also cause star formation “flickering,” since there are
only a handful of HII regions in these systems at any given time. Figure 4.5 shows
that the two magnitude average difference between the luminosity bins that flank
the transition corresponds to a factor of ~6 difference between the typical SFRs.
Thus, statistical effects will increase the scatter in the EW distribution by a factor
of /6 = 2.5, which can apparently fully account for the broadening.

This may seem to imply that statistics are all that are needed to explain the
low mass transition in the Mz-EW plane. However, we note that the scatter does

not continue to drop by another factor of two between the two intermediate lu-
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minosity bins, so there must be other mechanisms at work. At issue is what can
be considered a representative star formation “cell” in a galaxy, such that the
summation of these cells can be used as a metric to discern whether mechanisms
beyond statistics play a significant role in influencing star formation in galaxies
of a given mass. If the galaxies in the lowest luminosity bin roughly approximate
these cells, then there must be processes that act to increase the scatter in the EW
for the intermediate luminosity galaxies above what would be expected from
statistical effects alone. If not, then we must also consider other processes that
would cause the scatter for the most extreme dwarfs to be larger than expected.
One possibility is that feedback from massive stars (e.g. stellar winds, supernova
shocks) on the ISM has a greater negative impact on the ISM of physically small,
kiloparsec-sized systems, with the result that star formation is burstier in dwarf
galaxies than in larger spirals. Gerola et al. (1980) originally explored such issues
in their models of stochastic self-propogating star formation, which interestingly,
show a characteristic stabilizing transition in fluctuations in the mean star for-
mation rate for galaxies with Mg 2>-15. This result, however, is again critically
dependent on the assumed fundamental cell size and the refractory period (the
time during which negative feedback inhibits the formation of new stars) which
are both free parameters in their toy models. The more recent models of Mac Low
& Ferrara (1999) are independent of such uncertainties and incorporate more real-
istic prescriptions for the density distributions of the gas, stellar and dark matter
in dwarf galaxies. Again, they find that below a rotational velocity scale of ~30
km/s, feedback disrupts and blows out the ISM from the galaxy. While such
sharp transition features in the models strongly suggest that the low-mass broad-
ening of the EW distribution is not merely a result of statistical effects, a more

careful comparison of the models and observations will be required to confirm
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this. In particular, since the feedback energy is a key model input which depends
on the characteristic SFRs, it will be important to check that the duty cycle results
presented in the following two chapters are consistent with the model assump-

tions and lead to the trends in the relative SFR with mass as presented here.



Table 4.1: Logarithmic Ha: EW Distribution Statistics

EW(Ha+[NII]), no extinction correction

all EW best-fit Gaussian

Bin <IgEW)>  oflgEW)]  <IgEW)>  o[lgEW)]
—220< Mp < —-19.0 27 1.16 0.48 117 0.40
—19.0< Mp < —-17.0 53 151 0.18 1.52 0.16
-17.0< Mp < =147 87 1.45 0.35 1.50 0.17
—-14.7< Mp < —13.0 102 1.37 0.48 1.40 0.33

EW(Ha), extinction corrected

all EW best-fit Gaussian

Bin <IgEW)>  oflgEW)]  <IgEW)>  o[lgEW)]
—22.0< Mp < —-19.0 27 1.17 0.38 1.15 0.43
—19.0< Mp < —-17.0 53 1.49 0.18 1.48 0.17
-17.0< Mp < =147 87 1.44 0.35 1.49 0.20
—-14.7< Mp < —13.0 102 1.38 0.46 1.39 0.35
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Figure 4.1: The Local Galaxy Sequence in the Mp-EW Plane — Galaxies from the complete sub-
sample of 11HUGS are shown.
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Figure 4.4: Logarithmic EW frequency distributions for galaxies in the complete sub-sample of
11HUGS.
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Figure 4.5: Ly, vs. Mp for the same 11HUGS galaxies plotted in Figure 4.1. Galactic, but no
internal extinction corrections have been applied to the data. The line represents a fit to the data
in the range —19 < Mp < —12 which is given by log(Ly,) = —0.43M g + 32.76. Thus the Ha and
B-band luminosities roughly follow a one-to-one scaling. The right axis shows the corresponding
SFR scale, based on the solar metallicity Kennicutt 1998 conversion, for approximate reference.
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CHAPTER 5

DWARF GALAXY STARBURST STATISTICS

5.1 ABSTRACT

In this chapter, we focus on the first objective of the thesis, and quantify the preva-
lence of starbursts in present-day dwarf galaxies. To do this, we tally the number
of high-EW(H«) dwarfs, and compute the fraction of on-going massive star for-
mation that is concentrated in these systems. The volume-limited component of
11HUGS is used to preform the calculations. We find that global bursts are tak-
ing place in 6+3% of local star-forming dwarfs and are responsible for 22+10% of
their total current star formation. We compare our numbers with previous esti-
mates in the literature, and find that there is good consistency among the results.
This is notable because the aggregate of these studies have been based upon a
broad range of independent approaches to the problem. We will use these statis-
tics in the next chapter to infer constraints on the dwarf galaxy starburst duty

cycle.

5.2 Adopted Definitions

To begin, we address a couple rudimentary, but prerequisite issues regarding
which systems can be considered to be dwarf galaxies, and which may qualify as

starbursts.

5.2.1 What is a dwarf galaxy?

In general, the term dwarf galaxy is used to loosely refer to systems with lumi-

nosities that are about a couple of magnitudes fainter than M*, the “knee” of the
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luminosity function. As discussed in the previous chapter, this luminosity regime
(Mp ~ —18) is significant because it is where the morphology of galaxies transi-
tion from being dominated by spiral structure to being irregular. Beyond this
general criterion for identifying dwarfs however, there is little utility in establish-
ing a more exact, single definition of the term. The standards used to decide what
adwarf is, whether is based on morphology, luminosity and/or mass, depend on
the specific questions one is trying to answer. For our purposes here, we can use
the natural division in the Mz-EW plane between massive galaxies with dwin-
dling star formation, and those of smaller mass with higher birthrates, to identify
a population to focus on. Accordingly, in our analysis below, we will examine
burst statistics for galaxies fainter than the characteristic Mz = —19 transition in

the Mp-EW sequence.

5.2.2 What is a starburst?

Deciding on the criteria for distinguishing bursting systems from the rest of the
population is less trivial. Good reviews of this issue have already been given
by Heckman (2005), Gallagher (2005) and Kennicutt et al. (2005), all in the pro-
ceedings of the 2004 Cambridge Starbursts conference (ed. de Grijs & Gonzalez
Delgado). We consider only a few selected points here.

While there are many ways to define a starburst, perhaps the most physically
compelling scheme is to identify them as the galaxies that are forming stars near
the maximum possible rate set by causality — i.e. the rate that results when all of
the gas in a system is consumed in one dynamical time (Heckman 2005). How-
ever, measurements of the total gas masses and global velocity dispersions that
are required to compute the limiting SFRs are not available for all members of
our sample, so we cannot carry out a complete analysis based on this parame-

terization of the burstiness. An alternate approach, as suggested by Gallagher
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(2005) and Kennicutt et al. (2005) is to develop a characterization of normal star
formation activity based on the overall population of galaxies, which can then be
used to pinpoint unusual systems. A subset of these deviants should be the star-
bursts. This method is not only practical, given the data that we have in hand,
but it is also particularly sensible, in light of the result that the distributions of
the logarithmic Ha EW (a measure of the burstiness as described in Chapter 4
and discussed in detail in Chapter 6), appear to be Gaussian in the regime where
normal star-forming galaxies dominate. The Gaussian form of the distribution
suggests a natural way to proceed — define starbursts to be those galaxies with EWs
that exceed the mean value by 3o0. Note that the fraction of starbursting galaxies based
on this definition will not nominally be 0.3% since there are significant excesses in
the tails of the EW distributions above what would be predicted by a Gaussian
function. The excesses are clearly illustrated in Figure 5.1 where the observed EW
cumulative distribution functions are compared with those of the best fit Gaus-
sian functions as given in Table 4.1.

As an initial check on the physical sensibility of this approach, let us see what
the 30 EW range roughly corresponds to in terms of the stellar birthrate. For
galaxies with Mp 2> —19 down to the 11HUGS completeness limit of —14.7, the 3o
range (again based on the parameters of the best-fit Gaussian functions in Table
4.1) spans from 10A to 100A, with <Ig(EW)>~-30 A Using the model grid from
KTC94, these statistics imply that normal star-forming galaxies have birthrates
approximately between 0.1 and 2 with an average value of ~ 0.5. This is con-
sistent with the general idea that starburst events must involve an increase in
the SFR by a factor of about three within a short period, since normal disks com-
monly show factors of 2 to 3 fluctuations in their star formation activity, and these

modest fluctuations are not associated with the starburst phenomenon (Hunter &
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Gallagher 1986, Salzer 1989, Gallagher 2005). Therefore, it appears that the statis-
tics of the EW distribution can be used to differentiate between galaxies with
normal steady-state star formation and those with more intense episodic activ-
ity, and we will adopt the definition that galaxies with EW above the 3o value of

100A are starbursts.

5.3 The Fraction of Starbursts Systems among Dwarf Irregulars

With the criteria established in the previous section, it is straightforward to de-
termine the fraction of starbursting dlrrs in the local 11 Mpc volume. In Table
5.1, we list the fraction of galaxies above and below the 1, 2 and 3 ¢ ranges of
EW values. The sample has been divided into the same luminosity bins as in our
analysis of the features in the Mg-EW and V,,.,.-EW planes in the previous chap-
ter. All values in the table are based on measurements that have been corrected
for internal extinction and the contribution of the [NII] lines to the observed flux
as discussed in Appendix B.

We first focus on galaxies with —17 < Mp < —14.7, since this is the luminos-
ity bin in which both the number statistics are tolerable and the sample is volume
complete. The burst fractions based on the galaxies in this bin represent our most
robust results, and we will choose to primarily quote these numbers in our subse-
guent analyses. Systems fitting the adopted definition of a starburst as one with
EW>100A are rare in this luminosity range — there are only 5 galaxies with EWSs
this high, and this represents 6% of the population. Reassuringly, this result is not
critically dependent on the exact EW threshold that is used. If we instead drop
the threshold down to 20 above the mean (EW268A), the number count only in-
creases to 7 systems (8%). Corrections for the contribution of the [NI1] lines to the

flux and internal extinction also have a negligible impact. This is shown in Figure
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5.1, where we plot the cumulative distributions as a function of the EW. The dot-
ted histograms, which represent the distributions for the corrected EWSs, and the
solid histograms, which show those for the raw measurements, are marginally
different. The dominant component of the uncertainty in the starburst number
fraction is quite likely due to Poisson noise, so we will quote the primary result
as 6752%, where the errors span the 68.3% confidence interval.

For the higher luminosity galaxies (—19 < Mp < —17), there are no excesses
in the tails of the EW distribution, and no observed starbursts according to the
EW>100A criteria. This can be attributed to small number statistics, as there are
~35% fewer galaxies in this bin as compared with the —17 < My < —14.7 bin.
Assuming for the moment that the starburst number fraction is also 6% here,
then there should be 3+ galaxies with EW>100A for a sample of 53, so it is not
unreasonable that there are not any galaxies with such high EWs observed. Of
course, a fraction as high as ~11% would still be consistent with the observations.
Thus, with this dataset alone, we can only conclude that the starburst number
fraction is < 11% at the 99.7% confidence level.

The situation is more complicated for the lowest luminosity bin which in-
cludes galaxies with —14.7 < Mp < —12. First, the completeness drops precip-
itously at Mp=-14.7 (see Figure 3.2), so the statistics reported for these dwarfs
must be interpreted with caution. The probable sense of the systematic incurred
would be that the starburst mass and star-formation fractions would tend to be
over-estimated since the low surface brightness normal dwarfs are more liked to
be missing from the sample than the higher surface brightness starbursting sys-
tems. Second, the absolute EW starburst criteria changes. Since the EW distribu-
tion widens in this regime, the 3¢ threshold is higher than for the more luminous

dwarfs. The 20 and 3¢ values are 120A and 250,&, and the number fractions of
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galaxies above these thresholds are 7% and 3% respectively. Nevertheless, these
numbers are consistent with the ones calculated for the other two bins, and do
not significantly change even if we continue to use the prior EW criteria based
on the distributions of the more luminous dwarfs. With the previous 20 and 3o
values of 68A and 100A, the number fractions of galaxies are 12% (N=12) and 8%
(N=8), respectively. Note that these results do not necessarily imply that the star-
burst number fraction does not change as a function of luminosity. There is a hint
of decreasing burst number fraction with increasing luminosity, but we simply
do not have the statistical power to definitively demonstrate any possible trends
with the 11HUGS sample. What can be inferred though is that if there is such a
trend with luminosity, it is likely to be very weak, changing by no more than 11%

over 7 magnitudes in Mp.

5.4 The Fraction of Star Formation Occurring in Starbursting Dwarfs

Arguably however, the more important burst statistic is not the number fraction
of starbursts, but the fraction of star formation that occurs in starburst episodes.
If the star formation fraction is high, this would be evidence that the burst mode
dominates the evolution of dwarfs, even if the number fraction is low. To estimate
the star formation fraction, we sum the Ha luminosities Ly, (which have been
corrected for internal extinction and the contribution of [NI1]) as a function of the
EW. The percentage of L, contained in galaxies above and below the 1, 2 and 3
o ranges of the EW are reported in Table 5.1. The cumulative L, distribution as
a function of the EW are also plotted in Figure 5.2.

Again, we first examine the results for the —17 < Mp < —14.7 range. The
5 galaxies with EW>100A are responsible for 22% of all of the star formation

occurring in this luminosity bin. A simple translation of the Poisson error in
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the number fraction results in an error of 713% in the L, fraction. From Figure
5.2, it can be seen that the starburst system that has the largest SFR contributes
a bit less than 10%, so our simple-minded estimation of the error appears to be
reasonable. This quantity is also not very sensitive to the exact criterion used to
classify starbursts. A lower 20 threshold only causes a small rise of the fraction
to 27115%.

For —19 < Mp < —17, no systems are observed with EW>100A as discussed
above. However, the 2 galaxies with EWSs higher than the 20 threshold of 68A
produce 6.7% of the Ha luminosity, and this is consistent with the fact that the
7 galaxies with —17 < Mp < —14.7 and EW>68A produce 27% of the Ha: lumi-
nosity in that bin. Therefore, estimating that each starburst galaxy is on average
responsible for ~4% of the total star formation occurring in the population, we in-
fer that the fraction of star formation due to EW>100A galaxies in this luminosity
range must be less than ~25% at the 99.7% confidence level.

Finally, as can be expected from the preceding discussion, the fraction of star
formation occurring in the lowest luminosity starbursts is consistent with those
computed for the two other bins. For the o thresholds defined by the broader
EW distribution for —14.7 < Mp < —12, galaxies with EW greater than 120A (20)
and 250A (30) are responsible for 20% and 15% of the star formation respectively,
while for the ¢ thresholds defined by the more luminous dwarfs it is 24% (N=12,
EW>68A) or 20% (N=8, EW>100A).

From these calculations, it is clear that a significant amount of the overall star
formation in present-day dwarf galaxies does takes place in starbursts. However,
the results also imply that a more continuous, steady state of star formation dom-
inates in the present epoch, both in terms of being the mode that operates during

the vast majority of the time and in which most of the stars are being created. The
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average burst amplitude does not appear to vary strongly with luminosity, with
2-4% of the total star formation density in a given luminosity bin being concen-

trated in individual starbursting systems.

5.5 Comparison with Previous Work

Based on the 11HUGS sample, we have just shown that 6%-+3% of dirrs are star-
bursting, and that 22%+10% of the overall star formation in the dwarf population
is due to these systems. How do these numbers compare with other estimates in
the literature?

In terms of the starburst number fraction, there is good consistency between
our result and previous estimates, which is notable because the aggregate of
these studies cover a broad range of independent approaches to the problem.
As discussed in the introductory chapter, the earliest investigations compared
the space densities of low luminosity UV-selected Markarian galaxies to those of
field galaxies (Sargent 1972, Huchra 1977) in order to constrain the fraction of
“flashing” systems. This work produced tentative estimates of 7% at M, = —17,
and 10% at M, = —14, based on very small samples containing about a dozen
objects each, and large incompleteness corrections. A later study also focused on
determining the space densities of active galaxies, but used the newer University
of Michigan [OIII]\ 5007 emission-line selected survey (Salzer 1989). The com-
parison set of normal galaxies was based on the magnitude-selected catalogs of
Zwicky (the Catalog of Galaxies and Clusters of Galaxies, 1961-1968) and Nil-
son (the UGC, 1973). The number statistics of the Salzer (1989) samples were
improved relative to the earlier Markarian studies, with N ~ 40 and N ~ 30
in the Michigan and general population samples respectively. Using the num-

bers reported there, we calculate that the low-luminosity Michigan emission-line
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galaxies (—17 < Mp < —15) represent 5%-15% of the general population in that
luminosity range.

More recently, in Lee et al. (2002), my collaborators and | attempted to con-
strain the number fraction of bursting dwarfs by comparing the HI mass func-
tions/space densities of low HI mass, low-luminosity galaxies (My; < 10°M, Mg >
—18) in the Ha-selected KISS survey and in the HI blind surveys of Zwaan et al.
(1997) and Rosenberg & Schneider (2002). A conclusion was that the dwarf galax-
ies found in KISS make up 25% of the overall population of low-mass galaxies.
This was interpreted to mean that 1 out of every 4 dwarfs is bursting. How-
ever, this result was limited by small numbers and incompleteness in the HI
blind survey samples at low masses (i.e the uncertainty in the faint end slope
of the mass function). Further, the conclusion relies on the assumption that all
dwarfs selected by KISS can be considered true starbursts although the sample
includes many galaxies with EW < 100 A. Thus, the 25% quoted in Lee et al.
(2000) should be regarded as an upper-limit to the number fraction of starburst-
ing dwarfs galaxies.

Kauffmann et al. (2003a,b) have used an entirely different method to cal-
culate the fraction of bursty galaxies as a function of stellar mass in the Sloan
Digitial Sky Survey (SDSS). In this work, an extensive grid of stellar popula-
tion synthesis models, spanning a range of metallicities and star formation histo-
ries, is constructed. A Bayesian technique is then used to compare the observed
and modeled Ho absorption and 4000 A break to generate a likelihood distri-
bution of the fraction of stellar mass formed in bursts for each galaxy in their
sample. Two statistics are reported: (i) “Fy...(50 percent) > 0,” the fraction
of galaxies whose likelihood distribution of burst masses have median values

greater than zero, and (ii) “Fp..s:(2.5 per cent) > 0,” the fraction of “high con-
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fidence bursty galaxies” whose likelihood distributions have their lower 2.5 per-
centile point above zero. For galaxies with 8.0<logM, <8.5 (which corresponds
to —16 < Mp < —14.5 assuming an approximate M /Ly =1 which is typical for
dirr galaxies; e.g. Miller & Hodge 1994; Chapter 6), Kauffman et al. find that the
fraction with F,,(50 per cent) > 0 is over 50%, while F},.(2.5 per cent) > 0 is
9%. For higher mass dwarfs with 8.5<logM, <9.0 (—17 < Mp < —16), the values
instead are 36% and 4%, respectively. Clearly, the number fractions estimated
using F..5:(50 per cent) > 0 to discriminate whether a galaxy has undergone a
burst in the recent past are far too large to be consistent with any of the other
estimates discussed above. This is perhaps not too surprising since half of the
models which are consistent with the observations for the F,, (50 per cent) > 0
galaxies have SFHs in which there have not been any bursts at all, and the burst
number fractions computed in this way are probably overestimates. However,
the fractions of “high confidence bursty galaxies™ are in excellent agreement with
the other measurements. Thus, it appears that the starburst number fraction for
dwarf galaxies with Mz > —15 is well determined, and moreover, relatively ro-
bust to the method used to pick out starbursts. Past estimates consistently lie
between 4% and 10%, and our 11HUGS measurement of 6%+3% is representa-
tive of these values.

With respect to the work of Kauffmann et al. (2003a,b), we also note that they
have reported a very strong decrease of the burst number fraction with stellar
mass, whereas we have concluded that any trend should be relatively weak, at
least as a function of luminosity. In terms of the absolute change in the number
fraction, examination of their Figure 5 reveals that it is indeed large, but only
when the Fy,,..(50 per cent) > 0 criterion is used to identify galaxies with recent

bursts. The fraction of Fj,,.,(50 per cent) > 0 galaxies drops from 54% at ~10°
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Mg to 12% ~ 10'°M,. However, when the analysis is restricted to the “high
confidence bursty galaxies” the absolute decline is much smaller, changing from
9% to 1%. The latter result is more consistent with our inference that the number
fraction should change by no more than 11% over 7 magnitudes in Mp.

As for the fraction of star formation which takes place in bursting systems,
we know of few prior studies which have attempted to place constraints on this
quantity for dwarf galaxies per se. Based on the SDSS, Brinchmann et al. (2003)
have found that starbursts are responsible for 20% of the local star formation
density. Although this is consistent with our 11HUGS estimate of 22%+410%,
the Brinchmann measurement refers to the total galaxy population, and was not
computed as a function of mass.

As another check on the starburst star formation fraction, we can perform
a quick calculation using the KPNO International Spectroscopic Survey (KISS;
Salzer et al. 2000), a 2nd generation CCD-based, emission-line selected, objective-
prism survey. We use the sample of Ha- selected galaxies cataloged in List 1
(Salzer et al. 2001), which contains 1128 candidates identified from the objective-
prism images. Follow-up slit spectroscopy has been completed for all of these
candidates and 907 of them are found to be star-forming galaxies. Complete-
ness of the sample has been assessed through the standard V/V;,,, test (Schmidt
1968), and limiting volumes have been calculated for each object (Gronwall et al.
in preparation; also see Lee et al. 2002). We use these volumes to calculate star
formation rate densities as a function of the Ho EW. We choose to use the Ha
fluxes and EWs that are measured from the objective-prism spectra, since they
are less likely to suffer from aperture effects and will be closer to the integrated
values than those measured from the slit spectra. For —17 < Mp < —15 (N=61),

we find that galaxies with EW>100A (N=21) and EW>68A (N=34) are respon-
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sible for 22% and 38% of the total Ly, output in this bin. We also can compute
the starburst number fractions as a function of the EW by comparing the KISS
number densities with a sample which better represents the overall population
of dlrrs. Adopting the B-band luminosity function determined by Zwaan et al.
(2001), which is based on the HI selected sample from the Arecibo HI Strip Sur-
vey (Zwaan et al. 1997), we find that the fraction of galaxies with EW>100A is
5% while it is 12% for the lower threshold of EW>68A. These results, which are
based on better number statistics for the high EW galaxies, are in good agreement
with the fractions estimated from 11HUGs and elsewhere. Nevertheless, the KISS
statistics just reported must be regarded as preliminary as we have not applied
the necessary corrections for [NII] contamination, internal extinction and limited
aperture, nor have we checked the correspondence between the objective-prism
EWs with those that are truly integrated. Most of these second order corrections
should be straightforward to carry out, and we leave these remaining tasks for

future follow-up work.
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Table 5.1: Logarithmic Ha. EW Distribution Statistics

—-190< Mp < —-170 -17.0< Mp < —-147 —-147< Mp < —-12.0

Quantity (N = 53) (N = 87) (N =102)
<Ig(EW)>=30A <lg(EW)>=31A <Ig(EW)>=25A
1o range 20A, 45A 21A, 46A 12A, 55A
N <1lo,N> 1o 8,8 23,16 23,17

%< 10, %> 1o 15%, 15% 26%, 18% 23%, 17%
%L < 10, %Ly > 1o 11%, 26% 15%, 38% 5.5%, 32%
20 range 14A, 66A 14A, 68A 6A, 118A

N <20,N > 20 2,2 15,7 8,7
%< 20, %> 20 3.8%,3.8% 17%, 8.0% 7.8% 6.9%
%Lpa < 20, %L > 20 5.1%, 6.7% 6.7%, 27% <1%, 20%
30 range 9A, 98A 10A, 100A 3A, 251A

N <30,N > 30 0,0 10,5 3,3
%< 30, %> 30 0%, 0% 11%, 5.7% 2.9%, 2.9%

%Lpyo <30, %Ly, > 30 0%, 0% 2.3%, 22% <1%, 15%
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Figure 5.1: Cumulative Ha EW distributions for galaxies in 11HUGS. The sample has been
divided into 4 luminosity bins (color-coded as indicated in the figure) using the transitions in the
Mp-EW and V,,,,.-EW planes as a guide (see Chapter 4). The dotted histograms represent the
distributions of the EWs which have been corrected for internal extinction and the contribution
of the [NII] lines to the observed flux as described in Appendix B, while the solid histograms
represent those of the uncorrected EWs. The smooth curves show the cumulative distributions
of the best fit Gaussian functions as given in Table 4.1 and as over-plotted on the EW frequency

distributions shown in Figure 4.4.
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Figure 5.2: Cumulative distribution of Lz, as a function of EW(Hc) for galaxies in 11HUGS.
Again, the sample has been divided into 4 luminosity bins (color-coded as indicated in the figure)
using the transitions in the Mp-EW and V,,,,.-EW planes as a guide (see Chapter 4). The dotted
histograms represent the distributions where the measurements have been corrected for internal
extinction and the contribution of the [NI1] lines to the observed flux as described in Appendix B,

while the solid histograms represent those of the uncorrected measurements.
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CHAPTER 6

CONSTRAINTS ON THE DWARF GALAXY STARBURST DUTY CYCLE

6.1 ABSTRACT

In this chapter, we focus on the second goal of the thesis and attempt to constrain
the average starburst duty cycle in star-forming dwarf galaxies. We carry out our
analysis by amassing clues from (i) the 11HUGS Ha EW distribution (Chapters
3 & 4), (ii) the 11HUGS starburst number and star formation fractions (Chapter
4), (iiif) UBYV colors from the literature, and (iv) stellar evolutionary synthesis
models.

First, we investigate whether invoking burst cycles are absolutely necessary
for explaining the observed present-day properties of the average, relatively qui-
escent star-forming dwarf galaxy. We find that the blue U BV colors and modest
EWs observed in typical dwarfs cannot be simultaneously matched by models
which only include a continuous mode of star formation, unless the escape frac-
tion of Lyman continuum photons is much higher than presently indicated by ob-
servations, or the currently favored IMFs have upper mass limits that are lower
than the commonly adopted value of 100 M. On the other hand, more standard
models which include recent bursts with durations of 50-100 Myrs, birthrates of
6-10 (i.e. where 3-10% of the galaxy mass is formed in an episode), and cycle fre-
quencies of 1-3 Gyr~!, turn out to be consistent with both the observed B-V and
EW distributions. The burst models have 10 Gyr-old underlying populations
formed according to exponentially declining SFRs with decay timescales of ~8

Gyrs, and current stellar birthrates <0.50. Despite this success in simultaneously
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matching the B-V and EW data however, we have great difficulty modeling the
U-B colors correctly. The observed U-B distribution can only be explained by
the models if the majority of dwarfs are currently in the burst state, which is not
only contrary to the result that the burst number fraction is 64+3%, but impossi-
ble since it is simply a contradiction in terms — the burst state is no longer the
burst state if galaxies are perpetually in it. This perhaps can be attributed to prob-
lems with the stellar evolutionary tracks, and more work is needed here to clarify
this issue. Finally, if the “equal probability” assumptions — that all star-forming
dwarfs are similarly able to burst and the currently observed burst number and
star formation fractions have been constant over cosmic history — are correct,
then 22+10% of the galaxy’s total mass must be formed in the burst mode. How-
ever, this estimate is just barely consistent with the ~50% mass fraction predicted
by the models that best match the observations, which may be evidence that the
equal probability assumptions are incorrect and that starbursts in dwarfs have

occurred at a different pace in the past.

6.2 Evolutionary Synthesis Models

In this section we describe the evolutionary synthesis models which are used in
conjunction with the observed Ha EWs and U BV colors of star-forming dwarfs
to gain insight into their SFHSs.

First, we characterize the present evolutionary status of the population by
finding the average stellar birthrate for dwarfs in the 11HUGS sample. In the
last chapter, we have already used the model grid of KTC94 to estimate that the
typical birthrate is ~0.5; i.e. that most dwarfs are now forming stars at rates
that are lower by 50% compared to their past rates. However, the earlier models

were calculated using solar metallicity stellar evolutionary tracks, which are not
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appropriate for comparison to metal-deficient dwarf galaxies. Thus, we gener-
ate an updated set of models which cover a full range of metallcities, from 1/50
Zo to 2.5 Z,. This will expand upon and provide an independent check of the
KTC94 grid. More importantly however, this will provide the tools necessary
to test whether invoking burst cycles are absolutely necessary for explaining the
observed present-day properties of the average, relatively quiescent dwarf irregular
galaxy, and if so, to constrain the frequencies, amplitudes and durations of the

bursts.

6.2.1 Calculation of the Model Grid

Using the stellar population synthesis code of Bruzual & Charlot (2003), we create
model galaxies which have both smooth and bursty SFHs. We follow the estab-
lished convention in which exponentially declining SFRs are assumed to describe
the continuous models, while bursty systems are formed by superimposing short
episodes of enhanced star formation onto underlying components which are oth-
erwise smooth (e.g. SSB73, LT78, KTC94, Kauffmann et al. 2003a).

Our synthetic galaxies are computed by summing the “standard” instanta-
neous burst populations provided in the BC03 default distribution, which are
based on the Padova 1994 evolutionary tracks and the STELIB/BaSeL 3.1 spec-
tral library. Our resulting grid contains models for (i) six metallicities between
17200 Z, to 2.5 Z,, (ii) two IMFs, that of Salpeter (1995) and Chabrier (2003) with
mass limits of 0.1 and 100 M, and (iii) 7 smooth SFHSs, characterized by expo-
nentially declining SFRs with decay timescales of 1, 2, 3, 4, 8, 12 Gyrs and oo
(SFR=constant). We also generated a grid of 54 Salpeter IMF burst models which
will be described further in the next section, and discussed at greater length in
Section 6.5.

Birthrate parameters are straightforward to compute when the SFH is mod-
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eled as an exponentially decaying function (a.k.a. “7 models”). When SFR(t) =
SFR, e~*/7, a simple integration yields the total mass of stars formed over a time

t.

M(t) = SFR, % (1—e ). (6.1)

The birthrate is then only dependent on the ratio of the age of the system to the
decay timescale, ¢/7:
SFR(%) t et

MO/t~ 7 (L—etim) (6.2)

To compute present-day birthrates, it is assumed that stars have been forming

b

according to this exponential law for a Hubble time, and we set ¢ in the above
equation to 10 Gyrs, as in KTC94.

After generating the model galaxies, the Ha EW is determined as follows.
First the rate of ionizing photons N (H") produced at 10 Gyr is converted into the
Ha luminosity, assuming case B recombination, with nebular temperatures and
densities of 10* K and 100 cm 3 respectively. Using the recombination coefficients
from Osterbrock (1974) and assuming that the galaxies are radiation-bounded

(i.e. there is no leakage of Lyman continuum photons),
log L(Ha) [ergss™ '] = log N(H°) [s7!] — 11.87. (6.3)

Second, the continuum luminosity density L, is computed from the model spec-
trum by performing simple first order fits to the local continuum around Ha.. The
EW then directly follows as L(H«)/L,.The synthesized EWs for the continuous

7 models are listed in Table 6.1 .
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6.2.2 Comparison with Models of KTC94

We first compare the b — EW mappings from KTC94 with those generated from
our grid. In Figure 6.1, we plot the KTC94 models in gray. The open circles
represent 7 models while the filled circles represent those formed with a constant
SFR and an instantaneous burst added at 10 Gyrs. We fit a line to the points,
omitting the ones corresponding to the models where the SFR is exponentially
increasing (i.e. when 7 < 0; the 4 topmost open circles for each IMF). These fits
(also plotted in gray) approximate b = f(EW (Ha)) as a power law, A [EW(Ha)]",

where

107547, 1.22 : Scalo
An=1¢ 107221 1.31 : Kennicutt
107249, 1.34 : Salpeter

We overplot our models for four metallicities (7,750, Z./5, Z./2.5, Z»). The
solar model is shown for comparison to the KTC94 results. The three sub-solar
models plotted should cover the range of observed metallicities in the dwarf lu-
minosity regime we have focused on, since according to the well-established lo-
cal luminosity-metallicity relationship (e.g. Skillman et al. 1989; Richer & McCall
1995; Lee et al. 2003), My = —19 and Mz = —12 correspond to ~ Z/2.5 and
~ Z/30 respectively. The lowest and highest metallicity models are highlighted
in blue and red, while the intermediate values are shown in black. The b > 1
models plotted in Figure 6.1 are constructed with an underlying 10 Gyr old pop-
ulation generated with a constant SFR as in KTC94, plus a burst component with
star formation at an elevated but also constant rate for a duration of 107 years.
The bursts turns on and off instantaneously, and the EW is taken at the end of
the 107 yr period, where it reaches its maximum value. The EW for these burst

models are given in the first 5 columns of Table 6.2.
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The main ingredient that is different between the modeling done here and
in KTC9% involves the adopted stellar libraries and evolutionary prescriptions.
KTC94 is primarily based on the Schaller et al. (1992) Geneva tracks, while the
present grid is based on the Padova 1994 tracks. Although the Geneva tracks are
generally preferred for modeling young, ionizing populations, and the Padova
tracks for populations dominated by old and intermediate-age stars, the differ-
ences between the two mainly involve convection in low and intermediate mass
stars, and physics related to post main sequence evolution (see Charlot et al. 1996
and Vazquez & Leitherer 2005 for more details). This has a marginal impact on
the hydrogen ionization output and the resulting EWSs, as can be seen in Figure
6.1. As a result, we find that there is excellent agreement between the earlier and
current b — EW mappings — our solar metallicity Salpeter models (plotted in red
in the top panel of Figure 6.1) and those of KTC94 produce EWs that differ by no
more than 15% at any of the birthrates investigated.

What is also clear from Figure 6.1 is that the impact of the metallicity on the
EW is fairly limited. For all four metallicities shown, the differences for the b < 0.2
(7 < 4 Gyr) models are insignificant, as are the differences between the two in-
termediate metallicity models (7 /2.5, Z /5, plotted in black) for all of the SFHs
computed. The effect of metallicity (lower metallicity stellar populations produc-
ing a greater number of ionizing photons per unit mass, and thus higher EWSs)
does become more apparent as the birthrates increase, and the O & B stellar popu-
lations become more dominant. The maximum difference, which occurs between
Zs /50 and Z, for the highest birthrate models calculated (b = 10), is ~50%. Nev-
ertheless, variations in metallicity will not considerably impact the mapping be-
tween the EW and birthrate for our sample, especially since the vast majority

of galaxies have EWs and metallicities in the range where the models tracks are
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virtually identical.

6.3 Birthrates of Dwarf Galaxies in the 11HUGS Sample

It is now straightforward to find the typical birthrate of the dwarf galaxies in the
11HUGS sample by using our model grid and the observed 11HUGS Ha EWs.
However, note that the assumed IMF will have a critical effect on the predictions.
In the lower panel of Figure 6.1, comparison of the models based on three cur-
rently viable IMFs, that of Kennicutt, Salpeter, and Chabrier, demonstrates that
the EW is systematically offset by more than 50% from the model with the steep-
est fall-off for high mass stars (I' = —1.5, Kennicutt) to the one with the flattest
power-law slope (I' = —1.3, Chabrier). Translating the 11HUGS EW distribu-
tion for galaxies with —17 < Mp < —14.7 to birthrates, we find that <log b > is
0.55, 0.32 and 0.27, for the Kennicutt, Salpeter, and Chabrier IMFs respectively,
which correspond to SFHs with decay timescales between 4 and 8 Gyrs. This
confirms the estimates based on the KTC model grid which show that late-type
dwarf galaxies are typically forming stars at a pace that is slower by > 50% than

their lifetime averaged rates.

6.4 The Viability of Continuous SFR Models

So far, we have used the synthesis models with the observed Ha EWs to coarsely
constrain the SFHSs. In this calculation the SFR was measured (i.e. averaged) over
the following two different timescales. Recall that hydrogen photoionization is
due to massive O & B stars which are short-lived, so that thermal Balmer emis-
sion can only be observed if star formation has occurred over the past 107 yrs.
Thus the numerator of the EW yields an essentially instantaneous measure of the

SFR, and this was compared to the long-term, lifetime average SFR implied by the
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red continuum flux density in the denominator. These two extremely long and
extremely short timescale tracers provide insufficient constraints for constrain-
ing fluctuations that have occurred in the recent past. A third tracer is required
that measures the SFR more nearly on the intermediate timescales that bursts
are thought to occur. The UBYV colors provide such a measure since they are
dominated by intermediate mass A stars if they are present, and thus trace star
formation that is averaged over a ~1 Gyr interval. This is the rationale for incor-
porating U BV colors in our analysis. The colors that we use are adopted from
the dwarf galaxy studies of van Zee (2001) and Hunter & Elmegreen (2006).

With the combination of Ha EWs and U BV colors, we first ask whether bursts
are even necessary to explain the observed present-day properties of the average,
relatively quiescent star-forming dwarf galaxy, since it is possible that the contin-
uous models alone may be able to account for them. While bursting galaxies are
undeniably found in our sample, it is not clear whether they are simply dlrrs
in the “on” state, or whether they form an inherently different population that
follows an evolutionary path distinct from the majority of dirrs (e.g. Papaderos
et al. 1996a,b; van Zee et al. 1998; van Zee 2001). If the latter scenario is true,
then duty cycles should only be calculated for the subset of the population that
suffer bursts, and a method for distinguishing those galaxies from the rest of the
population would need to be developed. However, if continuous star formation
models can be reasonably ruled out by the observed properties of typical dlrrs,
and cyclical burst models can provide a more natural fit, this would be one argu-
ment against the burst/non-burst bimodality.

We assess the viability of continuous SFHSs in Figure 6.2, where 10 Gyr-old 7
models are plotted in the EW-color plane, along with data for galaxies in 11HUGS

which have colors published in van Zee (2001) and Hunter & Elmegreen (2006).
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In the plot, each curve represents a different metallicity family of exponential
declining SFR models based on a Salpeter IMF. The blue and red curves indi-
cate the most metal poor (Z./200) and metal rich (2.5 Z.) models respectively,
whereas the models highlighted in light blue (Z./5) represent those which best
match the observed gas metallicities of the dwarfs considered here. The models
with the shortest timescales (7=1 Gyr) have the reddest UBV colors, since they
have formed most of their stars early-on, and occupy the lower right corner of
the plot. Moving up the tracks, the models become bluer and the EWs increase
as the decay timescale lengthens. The bluest U BV colors and highest EWs result
from models with a constant SFR (i.e. 7 = ).

Clearly, the continuous models do not provide a good match to the obser-
vations. The models are too blue at a given EW to fit the majority of data, or
conversely, the synthesized EWs are too low at a given color. However, the dis-
crepancy is characterized by factor of two offsets, which is not extreme enough to
definitively rule out continuous models, in and of itself — it is conceivable that
systematics in the data or the models may produce such an offset. Therefore, we
carefully evaluate the robustness of our data and the assumptions inherent in the
calculations of the models that may have led to this discrepancy before drawing

conclusions on the viability of the continuous models.

6.4.1 Checks for Possible Systematics in the 11HUGS EWs

Assuming first that there are no problems with the synthesis models, one issue
that we must address is whether there could be an error in our measurements
of the EW that would cause them to systematically underestimated. The typical
colors of the galaxies in Figure 6.2 are ~0.4 in B-V and -0.2 in U-B (as found in
the van Zee 2000 study of isolated dwarf irregulars, and other previous dwarf

observations such as that of Miller & Hodge 1994). From the grid of KTC94, these
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colors correspond to an EW of 46 A for a Kennicutt IMF, while from the grid com-
puted here it would be 58A and 70 A for the Salpeter and Chabrier IMFs respec-
tively. Therefore, in order for a systematic offset to be the explanation, the EWs
must be low by ~50% at the minimum. In Chapter 2, we already have checked
our EWs against the integrated spectral measurements of MK06 and have found
evidence that our image-based EWs may be underestimated. However, the size
of the potential discrepancy was found to only be 7%, and moreover, it is not clear
whether this is due to issues with the MKO06 or 11HUGS continuum subtraction
procedure. We have also checked if the systematic is larger for low-luminosity
galaxies, and find that there is no apparent correlation with Mz. As for compar-
isons with other global EWSs found elsewhere in the literature, James et al. (2004)
do report a median observed EW which is ~20% higher (38 A) for their nearby
UGC irregular galaxies. However, James et al. also have noted that their mea-
surements are on average ~30% higher than other previously reported values,
whereas our EWs exhibit no such offset. Therefore, it is highly unlikely that a
systematic error in the measurements alone could explain the inconsistency be-
tween the continuous models and the observations, although there may be some

possibility that our data may be underestimated by up to 20%.

6.4.1.1 An Alternate Estimate of the Birthrate

Another way of looking at the discrepancy is that the U BV colors indicate that
star-forming dwarfs should have typical birthrates of about unity, while the Ha
EWs suggests that the SFR of the population has slowed by a factor of two over
time. Thus, we can further investigate possible systematics in the 11HUGS EWs
by performing an alternate calculation of the birthrate which is based on the same
model grid, but depends on observables other than the EW. If the low birthrates

still persist, then this is indirect evidence that there is no severe systematic in the
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11HUGS EW measurements. On the other hand, if the calculation produces a
result which is more consistent with unity, we would need to critically reassess
the 11HUGS EW scale.

To carry out this exercise, we use the fact that the stellar birthrate can also be

expressed as:

SFR(t) - ¢
M(t) - (1= R(t)

where M, is the stellar mass, and R is the fraction of M, that has been returned

b

(6.4)

to the ISM through evolutionary processes. Ly, and Mp can be used to com-
pute the SFR and the stellar mass by using the synthesis models to find the most
appropriate, average conversion factors, i.e. Ly,/SFR and the mass-to-light ratio
M, /Lg. The value for R is also taken from the models. Thus, this is the same gen-
eral method implicit in the conversion from EW to b, except that the continuum
flux density at H« is replaced by Mg, and that the M, /L g must now be specified.
We will choose a M, /L which matches the blue colors observed, which is again
B —V ~ 0.4. Thus, while this exercise is somewhat less sensitive to the systemat-
ics that could plague the EWs (e.g. the continuum subtraction procedure, which
is the most uncertain step in the determination of image-based EWS), in truth, it
is not completely independent of them since we are using the Ha fluxes in the
calculation. However, an advantage is that many more measurements of the Ha
flux have been made for dwarf galaxies than of the global EW in previous work,
so there is a better basis for determining whether any potential inconsistencies
are due to systematics in the 11HUGS data.

To apply this method to our sample, both Ly, (Table 2.4) and Mg (Table 2.1)
are first corrected for internal extinction using the estimates computed in Ap-

pendix B and assuming that E(B — V), = 0.44E(B — V)4, (Calzetti 2001). We



148

then use the Z = 0.004 (Z,/5) population models to find Ly,/SFR (Table 6.3)
and M, /Lg (Table 6.4), and calculate M, and the SFR. We choose the 7, /5 model
since it is the best match for the metallicities of dirrs in luminosity bin where the
11HUGS burst statistics are most robustly determined (i.e. —17 < My < —14.7).
The recycled mass fractions are ~0.3 and ~0.5 for the Salpeter and Chabrier IMFs,
which result in median birthrates of 0.42 and 0.34, respectively. Although we
have not generated the appropriate metallicity models using a Kennicutt IMF,
we have shown that the dependence on metallicity is limited, so the solar metal-
licity grid from KTC94 can be used to approximate the median b, which turns out
to be 0.51.

Thus, these alternate calculations result in birthrates which agree with those
based on the EWSs, and reaffirm the discrepancy with the birthrates of ~1 pre-
dicted by the colors. Comparisons with other datasets in the literature (Chapter
2), have already shown that the 11HUGS Ha fluxes are not offset on average
from previous measurements, so it is unlikely that these low birthrates are due
systematic errors in the data. However, van Zee (2001) has carried out the same
birthrate calculation for a local sample of isolated dirrs and has found that the
median value, assuming a Salpeter IMF, is 0.705. This result suggests that the
continuous models alone are in fact consistent with observations of the SFR as
traced by Ha and the B-V color, and is troubling as it could be an indication of a
systematic error in the 11HUGS measurements. What could be going on?

The alternate birthrate calculation that we have just performed relies on Ly,
and Mg, so we first compare the 11HUGS values for these quantities with those
from van Zee (2001) as well as with additional measurements from Hunter &
Elmegreen (2004, 2006). We homogenize the extinction corrections and distance

scales of the datasets to follow van Zee (Galactic, but no internal extinction cor-
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rections applied, H,=75 km s~! Mpc~!) and plot the data in Figure 6.3.

In Figure 6.3, all three datasets sit on the same locus without any significant
offsets, as illustrated by the linear fits to each of the datasets in the region that
is commonly well-sampled (—18 < Mp < —14). There is a strong correlation
between Ly, and Mg as would be expected for a sample of star-forming galax-
ies. We plot lines which correspond to van Zee’s result of b =0.7 in the low-
luminosity regime of interest, again using the Z = 0.004 (Z./5) Chabrier, Salpeter
and Kennicutt IMF models computed earlier (red dashed lines from top to bot-
tom). The tracks have been back-corrected for internal extinction using the same
empirical correlation (Appendix B) used throughout this work. The red solid line
corresponds to the median birthrates of 0.34 (Chabrier), 0.42 (Salpeter) and 0.51
(Kennicutt) as found for the 11HUGS dwarfs. It is clear that the b =0.7 lines are
significantly offset from all three datasets, and a median b of ~0.5 or lower is
more consistent with all of the observations. This is strong evidence that the low
median birthrates calculated based on the 11HUGS fluxes cannot be merely due
to an offset in the data. The plot also indicates that the discrepancy is not likely
caused by sample selection biases. Instead we suspect that the van Zee result may
have been systematically overestimated. The values of M, /Lg and Ly,/SFR that
she used were based on models with two different metallicities. van Zee adopted
the Kennicutt (1998) standard Ha SFR conversion, which is for solar metallicity
populations, while using mass-to-light ratios that are based on sub-solar models.
This can lead to birthrates that are too high: a relative deficiency of metals will
cause both lower mass-to-light ratios and a greater number of ionizing photons
per unit mass to be produced, so that a systematic error will be incurred if only
one of the effects is accounted for. From Table 6.3, it can be seen that the ratio be-

tween the Z; and Z./5 SFR conversions is about 0.7. This would bring down the
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van Zee birthrate from 0.7 to ~0.5, which is more in-line with the results found
here.

In sum, there is good evidence that the discrepancy between the predictions
of the continuous models and the UBV and Ha EW observations cannot be rec-
onciled by a systematic in the 11HUGS measurements. Again, our EWs may be
underestimated by up to 20%, if the EW scale of James et al. (2004) is correct,
but more likely, the size of the potential offset is 7%. For a Salpeter IMF, the IMF
assumed by most previous studies, these possible errors can inflate the birthrate
to 0.4 at most. Next we consider whether assumptions in the models may have

led to the discrepancy.

6.4.2 Possible Escape of lonizing Photons into the IGM?

In calculating the Ha luminosity from the ionizing flux produced by the models,
we have simply assumed that galaxies are radiation bounded. If in reality there is
leakage of the Lyman continuum photons into the IGM, and this is accounted for
in the modeling, the synthesized Ha fluxes and EW would decrease, while the
UBYV colors would change nominally, as needed for consistency with the obser-
vations. In order for leakage to completely solve the problem, the escape fraction
for the average dlrr galaxy would have to be ~50% for a Kennicutt IMF to lower
the predicted EWs to the observed typical value of 30 A while the majority of ion-
izing photons would have to be lost for the Salpeter and Chabrier IMF models.
However, observations which have attempted to directly detect escaping Lyman
continuum photons have all found upper-limits <10% (e.g. Leitherer et al. 1995,
Bergvall et al. 2005). Moreover, these detection experiments have been performed
on starbursting galaxies where leakage is thought to most likely to occur, and the
fractions in more typical dwarfs are probably a few percent at the most. A com-

bination of a systematic underestimation of the 11HUGS EWs and an non-zero



151

escape fraction cannot plausibly bring the models and data into agreement ei-
ther. Even if we suppose that the 11HUGS fluxes and EWSs are underestimated
by 20%, the escape fractions required are still >30%. It thus seems unlikely that
leakage can be the cause for the disagreement between the continuous models

and the observations.

6.4.3 Lower Maximal Stellar Masses in the IMF?

Naturally, the b-EW mapping is very sensitive to the form of the adopted IMF.
We have tested the consequences of using three different, but currently accepted,
universal IMFs in the above analysis. None resultin B —V ~ 04, U — B ~
—0.2 and EW~30 A as observed. However, we have always made the standard
assumption that the lower and upper mass limits are 0.1 and 100 M, respectively.
Lowering the maximal stellar mass included in the models would decrease the
predicted EWs while not significantly altering the colors. For a Salpeter IMF, the
predicted EW is 60 A for M,,=100 Mg, whereas it is 38, 34, 30 and 24 A when
M,, is 60, 55, 50 and 45 M, respectively. Thus, decreasing the upper mass limit
to ~50 M, would reconcile the models and the data. But what would be the
physical motivation for such a variation?

Recent work has debated whether, given an intrinsically invariant stellar IMF,
the resultant IMF will depend on the SFR of a galaxy due to a combination of
statistical effects and clustered star formation. As already discussed in Chapter
4, the sense of the effect would be such that galaxies with the lowest SFRs would
be systematically deficient in the most massive stars and have observed IMFs
with either lower maximal stellar masses or steeper slopes. The suggestion has
been made primarily by Kroupa & Weidner (2003) and Weidner & Kroupa (2005,
2006), whose general argument is as follows. If stars are born primarily in clus-

ters (whose formation itself is governed by some power law), the maximal stellar
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mass formed in a cluster will necessarily scale with the cluster mass. Conse-
guently, they contend that the summed stellar IMF will be deficient in high mass
stars for those systems that form fewer clusters, since the probability of forming a
massive cluster will be lower. In Weidner & Kroupa (2005), the upper stellar mass
limit of the IMF as a function of the SFR (averaged over 107 yrs) is calculated un-
der various assumptions of the power law slopes of the cluster and stellar IMFs.
With the standard slope of 2.35 for both mass functions, they find that M, begins
to dip below 100 M., at ~0.03 M, yr~! and reaches 50 M, at ~0.005 M, yr—!.
They also explored the scenario which has the maximum plausible effect on the
summed IMF, and in this case the limiting SFRs are instead greater by about an
order of magnitude. Examination of Figure 6.3 shows that the corresponding ap-
proximate luminosity ranges over which 1/, would vary between 100 M, and
50 Mg, are —16 2 Mp 2 —14 for the standard scenario and —18 2> Mp 2 —16
for the scenario with the maximum plausible effect. Although this is same lu-
minosity regime in which we are attempting to reconcile the models with the
observations, M,, must be on average 50 Mg, to make an EW of 30A consistent
with the blue colors observed whereas Weidner & Kroupa predict that A7, will
only drop to this level for the lowest luminosity dwarfs. Therefore, a variable
resultant IMF may possibly allow continuous models to fit the colors and EWs of
the least luminous dwarfs simultaneously, but it does not appear that this would
allow the continuous models viable for the intermediate luminosity systems.

We must also further note that the conclusions of Weidner & Kroupa are still
being heavily debated. Systematic variations in the resultant IMF are strongly
dependent on the form of the assumed cluster mass function, as they themselves
note, and as discussed in detail in EImegreen (2006). In particular, the differences

in the intrinsic and resultant IMF are negligible if the cluster mass function slope
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A < 2,and many studies appear to show that 5 ~ 2 (Zhang & Fall 1999), although
these prior results have primarily been based on galaxies with much higher SFRs
than the dwarfs we are interested in here. As for observations which constrain
the stellar IMF itself in dwarf galaxies, there is tentative evidence that it may
be steeper than Salpeter in some dwarfs (Annibali et al. 2003), although many
other studies have shown a slope consistent with 2.35 (Gregio et al. 1993). These
observations are reviewed in ElImegreen (2006) and the reader is referred there

for more details.

6.4.4 Summary Assessment of the Discrepancy between

Predictions of Continuous Models and Observations

To summarize, we have found that models characterized by continuous star for-
mation cannot simultaneously match the blue colors and modest Ho EWs of typi-
cal dlrr galaxies unless (i) the majority of Lyman continuum photons escape from
the galaxy, or (ii) the currently favored IMFs have upper mass limits of about 50
M, instead of the commonly adopted value of 100 M.,. The first scenario seems
unlikely to be plausible since observations indciate that the escape fraction of ion-
izing photons is < 10% (e.g. Bergvall et al. 2005). While the latter scenario might
work for the lowest-SFR dwarf galaxies we are considering here, the plausibility
of statistical effects leading to resultant IMFs that are different from an intrin-
sic, invariant IMF is still being heavily debated (e.g. Weidner & Kroupa 2005;
Elmegreen 2006). Further, the potential statistical effects appear to be too small
for the more luminous dwarfs (Mp <-14, SFR>0.005 M, yr—!) to make the con-
tinuous models consistent with the observations for these systems. Therefore, it
presently seems doubtful that continuous SFHs alone can account for the average

properties of star-forming dwarf galaxies.
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6.5 The Viability of Cyclical Burst Models

We now proceed to investigating whether burst models can provide a more nat-
ural match the data (i.e. without invoking variations in the IMF or large Lyman
continuum photon escape fractions). The addition of bursts may result in models
that better fit the data because they will cause the colors to be bluer than expected
for a given EW, as predicted by continuous models alone. Bursts, of course, will
also cause the Ha EW to be elevated, but the EW will decay essentially instanta-
neously in its aftermath, whereas the colors will remain bluer than normal for a
longer period of time. Moreover, in the post-burst state the Ho EW will be lower
than expected since the intermediate mass stars from the burst will continue to
contribute to the continuum flux long after the Ha emission from the burst has
faded away.

To investigate whether bursts can account for the observations, we have gen-
erated a grid of 54 Salpeter IMF, Z./5 models which include (i) three different
underlying populations characterized by decay timescales of 7=4 Gyr, 7=8 Gyr,
and SFR=constant, chosen because they produce present-day EWs which flank
the typical observed value of 30A | (ii) burst amplitudes from 5=2 to =10, and
(i) burst durations of 10 and 100 Myrs. The bursts are added at an age of 10
Gyrs, and we have only considered the simplest case where the bursts turn on
and shut off instantaneously.

The effects of adding bursts to continuous models are illustrated in Figure 6.4
in the EW-color plane. In the top panel, the loci of the continuous models are
repeated from the Figure 6.2, and eight selected burst models are overplotted.
The yellow and black loops represent the 107 and 10® yr duration episodes re-
spectively. As the burst evolves, the colors and EWs move around the loops in

the counter-clockwise direction. The height of the loop is controlled by the am-
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plitude of the burst and the SFH of the underlying population, while the width is
controlled by the both burst duration and amplitude. The three innermost yellow
loops are b=2, b=5 and =10 bursts superimposed on a constant SFR model, while
the two outermost loops represent 5=10 bursts superimposed on 7=8 Gyr and
7=4 Gyr models. Qualitatively, this ensemble of models overlaps the data well.
The blue galaxies with low EWs in the lower left of the diagrams do not seem to
be fit by any of the models and merit further study. However, galaxies do not
move along the loops at a constant rate, and we must also determine whether the
distribution of data is consistent with the frequencies implied by the temporal
evolution of the synthetic EWSs and colors in order to establish the viability of the
burst models.

To illustrate these post-burst timescale dependent effects, we plot the colors,
EWs and birthrate as a function of time in Figure 6.5. Here, the =10 models are
shown, where the 107 and 108 yr duration bursts are plotted separately in the left
and right hand panels. For reference, the evolution of the models which have not
been through a burst are also plotted (dotted lines). A successful match to the
observations (indicated by the gray shaded area) would require post-burst EWs
which vary about an average value of 30A, U-B’s of ~-0.2 and B-V’s of ~0.4. For
the Ha EW, the shaded area corresponds to the +10 range as determined from
the 11HUGS sample. The gray areas in the U-B and B-V plots are based on the
median, and upper and lower quartile values from van Zee (2000). From both this
plot and Figure 6.4, it is clear that the shorter 107 yr bursts (<1% of the galaxy’s
stellar mass formed in the episode) cannot reproduce the observations. However,
the more substantial b ~ 10, 10® yr episodes (~10% of the galaxy’s stellar mass
formed in the episode), superimposed on exponential decay models with 7 ~ 8

Gyr, do appear to have post-burst properties that match the typical B-V" colors
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and EWs of star-forming dwarfs. The U-B colors, on the other hand, cannot be
fit unless the galaxies are perpetually bursting, which is simply impossible, and
we will comment more on this problem in a moment.

We also illustrate the varying amounts of time spent along different sections of
the looped tracks in the EW-color plane in Figure 6.6. In this figure, we now only
show the 10® yr duration burst models and use the blue, yellow and pink curves
to indicate periods of 108 yrs (i.e. altogether the first 3x10® yrs after the burst is
initiated), and the red curve to indicate a 7x 108 yr period, from 3x10® yrs to 1 Gyr
after the burst. Thus, there should be a higher concentration of data points along
the red portions of the tracks if the burst models are to be viable. Qualitatively
(since we are limited in making more quantitative statements because the UBV
data for the 11HUGS sample are not complete), this does appear to be true in
the EW-B-V plane. In the EW-U-B plane, however, the data tend to sit on the
pink/yellow portions of the tracks, and are too blue by ~0.1 mag to be consistent
with the dominant post-burst state. This would seem to rule out the viability
of the burst model since all of the observations that we have in hand cannot be
matched simultaneously. Let us reserve judgment for the time being though, and
investigate this further in the U BV plane, where more data is available.

In the UBYV plane, we first plot the evolutionary tracks of the continuous mod-
els (Figure 6.7, top panel). As in the previous figures, the red and blue curves rep-
resent the 2.5 7, and Z,/200 populations respectively, and the light blue curves
show the models Z./5 which best match the metallicities of the dlrrs considered
here. There is a clear problem with the synthesized U-B colors since, quite oddly,
the lower metallicity tracks tend to be systematically too red in comparison with
the data, whereas the higher metallicity tracks actually provide a better match.

We also plot the burst models in the U BV plane in Figure 6.8 to further illustrate
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this point. The top panel shows the 10® yr duration, b ~ 10 bursts for the 2.5 Z,
tracks, while the bottom panel shows those for the 7., /5 tracks. Again, the tracks
have been color-coded to indicate increments of 10® yr of time (blue, yellow and
pink) and 7 x 108 yrs (red). The data points do not converge upon the red portions
of the tracks in either case because the synthesized U — B colors are too red on av-
erage, although the super solar metallicity models at least bisect the observations.
van Zee (2001) has also documented this problem, using continuous models gen-
erated with an earlier version of the BC03 code, which she attributed to problems
with the evolutionary prescriptions for low-metallicity massive stars. Although
we have not yet tracked down the exact source of the problem, it is reasonable to
assume that uncertainties in the models will affect the predicted U-band flux to
a much greater degree than the other observables that we are considering. The
synthesized B —V color and Ha EW should be relatively robust since they are es-
sentially dictated by stellar evolution along the main sequence, which is thought
to be better understood. For example, it has recently become clear that the pre-
dictions for the temperatures and lifetimes of red supergiants at sub-solar metal-
licities do not match the observations (Origlia et al. 1999, Massey & Olsen 2003,
Vazquez & Leitherer 2005). Despite this, Origlia et al. (1999) found that the B —V
colors of young LMC clusters and blue compact dwarf (starburst) galaxies could
be modeled accurately. It is also relevant to note that the same study also found
that the U-B colors become bluer when the temperatures of the red supergiants
are lowered, which is more consistent with spectral observations of these stars
in the Magellanic Clouds (Massey & Olsen 2003), and would help reconcile the
discrepancy in Figure 6.4. Another issue deals with nebular continuum emission,
which we have not included in our models. The addition of nebular emission

will make U-B color bluer, but will nominally affect the B-V colors and Ho EWs
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for composite population older than 1 Gyr (Leitherer & Heckman 1995). Clearly,
the models must be scrutinized carefully to conclusively isolate the cause(s) of
the discrepant U-band fluxes, and more work is needed here. Until then, we will
choose to exclude the U — B colors from the analysis and draw our conclusions

using the B-V colors and Ha EW only.

6.5.1 Implied Duty Cycle Parameters

With this in mind, we return now to Figures 6.4 and 6.5, and only focus on the
B — V colors and Ha EWs. Again, there is reasonable agreement between the
post-burst properties of the models with 10® yr duration, b ~10 episodes that are
superimposed on 10 Gyr old, Z. /5 populations with exponentially declining SFR
described by decay timescales of ~8 Gyr. Note however that the EWs and B-V
color return to the values given by the continuous models after about 1 Gyr fol-
lowing the burst. In order to keep the predictions within the window of observed
values, these bursts must occur at least every Gyr.

Thus, the need to simultaneously match the typical B — V' colors and EWs
yields constraints on the characteristic duty cycle for which we have just found
one particular solution: that bursts on average occur every ~1 Gyr, with dura-
tions of ~10® yrs and amplitudes b ~ 10. Of course, the uniqueness of this solu-
tion has not yet been examined. To do this, we turn to the constraints provided

by the burst number and mass fractions calculated in the previous chapter.

6.5.2 Additional Duty Cycle Parameters Constraints under the Equal Probabil-
ity Assumptions

In the preceding chapter, we used the 11HUGS sample to determine both the

fraction of late-type dwarf galaxies that are presently in the starburst phase, and

the fraction of the overall current star formation that occurs in this subset of the
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population. By making a number of simplifying assumptions, we can use these
statistics to provide additional constraints on the characteristic frequencies and
amplitudes of the average starburst duty cycle.

Let us first suppose that bursts can occur with equal probability in any dlrr,
and that all dirrs share a common average SFH. If this is approximately true,
then the starburst number fraction corresponds to the fraction of total time an
individual system spends in the burst mode, while the fraction of star formation
observed to be taking place in the starburst population corresponds to the frac-
tion of the total stellar mass formed in the burst mode. Let us also assume that
these statistics have remained the same over the lifetimes of the galaxies, which
is taken to be 10 Gyrs for simplicity.

Under these “equal probability” assumptions the durations of all burst episodes
must sum to 63 x 108 yrs (i.e. 6% of 10 Gyrs). The synthesis models have shown
that one duty cycle solution that maintains the B — V' colors and Ha EWs at post-
burst levels which are comparable to the typical observed values involves bursts
with durations of 10® yrs which repeat at least every Gyr. The sum of the dura-
tions in this case would be about 1 Gyr, which agrees with the constraints implied
by the burst number fraction. This consistency suggests that the temporal param-
eters are fairly well constrained. We have shown that bursts with short 10" yr du-
rations and reasonable amplitudes do not produce post-burst effects significant
enough to match the observations. Also, it is unlikely that a massive galaxy-wide
burst can be coordinated on timescales much less than a dynamical time, which is
~108 yrs for dwarf galaxies. On the other hand, increasing the duration by a fac-
tor of two would require that the time between bursts also increases by a factor of
2 to keep consistency with the observed burst number fraction. However bursts

that occur every ~2 Gyr are already too infrequent to keep the colors sufficiently



160

blue.

Turning now to issues of amplitude, in our one duty cycle solution, ~50% of
the stars are formed in the burst mode. This is just nominally consistent with the
observation that 224+10% of the current star formation in dlrrs is concentrated in
the starbursting systems. Although the amplitude of the bursts could be lowered
to b ~ 4 to match this constraint, this would violate the 64+3% starburst number
fraction — the galaxies would have to burst at least twice as frequently to main-
tain the needed blue B — V' colors and consequently spend 20% of their time in
the burst state. At this point, it may appear that a simple fix would be to halve
the burst duration to 50 Myr for the b ~ 4 bursts. However, this would require
that the episodes repeat even more frequently at 4 times per Gyr, which leads to
the same disagreement with the number fraction. Finally, further fine tuning of
the amplitude shows that models with slightly stronger b ~ 6 bursts and 50 Myr
durations occurring 3 times per Gyr also achieve nominal consistency with both
burst mass and number fractions, as a system with such a cycle will spend 15%
of its time and form ~50% of its stars in the burst mode. Figure 6.9 illustrates
the color and EW time evolution of these 50 Myr bursts. Thus, this exercise has
yielded the approximate ranges of typical burst parameters: durations between
50 and 100 Myrs, birthrates between 6 and 10, and frequencies between 1 to 3 per
Gyr.

The characteristic duty cycle parameters that we have converged upon ap-
pear to be viable but only in a delicate, or almost too delicate, balance with the
observed constraints provided by the B—V colors, the Ha EWSs, and the starburst
number and mass fractions. This suggests that either (i) the problem is extremely
well constrained, (ii) the model we have developed to explain the observations is

far too contrived, or (iii) something is wrong with one of the pieces in this puz-
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zle. As for this last possibility, we can think of at least two explanations for the
tension between the model duty cycle parameters and observed starburst statis-
tics. The first is mundane and involves our empirical extinction correction which
scales as only as a function of luminosity. Since starbursts tend to be more heav-
ily obscured, it may be that we have underestimated the Ha luminosity being
produced by these systems relative to the currently less active dirrs. This may
increase the starburst star formation fraction above the value that we have calcu-
lated and this needs to be followed-up, perhaps by examining the Balmer decre-
ment as a function of EW for a large sample of starbursting dwarfs. The second
explanation is that the ”equal probability” assumption that the bursts number
and mass fractions have remained constant over the lifetimes of the galaxies is
incorrect. The direction of the tension is that viable burst models result in combi-
nations of frequency and burst mass fractions that are although nominally consis-
tent, are too large to be comfortably consistent with the present day observations.
This could be a potential clue that bursts in dwarf galaxies occurred at a different
pace in the past. In particular, we note that if dwarf galaxies have only been un-
dergoing bursts in the most recent half of their lifetimes, the disagreement with
the burst mass fraction would be resolved. Clearly however, this would require
a mechanism to suppress the burst cycles in the early half of lifetimes, which
seems a bit artifical. In any case, this characteristic starburst scenario should be
easy to disprove if it is indeed tenuous. Additional tests, such as an examination
of the distribution of a complete set of B — V' colors and an expansion of the Ha-
based analyses to larger volumes, provide avenues for future work. Clearly, our
observational constraints do not really allow us to probe the SFHs farther back
than about 1 Gyr ago, so eventually repeating the analyses carried out here with

samples of dwarf galaxies at higher redshift would also be valuable. Finally, as
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discussed earlier, the predicted EWs are quite sensitive to the assumed IMF. Since
we have only performed the burst analyses using a Salpeter IMF, more work is
needed to quantify the uncertainties in the duty cycle constraints due to reason-

able variations in the high mass slope.

6.6 Discussion

6.6.1 Comparison with Previous Results on the SFHs of Dwarfs

As mentioned in the introductory chapter, there has been a great deal of work
on the evolutionary histories of dirr galaxies over the past three decades. Most
studies, including the seminal work of Searle, Sargent & Bagnuolo (1973) and
Hunter, Gallagher & Rautenkranz (1982), have included some combination of
synthesis modeling, integrated U BV colors, and the Ha SFRs of representative
samples of dwarfs. This thesis can be considered the direct descendant of such
studies, so we begin our comparison with previous results there.

The general consensus among this aggregate of work has been that most late-
type dwarf galaxies have had approximately constant SFRs over their lifetimes
(e.g. Searle, Sargent & Bagnuolo 1973; Hunter & Gallagher 1985; Huchra 1977b).
Some have further concluded that global starbursts are probably not needed to
account for the observed properties of typical systems (e.g. Gallagher, Hunter &
Tutukov 1984; van Zee 2001). While this appears to directly contradict the find-
ings presented here, we have found that the results can be reconciled as follows.

The UBYV colors by themselves do suggest that b ~ 1 as discussed in Sec-
tion 6.4.1.1, so it would be reasonable for analyses which only have included
UBYV photometry to come to this conclusion (e.g. SSB73). However, Ha-based
SFRs have also been considered in tandem with the colors in many other prior

studies. In these cases, we have found that accounting for differences in the syn-
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thesis modeling can explain the conflicting results. One difference is that most
early models were based on solar metallicity stellar tracks, which were all that
were available at the time, whereas we have interpreted our data using sub-
solar metallicity tracks. For the estimation of relative SFR properties such as the
birthrate, this should not matter, since the effect of metallicity will be roughly
normalized out as demonstrated by our modeling of the EW. However, a sys-
tematic overestimation of such quantities can occur if standard solar-metallicity
based SFR prescriptions are used in conjunction with other outputs from sub-
solar models as in van Zee (2001). Another significant difference is that the ear-
liest generation of models employed IMF upper mass limits which were much
lower (30-50 M) compared with the standard 100 M., adopted today (Searle,
Sargent & Bagnuolo 1973; Huchra 1977b; Larson & Tinsley 1978; Hunter, Gal-
lagher & Rautenkranz 1982), again because evolutionary tracks for higher stellar
masses had not yet been developed. IMF upper-mass limits in this regime cer-
tainly would allow continuous star formation models to match the observations
as discussed in Section 6.4.3. We note that it is an interesting irony that Huchra
(1977b) was led to argue for a flatter IMF and test models with higher upper-
mass limits (i.e. M, > 30 M) in order to match the H5 EWs and colors of the
exceptionally active Markarian galaxies, while we have been forced to argue for
either a steeper IMF or lower upper-mass limits (i.e. M,, < 100 M) to match
the observations for a more representative, and complete, sample of star-forming
dwarfs. This clearly underscores the sensitivity of results about the viability of
continuous SFR models which incorporate high-mass SFR tracers such as Balmer-
line emission on the form of the IMF. Nevertheless, it is quite remarkable that the
first back-of-the-envelope duty cycle calculations from the U BV color analysis of

SSB73 had resulted in burst parameters similar to those we have found here.
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Critically analyzing the consistency between our inferred duty cycle and the
SFHs computed from resolved stellar populations will require more careful work.
As discussed in the introduction, such studies have generally found that most
dlrrs have had only modest, factor of 2-3 fluctuations in their SFRs over their life-
times, whereas the starbursts in our best-fit model must have birthrates between
5 and 10. The temporal resolution of the CMD-based SFHs, however, only allows
for the identification of a ~100 Myr episode over the past ~0.5 Gyrs. Thus, given
a sample of N galaxies we would expect to see ~N/2+(N/2)'/2 bursts. From the
preliminary work of Dolphin et al. (2006) on the SFHs of galaxies in the Local
Group, a cursory check shows that only 2 out 18 dlrr galaxies have recent bursts
with the high amplitudes suggested by our burst cycle solution, and this presents
a serious discrepancy that must be resolved. In particular, a detailed comparison
between the results will involve ensuring that (i) the time averaging of the SFHs
are done in a consistent way, (ii) there are no significant differences in the stellar
evolutionary models used, and (iii) that SFRs based on the counting of individual
stars are consistent with the SFRs based on the integrated Ha fluxes. Fortunately,
these issues can be taken up in the near future in collaboration with a group led
by Evan Skillman which has recently obtained new deep HST-ACS data which

resolves the stellar populations of the M81 dwarfs.



Table 6.1: Synthetic Ha EWs: Exponential Decay Models

SALPETER IMF

SFH EW/(emission); EW(absorption)
Z=0.0004 Z=0.004 Z=0.008 Z2=0.02
T=1 45e-04 13 -25 13 -21 14 -22 15 -20
T=2 34e-02 56 -26 57 -23 61 -24 6.0 -22
T=3 0.12 151 -28 150 -25 158 -27 155 -25
T=4 0.22 238 -29 232 -27 241 -28 236 -26
T=28 050 425 -32 395 -29 405 -32 389 -29
T=12 064 499 -33 456 -30 466 -3.3 445 -3.0
const. SFR 1.00 658 -34 582 -32 589 -35 555 -32
CHABRIER IMF
SEH b EW/(emission); EW/(absorption)
Z=0.0004 Z=0.004 Z=0.008 Z=0.02
T=1 45e-04 14 -25 14 -21 15 -22 16 -21
T=2 34e-02 70 -27 71 -23 74 25 72 -22
T=3 0.12 190 -29 186 -26 194 -2.7 188 -25
T=4 0.22 298 -30 286 -27 295 -29 283 -27
T=28 050 523 -32 479 -30 488 -32 462 -3.0
T=12 0.64 61.0 -33 550 -31 559 -33 526 -3.1
const. SFR 1.00 795 -35 694 -32 699 -35 651 -32
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Table 6.3: SFR Conversion Factors

L(Ha)/SFR [(Mgyr—1)/(10* ergs s~1)]

Z Kennicutt (1993) Salpeter (1955) Chabrier (2003)
0.05 — 11.37 6.83
0.02 7.351 8.22 4.90
0.008 — 6.61 3.93
0.004 — 5.98 3.56
0.0004 — 5.16 3.10
0.0001 — 4.05 2.44

L from models of KTC94.
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Figure 6.1: Relationship between stellar birthrate and the Ha EW as predicted by the evolu-
tionary synthesis models computed in this work. The colored curves in the top panel show the
predicted mapping assuming a Salpeter IMF, while those in the bottom panel are based on a
Chabrier IMF. Four different metallicity models are shown. The blue and red curves respectively
represent the lowest (Z,/50) and highest (Z5) metallicity models, and the black curves represent
models of intermediate metallicity (Z5/2.5 and Z/5). For comparison, the results from KTC94
are plotted in gray in both panels. See text for more details.
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Figure 6.2: Continuous 7 models in the Ha EW-Color plane. Color data is taken from Hunter
& Elmegreen (2006) and van Zee (2001). Galactic, but no internal extinction corrections have been
applied to the colors. Ha EWSs are from 11HUGs. Six sets of different metallicity, Salpeter IMF
models are plotted at an age of 10 Gyrs. The blue and red tracks indicate the most metal poor
(Z5/200) and metal rich (2.5 Z) models respectively, whereas the models which best match the
observed gas metallcities of dwarf galaxies are highlighted in light blue (Z;/5). The models with
the shortest exponential decay timescales (7=1 Gyr) have the reddest U BV colors, since they have
formed most of their stars early-on, and occupy the lower right corner of the plot. Moving up the
tracks, the models become bluer and the EWs increase as the timescale lengthens. The bluest
UBYV colors and highest EWSs result from models with a constant SFR (i.e. 7 = 00).
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Figure 6.3: Stellar birthrates in the Ly, — Mp plane. Data from three different sources are
plotted as indicated in the figure. Galactic, but no internal extinction corrections have been ap-
plied to either Ly, or Mpg. Rather the internal extinction corrections have been incorporated into
the models (red lines). Linear fits (solid black, blue and gray lines) to the each of the individual
datasets are carried out in the range that is commonly well-sampled (-18< Mp <-14). The red
dashed lines indicate b=0.7 based on the models computed in this work, for Chabrier, Salpeter
and Kennicutt IMFs from top to bottom. The red solid lines show the median birthrate calcu-
lated using the 11HUGS Ha fluxes and compiled M gs, which is 0.34 for a Chabrier IMF, 0.42 for
a Salpeter IMF, and 0.51 for a Kennicutt IMF. The right axis shows the corresponding SFR scale,
based on the solar metallicity Kennicutt 1998 conversion, for approximate reference.
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Figure 6.4: Burst models in the Ha EW-Color plane. Similiar to Figure 6.2, but with eight
selected Z,/5 burst models overplotted. The yellow and black loops represent bursts of 107 and
10® yr durations respectively. All bursts are added to 10 Gyr old continuous SFR models. As
the burst evolves, the colors and EWs move around the loops in the counter-clockwise direction.
The height of the loop is controlled by the amplitude of the burst and the SFH of the underlying
population, while the width is controlled by both the burst duration and amplitude. The three
innermost yellow loops are b=2, b=5 and b=10 bursts superimposed on a constant SFR model,
while the two outermost black loops represent 5=10 bursts superimposed on 7=8 Gyr and =4
Gyr models.
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Figure 6.5: Time evolution of U-B, B-V and Ha EW following the onset of a burst. Z./5,
Salpeter IMF burst models with 5=10 amplitudes are shown. 107 yr duration bursts are shown in
the left panels, while longer 108 yr duration bursts are shown in the right panels. The bursts are
added to 7 = 4 Gyr (red), = = 8 Gyr (black), and constant SFR (blue) populations at an age of 10
Gyrs. The evolution of the models which have not been through a burst are also plotted (dotted
lines). The gray hatched areas represent the ranges where the majority of the observations lie.
For the Ha EW, the area corresponds to the +10 range as determined from the 11HUGS sample.
The gray areas in the U-B and B-V plots are based on the median, and upper and lower quartile
values from van Zee’s (2001) study of isolated dwarf irregular galaxies.
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Figure 6.6: Time evolution of burst models in the Ha EW-Color plane. Similar to Figure 6.4, but
now only showing the 10® yr duration burst models. The blue, yellow and pink portions of the
tracks each indicate 10® yr periods. The red curve indicates a 7x 108 yr period, from 3x 102 yrs to
1 Gyr folloing the initiation of the burst.
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Figure 6.7: Evolutionary tracks of 7 models in the UBV plane. (Top panel) As in the previous

figures, the red and blue curves respectively represent the highest (2.5 Z) and lowest (Z/200)

metallicity models, and the light blue curves show the models which best match the metallicities

of the dlrrs considered here (Z/5). The data again are taken from Hunter & Elmegreen (2006)

and (van Zee 2001). (Bottom panel) Positions of the tracks at three different ages. Here the red,

green and blue curves represent 7 = 3, 7 = 8, and constant SFR models.
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Figure 6.8: Evolutionary tracks of burst models in the U BV plane. The top panel shows the 10°
duration, b = 10 bursts in the 2.5 Z;, models, while the bottom panel shows those in the Z;/5
models. The bursts are added to 7 = 4 Gyr (outermost loop), 7 = 8 Gyr (middle loop), and
constant SFR (innermost loop) populations at an age of 10 Gyrs. As in Figure 6.6, the tracks have
been color-coded to indicate increments of 10® yr of time (blue, yellow and pink) and 7 x 108 yrs

(red).
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Figure 6.9: Same as Figure 6.5, but now showing 50 Myr duration bursts. The left panels show
the decay of a b = 10 episode, while the right panels compares the decays of b = 4 and b = 6
episodes.
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APPENDIX A

EMISSION-LINE FLUX CALIBRATION

The method that we have used to calculate physical emission-line fluxes from the
observed narrow-band count rates is documented here. Our observations have
been taken through intermediate-bandpass (65 — 75 A) filters, so our “narrow-
band” observations generally include flux from Ha as well as the [N11]A\6548,6583
emission lines. This changes the effective transmission from what would be
expected for a single emission-line in the bandpass, and we explicitly account
for this effect as described below. Also, we have used a broadband R filter
for the continuum measurement, and our reduction incorporates corrections for
emission-line contamination of the R image and the bandpass shift between the

Ha and R filters.

A.1 Unit Response

To derive a physical flux, our first step is to calculate the unit response of the
detector-filter-telescope combination; that is, we compute the ratio of the ob-
served count rate, CR [counts s !], to the mean source flux density, f, [erg s—!
cm~2 A1]. To do this, we first note that for a given observation, the instrumen-
tal magnitude m;,, is related to the calibrated magnitude m through the basic
equation

m = Mips — ksec(z) + ZP (A1)
= —2.5logCR — ksec(z) + ZP . (A.2)

Here, the zero point ZP is based on observations of spectrophotometric stan-
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dards (see also discussion in Section 2.3.5), and the extinction coefficient « is as-
sumed to be 0.08.
Using the absolute Hayes & Latham (1975) based calibration from Massey et

al. (1988), we also have that the monochromatic magnitude m,, is given by

m, = —2.5log f, — 48.59 . (A.3)

To express this in terms of f,, we require the relation f, = /\—;f/\, so that

m, = —2.5log(A\%f\) — 2.397 . (A.4)
Combining Egs. A.2 and A.4 yields the unit response for the image:

- counts s~! _ ey g0azpeesor—msec(s)) | (A.5)

ergs-tcm—2A~']  CR

A.2 Transmission Corrections

Our second step is to compute T()\), the effective transmission of the filter at
the wavelength of the redshifted Ha+[NII] lines. This corrects for differential
transmission across the filters — the decrease in transmission that occurs when
the Ha and [NII] emission lines are not at a filter’s peak transmission wavelength
(approximately the central wavelength).

Let us first say that the total emission line flux, f;., as observed at the top of
the Earth’s atmosphere is

_ fea(Ha+[NII])

frot(Ha+[NI]) = TO) , (A.6)

so that f.,; represents a calibrated, but transmission uncorrected line flux as mea-

sured from the continuum subtracted narrowband image.
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To produce images where only Ha+[NII] emission is present, the R-band im-
age is scaled and subtracted from the narrow-band image as described in 2.3.2.
However, emission-line flux is also contained within the bandpass of the R filter,
so in this process of continuum removal, a small fraction of the true Ha+[NIlI]
flux is lost from the narrow-band image. We can recover this flux, and compute

T()\) along the way, by expressing the image subtraction procedure algebraically:

Jrot(Ha+[NH]) Typ(A) tnp—fio(Ha+[NI]) Tr(A) tr Ft= fea(Hat[NH]) txp ,
(A7)
where Tr(A\) and Tx(\) are the normalized filter transmission, as described at
the end of this section, ¢z and ¢y 3 are the exposure times, and £ is the factor used
to scale down the R-band surface brightness to match the continuum level in the
narrow-band image for the purposes of continuum subtraction.
Solving for f;,;(Ha+[NII]) results in an expression that incorporates correc-
tions for both the presence of the Ha+[NII] in the R-band filter, and the differen-

tial transmission across both R and narrow-band filters:

tp 177"
Fiot(Ha+[NN]) = foa(Ha+[NN]) | Tys(A) = Tr(\) =] . (A.8)
tnp F
Comparing this with Eq. A.6 we see that
tp 1
Th=Typ(N) — TR()‘)t—_ : (A.9)
NBF

The second term in this equation describes the line flux that is lost during the
subtraction of the continuum, and amounts to an effective reduction in the line

transmission by 4%. This is shown in the bottom two panels of Figure A.1, using
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the KPNO filters as an example, where the curve which describes the final trans-
mission correction, 7), (solid line), is depressed relative to T (\) (open circles).
The size of the effect corresponds to the ratio of the integrated throughputs be-
tween the narrow and R-band filters, and is also approximately equivalent to the
ratio of the bandwidths.

Finally, we need T; and Ty, which are not simply the normalized transmis-
sions at the wavelength of the redshifted Ha line. Since the narrowband filters
used are ~70 A wide, emission from [NI1]A\6548,6583 is also present in the im-
ages, and these flanking lines generally will not be attenuated by the same factor
as the Ha flux. To account for this, the transmissions at the redshifted wavelenths
for all three lines are computed, and the average of these, weighted by the rela-
tive fluxes of the lines, is taken. The [NII1]/Ha ratios that we have used are given
in Table 2.4 and a method for estimating them when spectral measurements are
not available is described in Appendix B.1.

We compare the effect of using a flux-weighted transmission correction with
one that is simply read off from the normalized filter tracing at the position of
Ha in Figure A.1. Naturally, the disparity between the two transmissions will
increase as the target galaxy’s [NII]/Ha line ratio increases. We illustrate the
largest disparity possible with [NI1]\6584/Ha=0.54.

In Figure A.1, the wavelength range over which Ha is shifted for the reces-
sional velocities spanned by the galaxies in the 11HUGS sample is marked by the
the solid red and blue lines. The corresponding positions of the [NI1]\\6548,6583
lines are also drawn in the middle pannel. In the R-band (upper panel) the differ-
ence between these two transmissions are negligible (0.2%) since the throughput
is essentially constant over the relevant wavelength range. However, there are

differences of a few percent in the narrowband (middle panel) that vary accord-
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ing to the redshift of the target. The residual from the “native” transmission of
the narrowband filter at the shifted wavelength of Ha is shown in the bottom

panel.

A.3 The Final Calibrated Emission Line Flux

We now combine the results from the last two sections to arrive at a final expres-
sion for f;,;. The calibrated flux f.,; (prior to corrections for differential transmis-
sion) can be computed by summing the unit response U over the filter bandpass
and then multiplying by the measured emission-line CR from the continuum-

subtracted narrow-band image:

Ffeat(Ha+[NII]) = U - FWHM 5 - CR(Ha+[NII]) . (A.10)

Finally, the transmission correction 7}, is applied through the combination of
Equations A.6 and A.10, and U is written out explicitly using Equation A.5. This
yields:

tp 1171
ftot(HOé+[N”]) =U- FWHMNB . CR(HO{+[N”]) |:TNB()\) — TR()\)t—RF] ,
NB
(A.11)
1 -1
= A2 107 04(#P+2:39T—rsec(z)) EWHM 5 CR(Ha+[NII]) {TNB(A)—TR(A)f—RF}
NB

(A12)
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Figure A.1l: Normalized response functions for the R-band filter used at the Bok telescope
(top panel), and for the Andover 3-cavity interference “658” filter acquired for the 11HUGS
survey (bottom panel). The native transmission of the filters are traced by the solid squares.
The open circles represent the [NII] + Ha flux-weighted transmission, assuming the maximum
[NI11]A6583/Ha ratio of 0.54 for star-forming galaxies (see Appendix B.2). The solid curve de-
scribes the final effective 658 transmission which has further been corrected for the loss of
emission-line flux during continuum subtraction. The extents of these corrections are illustrated
with the residual plot in the bottom panel. The solid red and blue lines mark the wavelength
range over which He is shifted for the recessional velocities spanned by the galaxies in the
11HUGS sample. The corresponding positions of the [NII]A\\6548,6583 lines are also indicated

in the middle pannel.
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APPENDIX B

CORRECTIONS TO THE OBSERVED Ha+[NI1] FLUXES AND EW'’S

B.1 [NI]/Ha Estimation

The [NII]/Ha flux ratio of a galaxy can be coarsely predicted from its blue abso-
lute magnitude My using a correlation between the two which we have derived
based on data from the Moustakas & Kennicutt (2006; MKO06) integrated spec-
trophotometric atlas of nearby galaxies. This data set consists of spectra obtained
by drift-scanning the spectrograph slit over as much of the optical extents of the
galaxies as practically possible. Thus, spectral measurements extracted from this
dataset represent the averaged, integrated properties of the galaxies, rather than
local ones derived from the more usual single-position spectral observations of
individual HII regions or the nuclear regions of galaxies.

Figure B.1 shows the scaling betwen [NII]\6584/Ha and Mp. The absolute
magnitudes plotted have been corrected for foreground extinction (but not for
internal extinction) as in Moustakas, Kennicutt & Tremonti 2006, and are scaled
to Hy, =75 km s~! Mpc~!. Filled points represent galaxies whose line emission
is due to star formation, while open triangles are those in which the ionization
is non-thermal and due to the presence of an AGN. Open squares show galaxies
with ambiguous classifications. The determinations in MKO06 are based on the
standard LOG([OII]A5007/Hp3) vs. LOG([NIIJ\6583/H«) diagnostic diagram
(Baldwin, Phillips & Terlevich 1981). An ordinary least squares bisector fit is
performed, excluding galaxies with AGN. The adopted relationship is based on

this fit of 267 star forming galaxies. We impose the additional constraint that the
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value of [N 11] A6584/Ha not exceed 0.54. That is:

log([NI1]A6584/Har) = (—0.173 & 0.007) Mp — (3.903 + —0.137) if My > —21

[NIA6584/Ha = 0.54 if My < —21
(B.1)

The 1-o0 scatter in the ordinate is 0.26 dex, indicating that the estimates based on
this correlation are good to a factor of about two.

We use this scaling relationship to estimate the [NI1]/Ha ratio whenever ac-
tual spectral measurements are not available from MKO06, the Nearby Field Galax-
ies Survey (Jansen et al. 2000), or the various dwarf galaxy datasets of van Zee
(van Zee & Haynes 2006 and references therein). The [NII]/Ha values that we
have adopted are listed in Table 2.4. They are used to compute flux-weighted
Ha+[NII] filter transmissions (Appendix A.2) and to correct the measured fluxes

for [NI1] contamination, which are essential for ultimately deriving SFRs.

B.2 Estimation of the Extinction in the Ha Flux and EW

We coarsely estimate the average attenuation of the global Ha flux Ay, by using
the observed correlation between Ay, and the blue absolute magnitude Mpg. The
correlation is again based on measurements from the drift-scan spectra of MKO06,
from which the Balmer decrement is used to calculate the reddening. The validity
of using the Balmer decrement to infer the average amount of nebular extinction
in galaxies is supported by studies which have shown that the agreement be-
tween IR-based SFRs and Ha-based SFRs is improved when the Ha luminosity
is corrected for extinction in this way (Dopita et al. 2002; Rosa-Gonzalez et al.
2002; Kewley et al. 2002; Moustakas et al. 2006). Using the Cardelli, Clayton &
Mathis (1989) extinction law, with a ratio of selective to total absorption R, of 3.3

(appropriate for the LMC), and the assumption of an intrinsic case B recombina-
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tion Ha/Hp value of 2.86, Ay, can be expressed in terms of the observed Ha/Hp

ratio:
fHa
fus

Ap, = 6.20 logZ® — 2.83. (B.2)

In Figure B.2, Ay, is plotted against Mp. , the absolute magnitudes shown
have been corrected for foreground extinction (but not for internal extinction) as
in Moustakas et al. 2006, and are scaled to H, =75 km s~ Mpc!. The data exhibit
the well-known trend that the more luminous objects are more heavily obscured.
We fit a piecewise function to the data which is a constant at the lowest luminosi-
ties and a second order polynomial for Mz < —15.0. Objects that have Ay, < 0,
a signal-to-noise less than 10 in the Hf line, or contain AGN are excluded from

the fit. The adopted scaling relation is:

Ay — 0.14 if Mp > —15.0 (B.3)
1.971 + 0.323Mp + 0.0134M%  if Mp < —15.0

Of course, there is a great deal of scatter from this average relationship which
becomes more severe with increasing luminosity. There is a 50% scatter for galax-
ies with Mp < —18. However, for the dwarf galaxies of primary interest in this
thesis, the scatter is much more manageable: for —14.7 < Mp < —18 itis 20% and
for the lowest luminosity galaxies, where we have assumed a constant average
correction, it is 8%.

To correct the EW for internal extinction, the differential reddening between
the gas and stars must be considered. The fractional decrease of the EW should
be lower than the that of the nebular emission alone since the continuum flux will
also be attenuated. However, the effect on the continuum will be less severe than

it is on the Ha emission since the older stellar populations, which are primarily

responsible for the continuum flux, are expected to be less enshrouded by dust
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than the more recently formed stars.

To roughly account for differential attenuation, we follow the prescription
given by Calzetti 2001 which estimates that the reddening experienced by stel-
lar continuum is about half of that experienced by the ionized gas. This results in

Equation 16 in Calzetti 2001:

log [EW(H)gtten/ EW(HQ)pue] = —0.40E(B — V) gqs- (B.4)

This can be re-written in terms of Ay,, again using the Cardelli et al. (1989)

extinction law:

log [EW(H) atten/ EW(HQ)rue] = —0.14 A (B.5)

If individual measurements of the Ha/Hg ratio are available from the inte-
grated spectra of MKO06 or the NFGS, we use them to compute the internal ex-
tinction. Otherwise, the scaling relationships given above are used to estimate

the correction.

B.3 Comments on the Resultant Correction

Since the [NII] and internal extinction corrections work in opposite senses, such
that one will tend to cancel the other, it is interesting to examine their combined
effect as a function of M. In the top panel of Figure B.3, the Ha extinction factor
is plotted in gray while the fractional flux contribution from [NII] is plotted in
black for galaxies in MKO06. In the middle panel, the combined [NII] and inter-
nal extinction flux correction factors are shown. The negative adjustment for the
[NI1] is smaller than the positive adjustment for the extinction, so the resultant
correction increases the value of the observed flux. However, the opposite tends

to be true for the EW, as a consequence of the differential attenuation between
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the nebular emission and the continuum light, so the corrected Ha EWSs are on
average smaller than the observed quantities (bottom panel).

The fact that the two corrections offset each other leads to an interesting ad-
vantage in using Ha measurements which include [NI11]A\6548,84. Although the
correction for nebular internal extinction alone spans a factor of ~6 range (top
panel, gray points), combining the [NI1] and extinction corrections for the flux re-
duces this range by 30% (middle panel). The EW(Ha+[NII]) is even more robust
to variations in the extinction than the flux, as there is some cancelation in the
ratio; the range in the top panel is reduced by a factor 3 as shown in the bottom

panel.
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Figure B.1: The [NII])\6583/Ha ratio plotted against Mg for galaxies in the MKO6 integrated
spectral atlas. Points represent star-forming galaxies while triangles denote galaxies with AGN.
Squares represent galaxies with ambiguous classifications. The solid line shows the best fit line,
excluding those galaxies with AGN. The fit is used to correct the observed fluxes for [NII] con-
tamination when individual estimates of the [NI11]/Ha ratio from the integrated spectra of MK06
and the NFGS, or the various spectral datasets of van Zee et al. (van Zee & Haynes 2006 and

references therein) are not available.
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Figure B.2: Ay, the nebular dust attenuation at Ha in magnitudes, against M p for galaxies in
MKO06. Galaxies with AGN spectral signatures (open triangles) or low S/N in HS (open circles)
are not included in the fit (solid curve). The fit is used to correct Ly, for internal extinction when

individual estimates of Ay, from the integrated spectra of MK06 and the NFGS are not available.
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Figure B.3: Effects of the Combined [NII] and Internal Extinction Correction. Top panel— The
factor by which the Ha flux is extincted is plotted in gray while the fractional flux contribution
from [NII] is plotted in black for galaxies in MKO06. Middle panel— The combined [NII] and inter-
nal extinction flux correction factors are shown. The negative adjustment for the [NII] is smaller
than the positive adjustment for the extinction, so the resultant correction increases the value of
the observed flux. Bottom panel— However, the opposite tends to be true for the EW, as a conse-
guence of the differential attenuation between the nebular emission and the continuum light, so

the corrected Ha EWSs are on average smaller than the observed quantities.
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