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Abstract

Dwarf galaxies are the greatest contributor to the total number of galaxies and most
are believed to be systems consisting of matter in a near-primordial state. Containing
H I gas and H II regions, dwarf irregular galaxies (dIs) can be used as test bodies
to evaluate the impact of the environment on their evolution. Oxygen abundances
relative to hydrogen within H II regions are a measure of how far the conversion of gas
in the interstellar medium into stars has proceeded as a whole, as abundances do not
vary significantly with galactocentric radius in dIs. Measurements of the [O III]A4363
emission line from H II region spectroscopy provide accurate probes of the electron
temperature from which oxygen abundances are directly computed.

The impact of the Virgo Cluster environment is investigated by comparing the
properties of a set of Virgo dIs with those of a set of dIs in the field. In particular, two
diagrams are used as diagnostics of evolution. The relationship between metallicity
(as represented by the oxygen abundance) and galaxy luminosity is roughly indicative
of the link between metallicity and mass. The relationship between oxygen abundance
and the fraction of baryons in the form of gas can be used to evaluate the significance
of gas flows during evolution.

'To ensure accurate measures of luminosity and abundance, dIs in the field are cho-
sen to have distance determinations from well-calibrated techniques and oxygen abun-
dances derived from [O II[]A4363 measurements. Spectroscopic data are obtained for
H II regions in 11 dIs distributed in the central and outer regions of the Virgo Clus-
ter. To ensure that oxygen abundances are derived in a homogeneous manner, oxygen
abundances for field and Virgo dIs are computed using an indirect bright-line method
and compared with abundances directly ¢btained from [O III]A\4363, where available.
They are found to agree to within about 0.2 dex with no systematic offset.

There is no systematic difference in oxygen abundance between field dIs and Virgo
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dIs at a given luminosity, showing that there is no detectable difference in their stellar
populations. Because there has been no significant fading or brightening of Virgo dls
with respect to field dwarfs and the metallicity—luminosity relation does not allow for
any effects on the gas to be shown, this diagram is by itself insufficient to determine
whether the environment has affected the evolution of dls.

Oxygen abundances for field dIs are well correlated with the gas fraction in a way
which shows definitively that evolution has been isolated, i.e., consistent with the
“closed—box” model of chemical evolution. Four of the eleven Virgo dIs exhibit much
lower gas fractions than field dIs at comparable oxygen abundances. Using field dIs
as a reference, a gas—deficiency index, GDI, for dIs can be constructed, making it
possible quantitatively to identify which objects have lost gas. There is no systematic
difference in luminosity between gas—poor and gas—normal dIs at a given abundance.

For the gas-poor dI UGC 7636 (VCC 1249), the oxygen abundance of a newly
discovered intergalactic H II region is combined with the optical luminosity of the dI
and the gas mass of the adjacent H I cloud (STE1) to show that STE1 must have once
been the interstellar medium of the dI. Tidal interactions of the dI with the elliptical
NGC 4472 combined with ram—-pressure stripping by the intracluster medium (ICM)
best explain the observed properties of the detached cloud and the dI. That STE1
has remained intact and that there is no H I trail between the cloud and UGC 7636
suggest that the duration of the stripping event was short compared to the crossing
timescale in the cluster.

A “staged” model is described to examine the chemical evolution of a gas—poor
dI in the Virgo Cluster. Motivated by the observations, the model is characterized
by three phases: isolated evolution, then sudden stripping which removes most of the
gas, followed by a second stage of isolated evolution for the residual gas. The time
since a typical stripping event is found to be approximately 1 Gyr or less. The GDIs
for Virgo dIs correlate roughly with values of the projected X-ray surface brightness
of the intracluster gas at the positions of the dIs. Thus, ram-pressure stripping best
explains the observed gas-poor dIs in the Virgo sample. Together with the lack of
significant fading, these observations suggest that dIs have recently encountered the
ICM for the first time. A faded remnant of a gas-poor dI in Virgo will resemble a
bright dE/dSph-like object like those presently seen in the cluster core.
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Chapter 1

Introduction

1.1 The Grand Picture

Extragalactic astronomy as it pertains to the study of galaxies shares some analogies
with the study of biological systems. A general understanding of biological systems
and their properties begins with the study of the workings of the cell. Indeed, the
picture is incomplete without knowing something about fundamental “units” (cells,
proteins, complex molecules, etc.). In determining how animals are born, live and
function, and eventually die, interactions with other animals and the effect of their
surroundings play an important role. In an analogous fashion, insight on how galaxies
trace the overall structure of the universe can be augmented by learning about the
interaction of galaxies with each other and their environment.

A fundamental idea about how galaxies are created is one of “monolithic collapse”
(e.g., Eggen et al. 1962), where a galaxy is formed from a sudden and large burst
of stars and whose stellar population evolves passively over time; Burkert (1994)
gives a modern treatment of this model for elliptical galaxies. A collapse model is
in contrast with one of “galaxy assembly” over time. For example, Searle and Zinn

(1978) suggested that independent fragments were captured and disrupted to form



the halo of the Milky Way galaxy over a time comparable to the age of the universe.

An accepted paradigm of large-scale structure in the universe is the hierarchical
or “bottom—up” model (e.g., Peebles 1993; Bertschinger 1998; Longair 1998). In a
typical cosmological model, galaxies are assumed to arise from local maxima in the
background density field, which grow via a gravitational instability. While masses
requiring large (e.g., ~ 30) fluctuations may be rare, smaller (~ 1o) and more com-
mon fluctuations would give rise to dwarf galaxies (Dekel and Silk 1986). These small
concentrations of mass then grow by accretion or merging, eventually becoming giant
disk and elliptical galaxies (e.g., Baugh et al. 1996). Other alternatives include the
formation of ellipticals through the merging of spirals (e.g., James et al. 1999; Naab
and Burkert 2001) and the transformation of spirals into spheroidal systems through
interactions (Moore et al. 1996; Bekki et al. 2001).

Table 1.1 gives a comparison of the properties of dwarf and giant galaxies. A

I Property l Dwarf Galaxies | Giant Galaxies ‘
Mp (mag) ¢ —8 to —18 —18 to —-21

ug (mag arcsec=2) > 20 <20 ¢
L (Lg)¢ ~ 10% to 10° ~ 10° to 102
M (Mg) © ~ 10% to 10° ~ 10° to 10!2

r (kpc) f <10 > 10

vror (kms~1) 9 < 100 > 100

o (km s~1) b ~ 10-20 > 100
[0/H] (dex) ~=15t0 —=0.5 | ~ —0.3 to +0.3

Table 1.1: Comparison of dwarf and giant galaxies. NOTES: ® Absolute magnitude in B. ® Cen-
tral surface brightness in B. ¢ Except giant low surface brightness galaxies (LSBGs, pf > 22 mag
arcsec™2), which are physically large and massive. ¢ Total luminosity. ¢ Dynamical mass. f Char-
acteristic size. 9 Neutral hydrogen rotational velocities for gas-rich disk-like systems. * Velocity
dispersions of stars. * Average oxygen abundance by number relative to the Sun: [0/H] = log(O/H)
~ log(O/H)e, where log(O/H)g = —3.13 (Grevesse et al. 1996).

general description of dwarf galaxies is deferred to the next section, while the giants



are briefly described here. Like the Milky Way galaxy, disk or spiral galaxies are flat-
tened systems of stars, gas, and dust, supported by rotational motion. Most of these
galaxies exhibit a pattern of spiral arms, which are delineated by star-forming re-
gions. Supported by random motions, elliptical galaxies are large, smooth spheroidal
systems of stars and contain very little gas and dust.

Through gravitational assembly, galaxies are collected into groups, clusters, and
superclusters. Observations of spatial and velocity distributions of galaxies at ~ 100
Mpc scales (e.g., Bahcall 1997 for a recent review) appear to agree best with numerical
simulations of hierarchical models. The largest structures observed are assumed to
trace the underlying mass distribution in the universe.

The smallest units in the hierarchical model of structure formation are likely to
be objects with properties closely resembling those of globular clusters and dwarf
galaxies. In fact, dwarf galaxies are still merging with the Milky Way galaxy. The
recent discovery of the Sagittarius dwarf galaxy (Ibata et al. 1994) and evidence for
its tidal destruction and eventual consumption by the Milky Way point to the ongoing
process of assembly (e.g., Johnston 1998; Helmi et al. 1999). A similar process may
be happening in the Andromeda Galaxy (M 31; Ibata et al. 2001). Large galaxies
may hide past merger episodes where smaller objects were consumed, so the observed
properties of large galaxies today may reveal little about their “history of assemblage”.

However, the problem of “overcooling” exists within hierarchical models. The
models predict the formation of too many dwarfs, which would populate the faint
end of the local galaxy luminosity function (see, e.g., Cole 1991; Cole et al. 1994
and references therein), but are not observed in the counts. Dwarf galaxies should
also be seen in high-density regions and in low-density regions (Dekel and Silk 1986).
However, Thuan et al. (1987) and Binggeli et al. (1990) showed that the spatial

clustering of dwarf galaxies is similar to that of giant galaxies and that dwarfs also



tended to avoid voids. A way to bring the models into better agreement with observed
counts is to have the formation of dwarfs delayed until 2 < 1, where the presence of a
hot photoionized gas ejected by protogalaxies at earlier epochs into the intergalactic
medium would suppress the number of dwarfs formed (Babul and Rees 1992; Babul
and Ferguson 1996; Navarro and Steinmetz 1997; Ferguson and Babul 1998).

To study galaxy evolution, one attempts to connect the distant universe, which
is young, to the local universe, which should contain the fossil records of galaxies in
their youth. The following observations at distant epochs emphasize the importance
of dwarf galaxies in the study of evolution. Excess counts of faint blue galaxies at
z £ 1 (Koo and Kron 1992; Ellis 1997) may in fact be the progenitors of dwarf galaxies
observed in the nearby universe. Compact emission-line galaxies at z < 1 (Phillips
et al. 1997; Guzman et al. 1997; Guzman et al. 1998) may be low mass, starbursting
systems with physical properties similar to those of nearby dwarf galaxies. These
data in addition to independent observations from the CFRS survey by Lilly et al.
(1996) point to the fact that star formation activity peaked near z ~ 1. Observations
at 1 < z < 3 reveal distant galaxies with a range of physical sizes which exhibit
irregular, multi-component structure (Williams et al. 1996; Ellis 1998). This implies
that galaxy construction was well under way by these epochs. By redshifts 0 < z < 1,
the population of giant galaxies was in place and has not evolved significantly to the
present day (Driver et al. 1995). However, the following issues remain unresolved:
(1) why dwarfs and giants might both be involved in a “conspiracy” that both kinds
of systems are vigorously forming stars near z ~ 1, and (2) whether a majority of
the descendants of distant blue objects have been observed or even recognized in the
nearby universe.

A number of questions about dwarf galaxies arise. What are their properties?

How do these galaxies evolve over time? Is the rate of recent star formation now



different from what has occurred in the past? Because of their relatively low masses
and luminosities, is the evolution of dwarf galaxies inconsequential compared to that
of giant galaxies? Have significant changes in galaxies occurred recently? Are these
changes of short or long duration? Are galaxy properties affected by their surround-
ings or are galaxy properties set into place from birth (“nature versus nurture”)? Or
is the picture of galaxy evolution coloured by some mix of birth conditions and their
surroundings?

Dwarf galaxies in the field provide clues to evolution in relative isolation. In this
thesis, star—forming dwarf galaxies in the Virgo Cluster are studied and compared
with field dwarfs to examine whether galaxy evolution has been affected by environ-
ment. The remainder of this chapter is organized as follows. An extended description
of dwarf galaxies is presented in § 1.2. The different types of dwarf galaxies, and in
particular, dwarf irregular galaxies, are described. The physics of H II regions and
metallicities in dwarf galaxies are briefly discussed in § 1.3 and § 1.4, respectively. Ar-
guments for and against an “evolutionary sequence” for dwarf galaxies are presented
in § 1.5. A brief description of clusters of galaxies and the implications of how the
living conditions within clusters can affect galaxy evolution are discussed in § 1.6.

Finally, an outline of the entire thesis is presented in § 1.7.

1.2 Dwarf Galaxies

Dwarf galaxies are low mass, relatively low luminosity, intrinsically small, metal-
poor! galaxies. They constitute the largest contribution to galaxies by number and
type (e.g., Binggeli et al. 1985; Ferguson 1989a; Marzke and Costa 1997; Secker et al.
1997; Phillipps et al. 1998; Driver and Cross 2000). However, the total masses and

1A metal is any chemical element other than hydrogen and helium.




luminosities of all dwarf galaxies are several orders of magnitude smaller than giant
galaxies (Table 1.1). Because dwarf galaxies are metal-poor, they represent systems
which consist of matter in a near—primordial state. Although some dwarf galaxies are
exceedingly faint, they may contain large amounts of dark matter. Recent reviews of
dwarf galaxies include those by Grebel (1997, 1999, 2000, 2001), Kunth and Ostlin
(2000), Mateo (1998), and Tolstoy (2001).

There are five types of dwarf galaxies: dwarf elliptical galaxies (dEs) and dwarf
spheroidal galaxies (dSphs), low-luminosity ellipticals (LLEs), blue compact dwarf
galaxies (BCDs), and dwarf irregular galaxies (dIs). Henceforth, dSphs and dEs
will be called “early-type” dwarfs, whereas dIs and BCDs will be called “late-type”

dwarfs. Table 1.2 compares the basic properties of the various types of dwarf galaxies.

| Property dEs/dSphs LLEs | BCDs dls
Examples NGC 147 / Draco | M 32 | IZw 18 | IC 1613
Mp (mag) ® > -17 >-17] >-18 | >-18
pp (mag arcsec—2) b > 22 > 21 <22 > 22
I{r) ¢ e~ T rl/4 e~T e T
I with increasing L ¢ brighter fainter | brighter | brighter
My (M) © < 108 <108 | <109 | <109
Moy (Mg) £ < 10° <10° | <100 | <10%0
H II regions? no no central many
Nucleation? 9 yes yes yes no

Table 1.2: Basic properties of dwarf galaxies: dwarf elliptical galaxies (dEs) and dwarf spheroidal
galaxies (dSphs), low-luminosity ellipticals (LLEs), blue compact dwarf galaxies (BCDs), and dwarf
irregular galaxies (dIs). NOTES: ¢ Absolute magnitude in B. ® Typical logarithmic surface bright-
ness in B. ¢ Radial dependence of linear surface brightness. ¢ Behaviour of surface brightness with
increasing luminosity (see Figure 1.1). ¢ Mass of neutral hydrogen. f Dynamical mass. 9 Some dEs
show nucleation, whereas dSphs generally do not have prominent nuclei. The range of properties
are obtained from the reviews by Grebel (1999, 2000) and Mateo (1998).

It was once assumed that early~type dwarfs were systems containing only old stars,

and that late-type dwarfs were systems of young stars (Hodge 1971). However, recent



observations have shown that all dwarf galaxies contain stars with a wide variety of
ages, indicating that the most recent episode of star formation has occurred in the last
few Gyr; see e.g., reviews by Grebel (1997, 1999) and Mateo (1998). The specifications
for each morphological type of dwarf galaxy are not entirely rigorous, as definitions
are loosely based upon their visual appearance, and not uniquely characterized by
physical criteria (mass, age, star formation, etc.). Indeed, there are mixed-type
or “transition” dwarfs (e.g., Antlia, LGS 3, Peg DIG, Phoe;nix), whose properties
resemble those of both dIs and dEs/dSphs.

1.2.1 dEs, dSphs, LLEs, and BCDs

Dwarf ellipticals and dwarf spheroidal galaxies are very numerous in the nearby uni-
verse (Wirth and Gallagher 1984; Ferguson and Binggeli 1994; Gallagher and Wyse
1994). These galaxies are diffuse, and have low mass and low surface brightness. In-
deed, dSphs are some of the faintest galaxies known. Their radial light distributions
are disk-like and the surface brightness falls off as an exponential. Some dEs/dSphs
exhibit bright central nuclei (e.g., NGC 205); nucleated dwarfs are especially apparent
in the Virgo Cluster. The absence of H II regions? indicates that there are no signs
of any current star formation. While most dEs/dSphs are very gas—poor, a few in the
Local Group appear to contain modest amounts of neutral hydrogen (H I) gas (Blitz
and Robishaw 2000). Most dEs/dSphs are typically located in the vicinity of giant
galaxies. dEs/dSphs are not supported by rotation, but their velocity dispersions are
so large that they appear to be strongly dominated by dark matter (Faber and Lin
1983; Lin and Faber 1983; Ashman 1992).

Low-luminosity ellipticals (LLEs; also compact ellipticals) are structurally similar

2Jonized hydrogen is often called H II to reflect the first and only ionization state of hydrogen.
Clearly, neutral hydrogen is often referred as H L.



to giant elliptical galaxies (Bender et al. 1992). LLEs have smooth radial light
distributions and the surface brightness follows the r/*~law of de Vaucouleurs (1948).
As well, their luminosity—surface brightness distribution seems to be similar to the
locus defined by giant ellipticals. Generally, LLEs are devoid of gas and H II regions,
and consist mostly of old stars, though a few LLEs exhibit signs of having recently
formed stars in the last Gyr.

The literature has been ambiguous and confusing about distinctions between dEs,
dSphs, and LLEs. A number of authors (e.g., Ferguson and Binggeli 1994) use the
“dE” class to represent any low-mass spheroidal-like galaxy. In this thesis, dEs/Sphs
and LLEs are distinguished primarily by their structural properties (Binggeli et al.
1984; Kormendy 1985; Bender et al. 1992; Binggeli 1994). LLEs exhibit a trend of
decreasing surface brightness with increasing luminosity, whereas dEs/dSphs show a
trend of increasing surface brightness with increasing luminosity (see Figure 1.1 in
§ 1.5 below). The structural discontinuity between dEs/dSphs and LLEs suggests
different histories of star formation for these two types of galaxies. Moreover, Gorgas
et al. (1997) have shown from spectroscopic data that there are differences in the
stellar populations between dEs/dSphs and ellipticals.

Blue compact dwarf galaxies are gas-rich galaxies which are primarily character-
ized by a high central surface brightness, stemming from the strong burst of star
formation at the centre. Because of the bright central H II region, the visible appear-
ance of a BCD is that of a galaxy with a nucleus. However, the surface brightness
distributions of the underlying host galaxies are smooth and follow an exponential.
Their H I distributions tend to be centrally concentrated (e.g., van Zee et al. 1998).
Typically, BCDs are supported by rotation; however, highly disturbed kinematics are
observed in the H I gas for some BCDs (e.g., van Zee et al. 1998). The spectroscopic

properties of BCDs are similar to those of giant extragalactic H II regions (Searle and
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Sargent 1972). I Zw 18 and SBS0335~052 are BCDs with oxygen abundances 1/50*
of solar and 1/40'" of solar, respectively, which makes them the most metal-poor
dwarf galaxies known (see, e.g., Kunth and Ostlin 2000 for references). Because of
their relatively pristine chemical conditions, BCDs have been used as probes of the
primordial helium abundance (see, e.g., Izotov et al. 1997; Izotov and Thuan 1999).

Terlevich et al. (1991) observed in the nearby universe a population of so-called
“H II galaxies,” which contain very bright and compact H II regions. Their properties
and emission-line spectra are quite similar to those of BCDs. However, H II galaxies

as a classification include large, luminous galaxies, which are not dwarfs.

1.2.2 Dwarf Irregular Galaxies

Dwarf irregular galaxies are gas-rich dwarf galaxies with an irregular optical ap-
pearance. Within them, H II regions are widespread. dIs also have an underlying
population of old- and intermediate-aged stars. The spatial distribution of H I gas
can be somewhat irregular or even “patchy” (e.g., Puche et al. 1992) and can extend
much farther than the underlying distribution of stars. Studies of nearby dIs suggest
that star formation rates have been slow but constant when averaged over the age
of the universe (Gallagher et al. 1984; van Zee 2001). However, they are known to
burst, and the present activity of star formation in dlIs is sufficiently strong that their
H II regions can be used to probe the level of chemical enrichment.

Rotational motions have been measured for some dIs (e.g., Hoffman et al. 1996).
Lower mass dIs, however, may be dominated by random motions, although Co6té
et al. (1997) claim that dIs may be supported by rotation at luminosities as faint
as Mp ~ —13. Rotation curves have shown that dIs are dominated by dark-matter
(see, e.g., Ashman 1992). Because of their similar structural properties, a possible

evolutionary link between BCDs, dls, and dEs/dSphs is discussed below in § 1.5.

9



Recent reviews of dIs include those by Gallagher and Hunter (1984), Hunter and
Gallagher (1986, 1989), and Hunter (1997).

The primary features which distinguish dIs from BCDs are the relative strengths
of their respective starbursts, the spatial distribution of H II regions, and differences
in their structural parameters. Combining optical and near-infrared imaging with
burst models, Thuan (1985) found that starbursts in BCDs involved at least 10% of
the galaxian mass. This was in contrast to the situation in dIs, where only a few per
cent of the galaxian mass was involved in recent star formation. In dIs, H II regions
are generally distributed over the entire galaxy. The contribution of light from young
stars does not overwhelm the light from the underlying old stellar population. In
BCDs, however, H II regions are typically found at the centre and the bursts of star
formation are sufficiently strong that the underlying population may be hidden.

Patterson and Thuan (1996) studied surface brightness profiles of dIs and BCDs
and derived structural parameters for their underlying stellar components. The cen-
tral surface brightness of the underlying exponential component in dIs is similar to
that of dEs, but about one to two magnitudes fainter than that of BCDs. The dIs are
separated into two groups in a diagram of scale length versus luminosity. At a given
luminosity, the scale length of the underlying component in dIs in the first group is
comparable to that of dEs and about a factor of two larger than that of BCDs (see also
Papaderos et al. 1996). The scale length of dIs in the second group is comparable to
that of BCDs and about a factor of two smaller than that of dEs. Additional studies
(Papaderos et al. 1996; Marlowe et al. 1997; Marlowe et al. 1999) have shown that
the B-band luminosity of the central burst in BCDs is £ 1 mag brighter than the
underlying host galaxies and that the surface brightness of the underlying component

in BCDs is brighter than that of dIs at a given luminosity?®.

3For the nearby BCD I Zw 18, the expected surface brightness of the underlying stellar population
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To further understand the process of star formation, there are three important
reasons why dIs offer advantages over spiral galaxies. First, dIs contain very little
dust (e.g., Lisenfeld and Ferrara 1998). The paucity of dust allows for relatively
unobstructed observations of conditions within dIs. Second, dIs de not exhibit spiral
arms. The general lack of spiral arms in dIs suggests that the dynamical conditions
relevant to star formation are less complicated than in spiral galaxies, although an
appreciable fraction of dIs do exhibit bars (e.g., Sag DIG). Third, the abundance
of heavy elements within dIs does not vary greatly with galactocentric radius (e.g.,
Pagel et al. 1978; Pagel et al. 1980; Devost et al. 1997; Kobulnicky and Skillman
1996, 1997). However, chemical abundances in spiral galaxies decrease with increasing
galactocentric radii (e.g., McCall et al. 1985; Zaritsky et al. 1994). An abundance
gradient for the Milky Way has been observed in H II regions (Shaver et al. 1983;
Simpson et al. 1995; Afflerbach et al. 1996) and in stars (Smartt and Rolleston 1997).
So, in contrast to spirals, a measurement of the oxygen abundance in any H II region

of a dI can be presumed to represent the chemical state for the entire galaxy.

1.3 Physics of H II Regions

H II regions are clouds of ionized gas composed mostly of hydrogen and helium (Aller
1984; Osterbrock 1989). A cluster of young massive stars at the centre of each H II
region is the cause of ionization, as they emit ultraviolet photons of sufficient energy to
ionize hydrogen atoms. Owing to the prodigious rate of photoionization, the resulting
state of ionization equilibrium is one where almost all hydrogen atoms are ionized.
Radiative recombinations simultaneously act to create neutral atoms. The number

* of photoionizations is balanced by an equal number of recombinations.

is much fainter (uy < 28 mag arcsec™2) than the current burst of star formation (Legrand 2001).
Stars older than ~ 1 Gyr have been found from the HST archival data (Aloisi et al. 1999).
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Upon recombination, hydrogen atoms can be formed in any excited level. How-
ever, recombinations directly to the ground state in turn produce additional ionizing
photons which may be absorbed by neighbouring hydrogen atoms. The lifetimes of
atoms created by recombinations to higher excited states are short because transitions
between energy levels are fast. Consequently, the probability of ionizing a hydrogen
atom in an excited state is very low.

Upon ionization of hydrogen, the liberated electrons carry kinetic energy and
share the energy with other electrons by collisions. Energy is eventually transferred
to protons and neutral atoms; the redistribution of energy to the other “colder”
particles occurs very quickly. As a result, all of the particles in the gas have the
same Maxwellian velocity distributions. The entire gas can be described by a single
kinetic temperature or by the temperature of the electron gas T,. However, the gas
is not in local thermodynamic equilibrium. The mean intensity of the radiation field
seen by the ions is much smaller than the Planck blackbody function appropriate
for the kinetic temperature, because the photoionization source is very distant and
geometric effects dilute the radiation field. Moreover, the ionization source cannot
even be described by a single Planck function, because the central source consists of
many stars.

Ultimately, each recombination converts the kinetic energy of the recombining
electron into radiant energy which is lost by the gas. The gas is “cooled” and the
radiant energy is observed as permitted lines (e.g., Balmer transitions). However, in
a pure hydrogen nebula, the predicted gas temperature is much higher than what is
generally observed in H II regions.

Metals, in particular, oxygen, are far more efficient as coolants of H II regions.

By number, oxygen is the most abundant metal known (Grevesse et al. 1996). The

12



ionization potential for neutral oxygen (about 1 Ryd) is practically the same as hy-
drogen*; the ionization potential for singly-ionized oxygen is about 2.5 Ryd. Typ-
ically, the ionizing stars within H II regions emit sufficiently energetic photons to
produce singly— and doubly—ionized oxygen. Although recombinations lead to very
weak emission, the ions have several energy levels® close enough to the ground state
to be readily excited by collision with free electrons. In fact, for ionms, collisional
excitation is strongly favoured than recombination.

Despite the fact that oxygen is vastly underabundant relative to hydrogen, the
energies required to excite these ions to the upper levels are only of order kT, and are
accessible via collisional excitation. The excited levels arise from the same electronic
configuration as the ground level. At the low densities typical of H II regions, col-
lisional de-excitation is not important and the ions de-excite radiatively. Radiative
transitions to lower levels are forbidden by selection rules for electric dipole radi-
ation, but are allowed by magnetic-dipole or electric-quadrupole transitions. Ions
spend very little time in an excited level and at any instant nearly all ions are present
in the lowest energy level. Because the transition probabilities of forbidden lines are
low, the probabilities of absorbing radiated photons are also low. Consequently, ra-
diation from forbidden transitions escapes from the nebulae. The forbidden lines can
be much brighter than the permitted lines and can dominate the optical spectrum®.
So, the presence of oxygen significantly cools the gas.

A state of thermal equilibrium exists in H II regions when the rate of heating
by photoionization balances the rate of cooling by recombination and by radiative

de—excitations. To solve for the population of each energy level, the condition of

41 Rydberg (13.6 eV) is the energy required to ionize a neutral hydrogen atom.

5Jons with electronic ground configurations p?, p3, or p* have five low-lying levels; in particular,
N+, Net?, S*, among others (Osterbrock 1989).

6The strongest optical radiative transitions, in particular {O II[]AX4959, 5007 and He, give H II
regions their distinctive green and red colours, respectively.
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statistical equilibrium is applied: the population of each discrete level is constant
with time. That is, the rate at which a level is populated from both collisional and
radiative processes is equal to the rate of de-population by the inverse processes.
Equilibrium equations for each of the low-lying levels can be solved for the relative
population of each level. Consequently, the emissivity” of a collisionally excited line
can be determined as a function of the electron density and the electron temperature.

The abundance of metals can be derived once emissivities are known.

1.4 Metallicities

Metallicities, i.e., abundances of heavy elements relative to hydrogen, are a conse-
quence of the history of star formation, and reveal how far the conversion of gas in
the interstellar medium into stars has proceeded. Oxygen abundances are relatively
easy to measure in dwarf galaxies containing H II regions. Emission-line spectra
probe information about the physical conditions within H II regions and measure the
most recent state of chemical enrichment of the ionized gas. The spectra are very
distinct at optical wavelengths, being dominated by bright and narrow emission lines
of hydrogen, oxygen, nitrogen, and sulphur; emission from other elements such as
helium, argon, and neon may also be detected.

As the most abundant metal, oxygen is the regulator of physical conditions and,
thus, the primary coolant within H II regions, especially within metal-poor dIs (see,
e.g., Osterbrock 1989; Dinerstein 1990). At the low metallicities typical of dIs, the
cooling is accomplished primarily through the optical emission lines of oxygen (see dis-

cussion in § 1.3 above). Singly-ionized [O IIJA3727 and doubly-ionized [O III}A5007

"The emissivity is defined in terms of energy units per unit volume per unit time per unit solid
angle per unit frequency.
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lines® can have intensities up to five times brighter than that of HB. Because all key
ionization stages are observed, oxygen abundances can be reliably determined.

A key emission line is [O III]A4363, because the intensity ratio, {Z([{O III]A4959)
+ I([O III}A5007) }/I(JO I11}A4363), is a direct and accurate measure of the electron
temperature, T, within H II regions. Knowing the electron temperature, the oxygen
abundance can be obtained directly from the strong oxygen lines (Osterbrock 1989;
see also Chapter 5). Typically, the uncertainty in the abundance® is about 0.1 dex
(e.g., Pagel 1997). However, even with the best available spectra, the intensity of
[O III}A4363 relative to HA is a few per cent at most. Typically, [O III]A\4363 is only
detectable in metal-poor dwarf galaxies with H II regions of high surface brightness.
At higher metallicities, where H II region surface brightnesses can typically be low,

indirect methods or empirical relations utilizing bright lines are employed (see § 5.2).

1.5 Physical Connections

Connections among the various types of dwarf galaxies have been sought, primar-
ily using structural properties and initial ideas about their evolution (e.g., Binggeli
1994; Ferguson and Binggeli 1994; Richer and McCall 1995; Skillman and Bender
1995). Possible physical connections between dwarf types may be seen with the use
of the well-known Kormendy diagram for galaxies, which is a plot of surface bright-
ness against total luminosity (Kormendy 1985; also Binggeli 1994, Driver and Cross
2000). The bivariate brightness distribution for galaxies is shown in Figure 1.1. High—
and low-luminosity ellipticals form a sequence whereby surface brightness increases
with decreasing luminosity. Almost at right angles is the distribution of disk-like ob-

jects, including spirals, dIs, dEs, and dSphs, whose surface brightness decreases with

8Wavelengths are denoted in Angstroms (A).
9A logarithmic value of n dex is equivalent to a factor of 10™.
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Figure 1.1: Bivariate brightness distribution for galaxies: average surface brightness is plotted
against absolute magnitude. Arrows indicate directions of increasing surface brightness and lu-
minosity. Regions of the bivariate brightness diagram are occupied by different types of galaxies:
brightest cluster elliptical galaxies (cD), elliptical galaxies, low-luminosity ellipticals (LLEs), disk
or spiral galaxies, low surface brightness galaxies (LSBGs, see e.g., Bothun et al. 1997; Impey and
Bothun 1997), Malin 1-type galaxies (e.g., Bothun et al. 1987; Impey and Bothun 1989), blue
compact dwarfs (BCDs), bright Magellanic irregulars (Ims), dwarf irregulars (dIs), dwarf ellipticals
(dEs), and dwarf spheroidals (dSphs). Note that dwarf galaxies, with the exception of LLEs, appear
to share the same phase space, which is almost at right angles to the phase space marked by high
luminosity ellipticals. At the top and along the right are number distributions of galaxies as a func-
tion of absolute magnitude and surface brightness, respectively. Faint dwarf galaxies far outnumber
other types of galaxies. This figure is based upon similar versions by Kormendy (1985), Binggeli
(1994), and Driver and Cross (2000).
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decreasing luminosity. BCDs have higher surface brightnesses than other dwarfs at
similar luminosities. Number distributions of galaxies as functions of both luminosity
and surface brightness show that faint dwarf galaxies dominate galaxy counts (e.g.,
Marzke and Costa 1997).

Figure 1.1 points to possible sequences for the evolution of dwarf galaxies. Because
dls, dEs, and dSphs all exhibit similar radial brightness profiles, an evolutionary
connection between these three types of dwarfs might seem logical. Three basic

scenarios have been examined.

1. Dwarf irregulars could fade to become dEs/dSphs, once the gas supply is ex-
hausted either by star formation or by some other means (e.g., Faber and Lin

1983; Lin and Faber 1983; Dekel and Silk 1986).

2. Infall of gas onto dEs/dSphs could reignite star formation, turning them into

BCDs, which subsequently fade into dIs or back into early-type dwarfs.

3. Sufficiently strong starbursts could transform dIs into BCDs with subsequent
fading back into dIs and possibly into dEs/dSphs (Davies and Phillipps 1988,
1989).

On average, the surface brightness for bright dEs/dSphs is higher than dIs at the
same luminosity, which rules out the fading of gas—poor dIs into dEs/dSphs (Bothun
et al. 1986; Davies and Phillipps 1988). Also, dIs tend to have larger sizes than
dEs/dSphs at a given luminosity. Although dIs cannot fade to become the population
of relatively bright and compact dEs/dSphs observed today, the possibility that dls
may fade into large and faint dEs/dSphs cannot be excluded. It will be shown in
Chapter 7 that successors to the current generation of gas-poor dis in Virgo have not

been found in the observed population of dEs/dSphs in the cluster.
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Connections among dwarfs also can be elucidated from metallicities. Gener-
ally, nebular oxygen abundances are measured in gas-rich dwarfs with H II regions,
whereas stellar iron abundances are measured in gas-poor dwarfs. Oxygen predom-
inantly is created in Type II supernovae (Woosley and Weaver 1986; Wheeler et al.
1989). Iron, however, is produced in Type I and II supernovae, and its abundance is
sensitive to the star formation history (Gilmore and Wyse 1991). Oxygen abundances
measure the cumulative conversion of gas into stars and metals (see § 7.5), whereas
the relative oxygen—to—iron abundance ratio!®, [O/Fe], conveys information about the
rate at which gas is converted into stars.

Based on the presumption that [O/Fe] was the same for dEs as dIs, Skillman
et al. (1989) concluded that dEs and dIs followed the same metallicity~luminosity
relation. Richer and McCall (1995) and Richer et al. (1998) managed to measure
oxygen abundances in dEs/dSphs directly using planetary nebulae. Contrary to the
conclusions by Skiliman et al., Richer et al. found that oxygen abundances were
higher in dEs/dSphs than in dls at similar luminosities, and showed that dEs/dSphs
have higher [O/Fe] values than nearby dIs with similar oxygen abundances (see also
Walsh et al. 1997). If dIs faded into dEs/dSphs, then dEs/dSphs would have higher
oxygen abundances than dIs at the same luminosity, as is seen. However, [O/Fe] in
dEs/dSphs would be like that in dIs at a comparable oxygen abundance, which is not
the case.

If [O/Fe] is an indicator of the past star formation rate, then stars formed more
rapidly in dEs/dSphs than in dIs. Indeed, van Zee (2001) has shown that past star
formation activity within field dIs has been occurring at a slow, constant rate and
that star formation has been evenly distributed within dIs. Thus, the rate at which

energy is transferred into the interstellar medium may be regulating gas loss in dwarf
19[0/Fe] = [log(O/H) ~ log(O/H)e] — {log(Fe/H) - log(Fe/H)o)
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galaxies.

Richer and McCall (1995) suggest that the more likely progenitor of a dE/dSph
would be a BCD. At a given luminosity, the surface brightness of the underlying
stellar component in BCDs is about 2 mag brighter than in dIs and the exponential
scale length of the underlying component in BCDs is about a factor of two smaller
than in dlIs (Papaderos et al. 1996; Patterson and Thuan 1996; Terlevich et al.
1991; Meurer 1998; Marlowe et al. 1999). van Zee et al. (1998) have shown that
the central mass concentrations of both stars and gas in BCDs are higher than in
dIs. To transform BCDs into dls, mass redistribution would be required. Patterson
and Thuan (1996) have found that the B — I colours of the underlying disks in dIs
are redder than in BCDs, which suggests that the underlying component in dls may
either be older, more metal-rich, or both. However, the second possibility is ruled out,
because oxygen abundances in dIs and BCDs are comparable at a given luminosity.
Based upon their structural properties, there is not likely any connection between dls
and BCDs.

From their sample of BCDs in the field, Izotov and Thuan (1999) found that the
average [O/Fe] for BCDs is ~ +0.4 dex, which is comparable to nearby dEs/dSphs
(Richer and McCall 1995; Walsh et al. 1997; Richer et al. 1998), but higher than
dIs (Richer and McCall 1995). This suggests that the histories of star formation
are similar for BCDs and dEs/dSphs (van Zee et al. 1997; Izotov and Thuan 1999).
However, many BCDs appear to be rotationally supported (Coté et al. 1997; van
Zee et al. 1998), while dEs/dSphs generally do not rotate. Transforming BCDs
into dEs/dSphs would require that angular momentum is somehow dissipated in the
process. BCDs are unlikely evolve to become objects resembling dEs/dSphs.

If the distinction between dIs and dEs/dSphs is traced back to an absence or pres-

ence of a strong star formation event early in their respective histories, photometry

19



of stars in nearby galaxies could in principle distinguish between them. However, the
situation is complicated. While dEs/dSphs tend to have had discrete episodes of star
formation in the past (as suggested by Marlowe et al. 1999), and dIs seem to have
been forming stars at a slow, continuous rate (e.g., van Zee 2001), HST observations
of resolved stellar populations in Local Group dwarfs have shown that no two dwarf
galaxies share the same star formation histories, even within dwarfs of a given type
(Tolstoy 2001). While there may be no evolutionary connection between early-type
and late-type dwarfs, dwarf galaxies might instead have shared a common ancestor,
which subsequently followed different paths of evolution. Environment seems to play
to an important role in the Local Group (see Figure 3 in Grebel 1999), as most of
the dEs/dSphs are found near spirals, whereas dIs are scattered and lie relatively

undisturbed.

1.5.1 Can Dwarfs Lose Mass?

Many authors (e.g., Wyse and Silk 1985; Dekel and Silk 1986; Silk et al. 1987;
Skillman and Bender 1995; Skillman 1997) have discussed models for the evolution of
dwarf galaxies through gas loss. The basic idea is as follows. Massive stars are formed
within star—forming H II regions. The rapid evolution of these stars eventually leads
them to become Type II supernovae. Mechanical and thermal energy from these
supernovae in addition to heavy metals are deposited into the interstellar medium.
The continual build-up of thermal energy from multiple supernovae eventually raises
the temperature to the virial temperature, and the gas is lost in a wind-like event.

The virial theorem is given by

(W) +2(K) =0, (1.1)

where (K) = (v?)/2 and (W) = —GM/r are, respectively, the kinetic energy and

20



potential energy per unit mass, where the angle brackets represent averages in a
steady state. (v?) describes the mean square velocity for the particles in the system,
M is the total mass, r is the radius of the system, and G is the gravitational constant.

Assuming that a spherical galaxy is in virial equilibrium, the average binding energy,
(E), is

(B) = (K)+ (W) (1.2)

= —(K)=+(W)/2. (1.3)

From the equality in Equation (1.3), the escape velocity, ves, and the virial velocity,

Uyir, are given by

2\ _ 2GM

(Vesc) - (1.4)
Wi = (15)

The effective gravity that dwarf galaxies exert on their contents is much less than
that for giant galaxies. Assuming that an effective radius which encompasses half of
the total light for the system is characteristic for the radius of a system, the ratio of

the binding energy for a giant relative to a dwarf is
| B, _ <”3ir,g>
| Eaw| G
M,/ Teff,g
de/ Teff,dw

]\/Ig . Teff dw
de Teff,g

~ 10 to 1000. (1.8)

So, dwarf galaxies should be more responsive to changes in internal energy and, there-
fore, should lose their contents more readily. In this scenario, supernovae-induced

winds play an important role in regulating the flow of mass in dwarf galaxies and
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are the driving force behind the supposed intrinsic evolution of gas-rich dwarfs into
gas—poor dwarfs on short time scales.

Taking values for M, and reg from Mateo (1998) for Leo A and GR 8, which
are two low—mass dIs (M, =~ 107 to 10® M), Equation (1.5) gives 16 km s~! and
54 km s!, respectively, for the escape velocities. The velocity dispersions of the
gas are about 9 km s~! and 11 km s™!, respectively (Mateo 1998). Thus, the gas is
bound to these systems. Interestingly, a similar calculation for two nearby low-mass
dEs/dSphs (Ursa Minor, Draco; M, ~ 107 M) shows that their escape velocities
are comparable to the present-day velocity dispersions of their stars.

Low and Ferrara (1999) and Ferrara and Tolstoy (2000) have presented numerical
models to examine whether dwarf galaxies are subject to mass loss. These models
take into account the effect of dominant dark matter halos. Mass loss occurs only in
very low—mass dwarf galaxies with M, < 108 M.

Bubble-like structures on subkiloparsec and kiloparsec scales have been observed
in dwarf galaxies (e.g., I Zw 18: Martin 1996; M 82: Strickland et al. 1997; NGC 1705:
Meurer et al. 1998; NGC 4449: DellaCeca et al. 1997), which have likely arisen from
energetic winds. However, even if the galaxy is experiencing a strong starburst,
observations of NGC 1705 suggest it would take over a Hubble time to completely
remove the interstellar medium (Meurer et al. 1998). Bothun et al. (1994) conducted
ROSAT observations of five dwarf galaxies to search for X-ray haloes as evidence
of supernovae-induced mass loss on galactic scales. No detections of haloes were
seen. Upper limits to the halo luminosity were found to be much less than what
would be expected, given the mass of stars formed. They concluded that either the
ejection process was too weak, the outer halo was insufficiently massive to hold onto

the ejected material, or that the ejection process cleared out all of the gas.
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Skillman (1997) claimed that the situation for or against wind~dominated evolu-
tion in dwarf galaxies will remain unclear until more is learned about what happens to
the metals which are ejected into the hot gas residing within galactic halos. However,

in this thesis, it will be shown that dIs in the field have suffered little or no gas loss.

1.6 The Environment of Galaxies

While the spatial distribution of dwarfs is similar to that of giants (Thuan et al. 1987;
Binggeli et al. 1990), the morphology of dwarf galaxies seems to be dependent upon
their surroundings (Dressler 1980). In the field, dIs are distributed rather uniformly,
whereas dEs/dSphs tend to cluster around giant galaxies. Furthermore, the number
density of dIs is much higher than that of dEs/dSphs. Within clusters of galaxies,
however, dEs/dSphs are predominant, tending to lie at or near the core, whereas dlIs
tend to lie in the outer regions where the galaxy number density is low. Table 1.3

shows the percentage of galaxy type in the field and in the nearby Virgo Cluster.

Type Field ¢ Virgo Cluster ©
N % N %
Spirals 31 19 123 11
Es, SOs 3 2 71 6
dEs, dSphs | 28 17 871 76
dls, BCDs | 102 | 62 87 7
ALL 164 | 100 | 1152 100

Table 1.3: Distribution of galaxies in the field and in the Virgo Cluster by number () and by
percentage (%) of the total. NOTES: ¢ Galaxies in the Local Volume with distances less than about
7 Mpec. ® Adopted from Table 1 in Ferguson (1989a).

1.6.1 The Field

Field dIs are dwarf galaxies with few neighbours. Actually, field dIs are normally

members of loose groups (e.g., IC 342/Maffei, Centaurus A, Sculptor) and there are
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few truly “isolated” field dIs. However, the evolution of field dwarfs is not likely to
be complicated by external effects, such as those found in clusters of galaxies, which
are populated with thousands of galaxies and contain a significant mass of gas in the
intracluster medium. So, dwarf irregulars in the field provide an excellent control
sample against which a sample of cluster dwarf galaxies can be compared to evaluate
environmental effects on galaxy evolution.

Nearby galaxies are easy to observe from the ground. Galaxy surveys (z g 0.05;
e.g., Terlevich et al. 1991; Patterson and Thuan 1996; Pildis et al. 1997) show that
dIs and BCDs are abundant in the field. In particular, within about 7 Mpc of the
Milky Way galaxy, there are many dIs, a subset of which will be adopted in Chapter 2
as a “field sample.”

Have all of the faintest galaxies been discovered in the very nearby universe?
Despite intense efforts, this question remains unanswered (e.g., Driver and Cross
2000). Very faint and low surface brightness dwarf galaxies in close proximity can
pose an observational problem. Stars in a low-luminosity dwarf galaxy lying in the
background could appear similar to faint stars in the foreground within our own Milky
Way galaxy. Extremely deep photometry is required to correctly separate stars in our

own galaxy from stars in the target galaxy.

1.6.2 The Virgo Cluster

Interactions between galaxies and their environments may be important factors in
galaxy evolution. An important venue to test the impact of environmental conditions
is clusters of galaxies, where huge numbers of galaxies of various sizes, luminosities,
and morphologies, as well as a large mass of gas are confined within a specific volume
of space.

A cluster of galaxies is composed of thousands of galaxies and is one of the largest
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gravitationally-bound objects in the universe, with a total gravitational mass of about
10 to 10" My (e.g., Donahue 1998; Bahcall 1999). Recent studies have shown that
clusters are still forming (Binggeli et al. 1987; Binggeli et al. 1993; Boselli et al.
1997). For rich clusters, a small fraction (up to 10 per cent) of the cluster mass is in
the form of stars within galaxies, roughly 10 to 20% of the cluster mass is in the form
of hot gas residing in the space between galaxies, while the remaining and dominant
portion of the mass is dark (e.g., White et al. 1993). Elliptical galaxies containing old
stars dominate the optical luminosity and lie at the core of most rich clusters. The
hot intracluster gas is a strong emitter of X-rays with an equivalent temperature of
107 to 108 K; the gas is concentrated in the central regions (e.g., Sarazin 1988). Based
upon the correlation of the intracluster gas mass with the optical luminosity of cluster
ellipticals (Arnaud et al. 1992) and the fact that the metallicity of intracluster gas
in clusters out to z ~ 0.3 remains relatively constant (Mushotzky and Loewenstein
1997), the predecessors of cluster ellipticals may have supplied most of the metals
to the intracluster gas. However, it has been suggested as well that most of the
intracluster gas mass may be primordial in origin (Gibson and Matteucci 1997).

Various kinds of processes may act on a cluster galaxy: tidal forces from galaxy-
galaxy and galaxy—cluster interactions (Byrd and Valtonen 1990; Henriksen and Byrd
1996), ram-pressure effects due to the intracluster medium (Gunn and Gott 1972),
high-speed encounters between galaxies (Moore et al. 1996), collisions and mergers
(Barnes and Hernquist 1991), or some combination of the above. In all, the condi-
tions in which galaxies reside are detrimental to the “health” of individual galaxies,
especially dwarf galaxies, which should be far less able to retain their contents.

The Virgo Cluster is the nearest example of a cluster which is observable from
the northern hemisphere. It is sufficiently rich that there is a core dominated by

ellipticals and substantial quantities of intracluster gas. The “living conditions” of
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dwarf galaxies within or passing through the central regions of the Virgo Cluster
are sufficiently different from the field that galaxy properties are worth noting and
comparing. If dwarf galaxies which began their lives in the periphery are “falling”
into the centre, what effect does the environment have on them? Can the interstellar
gas within galaxies be removed? How does the removal of the neutral gas affect
subsequent evolution? Do environmental effects manifest themselves in diagnostics
such as the metallicity versus galaxy luminosity diagram (see, e.g., Skillman et al.
1989; Richer and McCall 1995) or the metallicity versus gas fraction diagram (see,
e.g., Larsen et al. 2001)? Answers to these questions are the objectives of the present

work, which focuses on Virgo Cluster dls.

1.7 Thesis Outline

Environmental effects on the chemical evolution of dwarf galaxies is examined by
comparing the properties of dwarf galaxies in a cluster with those of dwarf galaxies
in the field. For this thesis!!, dIs are chosen over BCDs, because the contribution of
light from the underlying old stellar population can be separated from the contribution
from young stars (see also § 1.2.2). A field sample of dIs is drawn from Richer and
McCall (1995). It is updated with recent distances obtained from the literature, and
with new spectroscopic data from unpublished observations and from the literature.
Spectroscopic data are obtained for a sample of dls, which are located in the core and
the periphery of the Virgo Cluster. The derived oxygen abundances are combined
with available data in the literature to examine the evolution of Virgo dIs and to

evaluate the degree to which the cluster environment has affected their properties.

11Data was accessed as Guest User at the Canadian Astronomy Data Center, which is operated by
the Dominion Astrophysical Observatory for the National Research Council of Canada’s Herzberg
Institute of Astrophysics.
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The outline of the thesis is as follows. Chapter 2 describes the sample of dIs in
the field and in the Virgo Cluster. Updates to distances and abundances for field
dIs are obtained from the literature. For the Virgo Cluster, an overall description,
the observed H I gas deficiency in spiral galaxies, and the adopted sample of dls are
presented. Chapter 3 describes the observations and reductions of unpublished spec-
troscopic data obtained at the Steward Observatory and the Mexican National Astro-
nomical Observatory, and data acquired by the author for this thesis at the Kitt Peak
National Observatory and the Canada-France-Hawaii—Telescope. Measurements from
spectra for dIs in the field and Virgo samples are presented in Chapter 4. Methods by
which flux ratios are corrected for underlying Balmer absorption and reddening are
discussed. Observed flux ratios and corrected intensity ratios are listed. In Chapter 5,
the derivation of oxygen abundances is presented. A description of the standard or
direct method of deriving oxygen abundances in the presence of [O III]A4363, the
bright-line or empirical method in the absence of [O III]A4363, and a comparison of
empirical with direct abundances are presented. The derived properties for field and
Virgo dls are listed. Spectroscopic observations for the gas-poor Virgo dwarf irregu-
lar galaxy VCC 1249 are presented and their implications are described in Chapter 6.
In Chapter 7, the importance of dwarf galaxies as probes of evolution is considered by
utilizing the acquired spectroscopic data in various diagnostic diagrams. The discus-
sion revolves around the context in which the data address quantitatively the impact
of the Virgo Cluster environment on the properties and evolution of dwarf irregular

galaxies. Finally, chapter 8 summarizes the results and perspectives for future work.
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Chapter 2

The Samples of Dwarf Irregular

Galaxies

This chapter presents the samples of dIs in the field and in the Virgo Cluster. The
folllowing presents mostly an update of the field sample discussed by Richer and
McCall (1995). The sample of field dIs is described in § 2.1. Using recent literature,
distances and oxygen abundances for a number of these galaxies are updated and
briefly described in § 2.1.2 and 2.1.3. Spectra for five field dIs were also obtained by
M. McCall at Steward Observatory and San Pedro Martir. These five dIs are briefly
described in § 2.1.4. The addition of DDO 187 into the field sample is discussed.

A general description of the Virgo Cluster is presented in § 2.2. In § 2.3, the
nature of gas—deficient spiral and dwarf galaxies in Virgo is discussed. Recent imag-
ing and spectroscopic investigations of Virgo dwarf galaxies from the literature are
summarized in § 2.4. Finally, the sample of Virgo dIs selected for the present study

is listed and a brief description of each galaxy in the sample is discussed in § 2.5.
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2.1 Dwarf Irregulars in the Field

2.1.1 Introduction

In the rush to observe the farthest reaches of the universe, the nearby universe should

not be forgotten. The following quote by Erasmus (1510) emphasizes this point:

“We fools have a particular trick of liking best whatever comes to us from

farthest away.”

The field sample as compiled by Richer and McCall (1995) is defined by two criteria:
(1) oxygen abundances are determined directly from measurements of the [O III]\4363
emission line (§ 1.4), and (2) distances are determined from stellar properties following
the prescription in the appendix of Richer and McCall (1995). The sample includes
dwarfs within the Local Group, whose distances are < 1 Mpc. Table 2.1 lists the
field sample of 22 dwarf irregular galaxies along with their basic properties. A new
addition to the Richer and McCall (1995) sample is DDO 187, which satisfies the
criteria stated above.

To establish the best possible parameters for the field sample, the literature was
searched for measurements more recent than those compiled by Richer and McCall
(1995). Direct oxygen abundances and well-determined distances were obtained from
data given in papers describing emission-line spectroscopy and resolved galaxy pho-
tometry, respectively. Tables 2.2 and 2.3 summarize the field dwarf galaxies whose
distances and oxygen abundances have been updated (as of June 2000), respectively.
Of note also are updates to values of the HI 21-cm flux for GR 8, IC 1613, and
Sextans B from Hoffman et al. (1996).
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Name Mg (m-M)° | (B~ V)% Py 12+log(O/H)
(mag) (mag) (mag) | (Jy kms™1) (dex)
(1) (2) (3) (4) (8) (6)
DDO 187 -15.07 29.32 0.38 14.2 7.69 = 0.09
GR 8 -12.19 26.83 0.31 8.6 7.63+0.14
Holmberg IT { —15.98 27.50 0.42 359.7 7.76 £0.13
IC10¢ -15.85 24.47 0.69 950.4 8.20+0.14
IC 1613 —14.53 24.38 0.67 698 7.71+0.15
1C 2574 -17.06 27.86 0.35 442.5 8.09 £0.07
1C 4662 —15.84 27.32 0.35 125.2 8.09 £0.04
Leo A -11.35 24.20 0.32 68.4 7.36 £ 0.06
LMC —17.94 18.58 0.45 1.044 x 10° 8.35 + 0.06
NGC 55 —18.28 25.94 0.46 2679 8.34 £0.10
NGC 1560 -16.37 27.07 0.49 443 > 7.97

NGC 1569 ¥ | —16.54 26.39 0.35 74 8.19 £ 0.06
NGC 2366 ~16.28 27.76 0.54 297.0 7.91£0.08
NGC 3109 -15.30 25.72 0.49 1876.7 7.74 +£0.33
NGC 4214 -18.04 28.25 0.46 368.8 8.24 £0.12
NGC 5408 -15.81 27.76 0.49 59.20 8.01 £ 0.02
NGC 6822 —14.95 23.46 0.59 2367.1 8.25 £0.11
Sextans A —14.04 25.84 0.38 208.8 7.55 £ 0.11
Sextans B —-14.02 25.67 0.51 102.4 8.12+0.12
SMC —16.56 19.06 0.59 8.99 x 108 8.03 £ 0.10
UGC 6456 -13.90 28.31 0.38 16.20 7.64 £ 0.13
WLM -13.92 24.86 0.42 299.8 7.78 £ 0.16

Table 2.1: The sample of dIs in the field. Column (1) lists the name of the galaxy in alphabetical
order, column (2) lists the absolute magnitude in B, column (3) lists the extinction—corrected dis-
tance modulus, column (4) lists the total dereddened B — V colour, column (5) lists the integrated
flux density at the 21-cm H I line, and column (6) lists the logarithm of the oxygen abundance
by number. NOTES: ¢ Its optical appearance shares similarities with blue compact dwarfs (Richer
et al. 2001). ® This is likely a post-starburst dwarf galaxy (Heckman et al. 1995; Greggio et al.
1998).
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2.1.2 Distances

Resolved photometry of nearby galaxies was made commonplace with the launch of
the Hubble Space Telescope. Distance measurements founded upon the observations
of Cepheid variable stars (e.g., Madore and Freedman 1991) or the location of the
tip of the red giant branch (e.g., Lee et al. 1993) are preferred. A large number of

references in Table 2.2 reflect the wealth of data from space-based photometry.

Galaxy New/Update Method ¢ Distance
References
(1) () (3) (4)
DDO 187 New Ceph 6
GR 8 Update Ceph, TRGB 2,18
Holmberg II Update Ceph 5
IC 10 Update Ceph, TRGB | 12, 15, 21
IC 1613 Update TRGB 1
Leo A ® Update Ceph, TRGB 4,20
LMC Update SN87, TRGB 11, 16
NGC 2366 Update Ceph 19
NGC 3109 Update Ceph, TRGB 9,10
NGC 6822 Update Ceph, TGRB 3
UGC 6456 Update TRGB 7,17
Sextans A Update Ceph, TGRB 13
Sextans B Update Ceph, TRGB 14
WLM Update TGRB 8

Table 2.2: Revisions to distances for the sample of dIs in the field. Galaxies are listed in alphabet-
ical order. Column (1) lists the galaxy name, column (2) indicates whether the galaxy is an addition
or being updated, column (3) lists the method by which distances were obtained, and column (4)
lists their references. REFERENCES : [1] Cole et al. 1999; [2] Dohm-Palmer et al. 1998; 3] Gallart
et al. 1996; [4] Hoessel et al. 1994; [5] Hoessel et al. 1998a; [6] Hoessel et al. 1998b; [7] Lynds et al.
1998; [8] Minniti and Zijlstra 1997; [9] Minniti et al. 1999; [10] Musella et al. 1997; [11] Panagia
1999; [12] Saha et al. 1996; [13] Sakai et al. 1996; [14] Sakai et al. 1997; [15] Sakai et al. 1999; [16]
Sakai et al. 2000; [17] Schulte-Ladbeck et al. 1998; (18] Tolstoy et al. 1995 (GR 8); [19] Tolstoy et al.
1995 (NGC 2366); [20] Tolstoy et al. 1998; [21] Wilson et al. 1996. NOTES: ¢ Distance method:
“Ceph” denotes Cepheid variables, “SN87” denotes the expanding ring of the supernova remnant
SN1987A, and “TRGB” denotes the tip of the red giant branch. ® For Leo A, Tolstoy et al. (1998)
dispute the claim of detected Cepheids by Hoessel et al. (1994); the Tolstoy result is adopted here.

Cepheid stars are bright, pulsating, variable stars, whose periods of variability

are correlated with their luminosities (Madore and Freedman 1991). Distances from
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Cepheid variables depend upon the value of the distance modulus to the Large Mag-
ellanic Cloud (LMC). Panagia (1999) measured the expansion of the ring in the
supernova remnant SN1987A and derived a distance modulus of 18.58 mag. This
value of the distance modulus to the LMC is adopted for the remainder of this work.
Distance determinations from Cepheids (“Ceph”; Table 2.2) are founded upon the
Cepheid calibration by Madore and Freedman (1991), whose value of the distance
modulus to the LMC was 18.50 mag. Values of distance moduli from Cepheids in the
recent literature are corrected by +0.08 mag to account for the revised distance to
the LMC.

Lee et al. (1993) showed that the absolute magnitude in I of the tip of the red giant
branch (TRGB), Mj, is a constant, independent of metallicity and age, so long as the
stars are relatively metal-poor and older than a few Gyr. Thus, measurements of M;
for resolved galaxies are good gauges of distance. To account for modest variations
in colour and metallicity in each galaxy, absolute magnitudes in I of the TRGB are
obtained following the prescription of Richer and McCall (1995). Distance moduli
are derived from observed magnitudes in I, corrected for extinction. In spite of the
dispute regarding the range in distance moduli to the LMC, it is wholly reassuring that
the TRGB measurements by Sakai et al. (2000) are consistent with and independent
of the SN1987A measurement by Panagia (1999).

For galaxies with more than one kind of observation, derived distance moduli are
averaged. Generally, the errors in distance moduli obtained from either Cepheids or
the TRGB are about 0.2 mag. For the remaining galaxies in Table 2.1 with no recent
updates in the literature since 1995, distance moduli derived by Richer and McCall
are corrected by -+0.208 mag, because the old value for the distance modulus to the

LMC used by Richer and McCall (1995) was 18.372 mag.

32



2.1.3 Oxygen Abundances

A number of authors have acquired emission-line spectra of H II regions in field dIs
since Richer and McCall (1995) published their results. Oxygen abundances have
been computed from these spectra using the published measurements of [O II]A3727,
[O I11)A\4363, and [O III]AN4959, 5007 emission lines. These recent updates are listed
in Table 2.3. In addition, spectroscopic data for five field dIs obtained by M. McCall

at the Steward Observatory and at San Pedro Mdrtir are utilized.

Galaxy New/Update | Abundance
References
(1) (2) (3)
DDO 187 New 10
Holmberg II Update 7
IC 10 Update 7
IC 2574 Update 9
NGC 1560 Update 7
NGC 1569 Update 6
NGC 2366 Update 1,4
NGC 3109 Update 7
NGC 4214 Update 5
NGC 6822 Update 8
UGC 6456 Update 3,4,7
WLM Update 2

Table 2.3: Revisions to oxygen abundances for the sample of dIs in the field. Galaxies are listed
in alphabetical order. Column (1) lists the galaxy name, column (2} indicates whether the galaxy is
an addition or being updated, and column (3) gives the references to spectra. REFERENCES : [1]
Gonzalez-Delgado et al. 1994; [2] Hodge and Miller 1995; [3] Hunter and Hoffman 1999; [4] Izotov
et al. 1997; [5] Kobulnicky and Skillman 1996; (6] Kobulnicky and Skillman 1997; [7] this work; [8]
Miller 1996; {9] Miller and Hodge 1996; [10] van Zee et al. 1997.

A description of each of DDO 187 and the five field dIs observed at Steward and
at San Pedro M4rtir is presented in § 2.1.4. The spectroscopic data are presented in
subsequent chapters. In § 3.1, the spectroscopic observations and reductions will be

described, as well as the matching of extracted spectra with identified H II regions in

the literature. Plots of the best spectra for each galaxy are illustrated in § 3.5. The
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observed and corrected line ratios are listed in § 4.3. Derived properties for all H II

region spectra in each galaxy are listed in Table 5.2 in § 5.4.

2.1.4 Individual Galaxies with New Spectra

Holmberg I1

Located in the M 81 group of galaxies, Holmberg II (Ho II) is a gas-rich dwarf
irregular galaxy! with many H II regions (Hodge et al. 1994). The positions of many
of these H II regions coincide with the locations of H I “holes” (Puche et al. 1992),

suggesting an association with winds from stars in the H II regions.

IC 10

IC 10 is a nearby late-type dwarf galaxy experiencing a strong burst of star
formation. The H I gas exhibits complex kinematical structure (Shostak and Skillman
1989), which implies that the galaxy may still be in the stages of being assembled
(Wilcots and Miller 1998).

NGC 1560

NGC 1560 is an edge-on late-type dwarf galaxy whose absolute B magnitude is
comparable to the Small Magellanic Cloud. A number of bright H II regions were ob-
served along the plane of the galaxy (unpublished Ho images, M. McCall). NGC 1560
is also known to be a member of the IC 342/Maffei group of galaxies (Buta and McCall
1999).

NGC 3109

NGC 3109 is an edge-on late-type dwarf galaxy whose absolute B magnitude is

comparable to that of the Small Magellanic Cloud. The galaxy contains many H II
! Alternate names include UGC 4305 and DDO 50.
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regions along the major axis (Richer and McCall 1992).
UGC 6456

UGC 6456 (VII Zw 403) is a late-type, gas-rich dwarf galaxy with bright H II
regions. The galaxy is considered to be a member of the M 81 group of galaxies,
although Lynds et al. (1998) have found that the galaxy may in fact be somewhat

farther away.

DDO 187

DDO 187 (UGC 9128) is an isolated late-type, gas-rich dwarf galaxy. H II regions
have been observed by Strobel et al. (1991), Hunter et al. (1993), and van Zee et al.
(1997). A distance based on the measurement of two Cepheids has been determined
by Hoessel et al. (1998b). van Zee et al. (1997) obtained spectroscopy for the two
brightest H II regions; an [O III]A\4363 measurement and an oxygen abundance were
determined for the brighter (DDO 187-1) of the two H II regions. Their reported
fluxes were reanalyzed here in a manner similar to that for the other five field dIs for

which new spectra were acquired.

2.2 Dwarf Irregulars in the Virgo Cluster

2.2.1 A General Description of the Virgo Cluster

Owing to its proximity (~ 15 Mpc), the Virgo Cluster is an important nearby lab-
oratory to probe the influence of the cluster environment on galaxy evolution (see,
e.g., Schmidt and Boller 1995). The Virgo Cluster is considered to be a key stepping
stone for determining extragalactic distances (e.g., Graham et al. 1999; Kelson et al.
1997; Kelson et al. 2000). Observations of galaxies in the Virgo Cluster provide two

advantages. First, galaxies in the cluster lie at comparable distances. Second, the
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cluster is sufficiently close that ground-based imaging and spectroscopy of galaxy
constituents are feasible.

As one of the nearest clusters of galaxies in the northern hemisphere, the Virgo
Cluster contains over 1000 member galaxies (Reaves 1956; Reaves 1983; Binggeli et al.
1984; Sandage and Binggeli 1984; Binggeli et al. 1985; Binggeli et al. 1987; Binggeli
et al. 1993). A compilation of galaxies is available in the form of the Virgo Cluster
Catalog (VCC; Binggeli et al. 1985; Binggeli et al. 1993). Table 2.4 lists basic

properties of the Virgo Cluster.

Property Value Reference
(1) (2) (3)
(m—M)e 31.12 mag b 5
D¢ 16.75 Mpc ¥ 5
(vg) ¢ 1050 km s~} 2
R.® 1.7° (0.5 Mpc) 1
oa f 760 km s~} 1
Pgal ¢ ~ 264 Mpc™3 1
Ticm ® ~ 2.4 keV 3,4
Lyx? 8.3 x 10%3 ergs s~—! 3
nigm 7 10~3 to 10~4 cm~—3 3,6
My ® ~ 2.5 x 104 Mg 3,7
Mga ¢ ~9x 1012 Mg
Mgas ™ ~ 2% 1013 Mg 7
Mgas/Mg ™ ~ 0.08

Table 2.4: Basic properties of the Virgo Cluster. Columns (1) and (2) list the property and its
value, respectively, and column (3) lists the references. REFERENCES: [1] Binggeli et al. 1987; [2]
Binggeli et al. 1993; [3] Bohringer et al. 1994; [4] Edge and Stewart 1991; [5] Ferrarese et al. 1996;
(6] Irwin and Sarazin 1996; [7] Schindler et al. 1999. NOTES: ¢ Distance modulus. ® The value
stated by Ferrarese et al. (1996) is shifted upwards by 0.08 mag to account for the updated distance
modulus for the LMC (see § 2.2.2). ¢ Distance. ¢ Average heliocentric velocity of the cluster. ¢ Core
radius of the cluster from King model fit to dE/dSph population. ¥ Velocity dispersion of the entire
cluster. ¢ Number density of galaxies at the centre. " Temperature of the intracluster medium
(ICM).  Total X-ray luminosity of the cluster (0.1-2.4 keV). 7 Particle number density of the ICM.
* Estimated total mass of the cluster. ! Estimated mass of galaxies in the cluster. ™ Estimated
mass of gas in the cluster. * Fraction of total cluster mass in the form of gas.

36



2.2.2 Distance to the Virgo Cluster

Based upon measurements of Cepheids in the Virgo spiral galaxy M 100, the distance
modulus to the Virgo Cluster is 31.04 mag (Ferrarese et al. 1996), assuming a distance
modulus of 18.50 mag for the Large Magellanic Cloud (Madore and Freedman 1991).
To account for the updated distance modulus of 18.58 mag for the Large Magellanic
Cloud (Panagia 1999), the distance modulus to the Virgo Cluster is shifted upwards
by 0.08 mag. Thus, a value of 31.12 mag is adopted, which corresponds to a distance
of 16.75 Mpc.

2.2.3 The Spatial Distribution of Galaxies in the Cluster

The number density of galaxies in the Virgo Cluster is at least an order of magnitude
higher than that found in the Local Group (Binggeli et al. 1985). A map of all
catalogued galaxies in the cluster is shown in Figure 2.1. Each galaxy is represented by
an open symbol, where the size of the symbol is proportional to the galaxy luminosity.
The galaxies are clustered mainly in three groups: (1) the region near the centre,
which is dominated by Messier 87, a supergiant elliptical galaxy; (2) to the south, a
group dominated by the supergiant elliptical Messier 49, and (3) to the west, a group
dominated by the elliptical galaxies Messier 84 and Messier 86.

The population of galaxies in the Virgo Cluster is overwhelmingly dominated by
dwarf galaxies, in particular by dSphs (e.g., Table 1.3; Binggeli et al. 1985; Binggeli
et al. 1987; Ferguson 1989a). There is strong morphological segregation: ellipticals,
dEs, and dSphs are concentrated towards the core, whereas spirals, dIs, and BCDs
are distributed towards the outer regions of the cluster (Binggeli et al. 1987). This
agrees with the “morphology-density” relation found by Dressler (1980), which states

that early-type galaxies lie in regions of higher density and late-type galaxies lie in
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Figure 2.1: Map of galaxies in the Virgo Cluster (Epoch B1950): Declination (vertical axis) versus
Right Ascension (horizontal axis). North is at the top and East is to the left. All objects in the
Virgo Cluster Catalog (Binggeli et al. 1985) are indicated with open symbols, which are luminosity-
weighted. A key at the top of the figure shows that the size of symbols is proportional to the
apparent total blue magnitude. Six Messier galaxies (M 49, M 60, M 84, M 86, M 87, and M 100),
all of whom are cluster members, are labeled. This figure is adapted from Binggeli et al. (1987) and
Binggeli (2000).
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regions of lower density.

Phillipps et al. (1998) undertook a deep survey of photographic plates of the Virgo
Cluster acquired at the UK Schmidt Telescope. Their statistical analysis revealed an
unusually large population of very faint dwarf galaxies (down to Mp ~ —10) in the
cluster. This suggests that there are far more faint dwarfs within a given luminosity
interval in the Virgo Cluster than there are in the field (see also Driver and Cross
2000). However, it is unclear whether all of the faint dwarfs have been found in the
nearby field.

Overall, the structure of the cluster is irregular and aspherical. Binggeli et al.
(1987) and Gavazzi et al. (1999) have shown that the west group associated with
M 84 and M 86 and the south group associated with M 49 are presently “falling”
towards M 87. Although Gavazzi et al. (1999) claim that there is a ~ 1 magnitude
discrepancy in distance modulus between the M 87 and M 49 groups, other authors
have found otherwise. Here, a constant distance has been adopted for the entire
cluster. The most significant coﬁclusions of this thesis are not affected by distance
variations.

An estimate of the crossing time for a typical galaxy in the Virgo Cluster can be

computed from
b 2(Ar)
Cross — 7T<|A'U|>,

where (Ar) is the average projected radial distance from the centre of the cluster and

(2.1)

(|Av]) is the average radial velocity with respect to the cluster? (Coté et al. 1997).
From the list of Virgo galaxies in Binggeli et al. (1993) and using a heliocentric
velocity of 1050 km s™!, one obtains (Ar) = 1.17 Mpc, (|Av|) = 599 km s~!, and

teross = 1.2 Gyr. The crossing time is about ten per cent of the Hubble time. Based

2A very rough estimate can be made from t ~ 7/v; the timescale is about 1 Gyr for r ~ 1 Mpc
and v ~ 1000 km s~!.
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upon recent observations which support the existence of substructure and suggest
that matter is continuing to fall into the centre of the cluster (Binggeli et al. 1987;
Binggeli et al. 1993; Gavazzi et al. 1999), the Virgo Cluster is “young” to the extent

that we are presently witnessing ongoing evolution.

2.2.4 Constituents of the Intracluster Medium in Virgo

The Virgo intracluster medium (ICM) consists mostly of X-ray emitting gas with old
stars and planetary nebulae as additional minority constituents.

Hot gas permeating the intracluster medium is detected from X-ray emission,
which is produced by free-free emission or thermal bremsstrahlung. The thermal
temperature of the intracluster gas is about 3 x 107 K (Jones and Forman 1984;
Giovanelli and Haynes 1985; Edge and Stewart 1991; Bohringer et al. 1994; Schindler
et al. 1999). The gas is assumed to have originated from material ejected from stellar
winds and supernovae from within elliptical galaxies and primordial material which
never collapsed in the process of galaxy formation. The gas contains large random
motions and collides with other intracluster gas, converting kinetic energy into heat.
The only efficient cooling mechanism for the gas is thermal bremsstrahlung, because
the particle density in the gas is low and the temperature is very high. For conditions
found within clusters, the cooling timescale exceeds the age of the universe (Bothun
1982). This implies that clusters will remain immersed in hot gaseous baths for most
of their lifetimes.

An X-ray map of the Virgo Cluster from the ROSAT All-Sky-Survey?® is shown in
Figure 2.2. The strongest concentration of X-ray emitting intracluster gas is located

near the positions of M 87 and M 86. There also appears to be spurs of hot gas

3The X-ray map of the Virgo and other clusters may also be retrieved from the ROSAT image
gallery at http://www.xray.mpe.mpg.de/rosat/images/index.
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surrounding M 49 to the south and M 60 to the east. Aside from the “hot spots”
near the centre of the cluster, the distribution of intracluster gas on the whole is rather
irregular. Schindler et al. (1999) compared the spatial distributions of galaxies and
the intracluster gas and found that both galaxies and gas are distributed similarly
throughout the cluster. In particular, peaks in the spatial density of both galaxies

and intracluster gas are found near the position of M 87.
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Figure 2.2: X-ray map of the Virgo Cluster from the ROSAT All-Sky- Survey. North is at the top
and East is to the left. The extended X-ray emission comes from the hot intracluster gas distributed
throughout the cluster. The large, dark spot is centred near the position of the giant elliptical M 87.
A bright X-ray halo also surrounds M 86 to the west; halos of lesser degree surround M 60 to the
east and M 49 to the south. Also indicated are foreground stars, Abell clusters (A1541, A1553) and
quasars (“QS0”) in the background, and Virgo Cluster member galaxies with NGC and Messier
catalog designations. The image scale is roughly similar to the map of Virgo galaxies in Figure 2.1.
This figure is adapted from Figure 5 in Binggeli (2000) and Figure 1 in Bohringer et al. (1994).
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The fraction of total mass in the form of hot gas in the cluster is about seven to
eight per cent (Table 2.4), which is consistent with the results found for weak X-ray
clusters (e.g., Arnaud and Evrard 1999; Bahcall 1999). Lépez-Cruz et al. (1997)
have suggested that the intracluster medium was generated early in the history of
the cluster through the tidal disruption of dwarfs. However, there is some doubt
as to whether dwarf galaxies could have supplied the required amount of metals
to explain the observed enrichment within the intracluster medium (e.g., Gibson and
Matteucci 1997). The mass of metals (in particular, iron) in the intracluster medium is
found to correlate with the luminosity of giant early-type galaxies in clusters (Arnaud
et al. 1992; Jones and Forman 1992; Okazaki et al. 1993). This suggests that the
chemical enrichment of the intracluster gas is caused mostly by material removed
from elliptical galaxies. The metallicity of the gas is about one~third of solar, which
points to stellar winds (as opposed to supernovae) as the primary origin for the gas
enrichment. However, the mass of the lost material falls well short of what is required
to account for the total gas mass, which suggests that the dominant portion of the
intracluster gas is primordial in origin.

Measurements of the intracluster light in the Virgo Cluster have revealed a pop-
ulation of intergalactic red giant branch stars (Ferguson et al. 1998) and intracluster
planetary nebulae (Méndez et al. 1997; Ciardullo et al. 1998; Feldmeier et al. 1998).
These objects are likely to have been tidally stripped from galaxies during close en-
counters as the cluster was being formed. Intracluster stars are unlikely to have
formed within the intracluster medium, because the cooling timescale far exceeds a
Hubble time (see Table 2.4). Intracluster stars may contribute a significant fraction

(~ 10-20%) of the stellar light and stellar mass of the cluster.
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2.3 The Nature of HI Deficiency in Virgo

2.3.1 Gas—Deficient Spiral Galaxies in Virgo

Tully and Shaya (1984) and Binggeli et al. (1987) claimed that spirals and dIs ob-
served today in the Virgo Cluster have likely fallen into the cluster on timescales much
smaller than a Hubble time. This is borne out by the fact that late-type galaxies
in Virgo exhibit a larger velocity dispersion than early-type galaxies (Binggeli et al.
1987; Conselice et al. 2001). Because they fall into the cluster at relatively high
speeds, gas-rich galaxies ought to feel the effects of their surroundings. If so, there
should be some kind of spatial segregation of gas—poor and gas-rich galaxies.

A variety of H I imaging studies (Haynes and Giovanelli 1986; Warmels 1988;
Haynes 1989; Cayatte et al. 1994; Solanes et al. 2001) have shown that Virgo spiral
galaxies are deficient in H I gas relative to spiral galaxies in the field. From a limited
sample of Virgo spiral galaxies, Shields et al. (1991) and Skillman et al. (1996)
found that (1) H I-deficient spirals residing in the central regions of the Virgo Cluster
show on average higher chemical enrichment than field spiral galaxies of the same
morphological type, and (2) that chemical abundances of spirals in the periphery
of the cluster are indistinguishable from field spirals. This effect was attributed to
less infall of metal-poor gas into centrally located spirals. That is, if HI gas is
being removed from the outer regions of spirals as they travel through the core of
the cluster, less metal-poor gas flows into the inner regions of spirals, allowing their
oxygen abundances to grow more rapidly with time. A similar effect for two additional
Virgo spirals was observed by Henry et al. (1992, 1994). Also, Koopmann and Kenney
(1998) determined that early-type Virgo spirals exhibit reduced star formation rates
compared to isolated spirals of similar type, suggesting that gas from Virgo spirals is

being removed.
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In their study of spiral galaxies in 18 clusters including Virgo, Solanes et al. (2001)
determined that depletion of H I gas is related to galaxy morphology, and not to the
optical size of the galaxy. Inside a projected radius of about 4 Mpc from the centre of
the Virgo Cluster, early-type and very late-type disk galaxies show the strongest H I
deficiency. As the spatial distributions of the gas-deficient spirals and the intracluster
gas in the Virgo Cluster are found to be similar, Solanes et al. (2001) suggest that
interactions with the intracluster gas have likely acted in recent times to remove the
HL

It is useful to examine three spiral galaxies in the Virgo Cluster to highlight the
effects of stripping. NGC 4388 (VCC 0836), one of the most H I-deficient spirals
in Virgo, is located close in projection to the centre of the cluster, and is travelling
at a high speed relative to the cluster. Veilleux et al. (1999) obtained Fabry—Perot
interferometric maps to provide kinematic details of the ionized gas within the galaxy.
Their observations showed a complex interaction of the interstellar material with the
surrounding intracluster gas. NGC 4438 (VCC 1043), located close in projection to
M 87, shows an unusual visual appearance and an observed displacement of H I with
respect to the stellar disk (Kotanyi et al. 1983). Finally, NGC 4522 (VCC 1522),
which shows a stellar disk that is relatively undisturbed, has a truncated pattern of
Ho emission above the disk plane, which is reminescent of a “bow—shock” (Kenney
and Koopmann 1999). The appearance of extraplanar H II regions is interpreted as

a consequence of star-formation occurring within the displaced gaseous material.

2.3.2 Gas—Deficient Dwarf Galaxies in Virgo

Dwarf galaxies in Virgo should exhibit a greater degree of gas deficiency, owing to their
smaller gravitational potentials (see Equation 1.8). Hoffman et al. (1987) showed

that Virgo dls within a circle about 5° of the cluster centre are deficient in H I by
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roughly a factor of two compared to dIs outside this circle. However, an additional
and somewhat unexpected result' was that although some dwarfs seemed to have lost
gas, the degree to which dIs are deficient in H I is not more severe than for spirals
(Hoffman et al. 1988). It should be noted that the quantity Hoffman et al. used to

describe gas deficiency in dIs is based upon the “DEF” parameter given by
DEF = log My exp(Dopt, T') — log Mur(Dopt, T), (2.2)

where the HI mass, My, for a given morphological type, T, is computed within an
optical diameter, Dqp, typically in B (Haynes and Giovanelli 1984; Giovanelli and
Haynes 1985)%. The expected value, Myj exp, Was based upon an average for a mixture
of gas—normal late-type spirals and dwarfs, and not based solely upon an average for
gas-normal late-type dIs. Owing to its sensitivity to the star formation rate, the
optical diameter in B could be zero if the surface brightness is never brighter than 25
mag arcsec”2, which does not make for a useful indicator of mass in dwarfs. Moreover,
the gas-poor dwarfs studied by Hoffman et al. (1988) in the Virgo Cluster were not
compared with a sample of gas—normal dIs in the field.

It is useful to highlight three Virgo dwarf galaxies. Vigroux et al. (1986) showed
that the extremely gas—poor dI VCC 1448 near the centre of the Virgo Cluster has
optical properties similar to other dIs, except that it has an unusually large optical
size and has almost no H I. A dust trail discovered inside the optical halo of the Virgo
elliptical galaxy M 86 (Elmegreen et al. 2000) is believed to be stripped material from
the nucleated dE galaxy VCC 0882. The ratio of the gas mass in the trail to the blue
luminosity of the dwarf galaxy is comparable to a typical gas mass-to-luminosity
ratio of roughly unity for dls. Finally, VCC 1249 is a gas-poor dwarf galaxy which

happens to have an H I cloud in its proximity (Sancisi et al. 1987). Various authors

4A gas-deficient galaxy would therefore have DEF > 0.
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have attempted to link the H I cloud to the galaxy (e.g., Patterson and Thuan 1992;
Henning et al. 1993; McNamara et al. 1994). Chapter 6 will present spectroscopic

observations and a more extensive discussion which proves the connection.

2.4 Studies of Virgo Dwarf Galaxies

A brief review of recent work on Virgo dls is given here. Bothun et al. (1985), Skillman
et al. (1987), and Hoffman et al. (1987, 1989, 1996, 1999) have mapped many dIs and
BCDs in H 1. Much effort has been devoted to the study of dSphs, dEs, and BCDs
in the Virgo Cluster at optical wavelengths (Drinkwater and Hardy 1991; Drinkwater
et al. 1996; Durrell 1997; Phillipps et al. 1998; O’Neil et al. 1999). Some imaging
studies of Virgo dIs at optical and near-infrared wavelengths have been carried out
by Thuan (1985), Bothun et al. (1986), Gallagher and Hunter (1986), Impey et al.
(1988), James (1991, 1994), and Boselli et al. (1997). Star formation in Virgo dwarf
galaxies has been studied by Almoznino and Brosch (1998a), Almoznino and Brosch
(1998b), Brosch et al. (1998), and Heller et al. (1999) via Ho imaging.

A few comments can be made about possible evolutionary links between dIs and
dEs/dSphs in Virgo. Based upon a comparison of structural properties (Bothun et al.
1986; Drinkwater and Hardy 1991), it is generally believed that the dE/dSph pop-
ulation in Virgo as a whole could not have come from stripped dls, although the
possibility of a few stripped dIs evolving to become faint dEs/dSphs is not excluded.
With near—infrared imaging, James (1994) found that dIs, BCDs, and dEs/dSphs are
all structurally different, and concluded that the different types of dwarfs are not con-
nected to each other in an evolutionary sense. Drinkwater et al. (1996) determined
that the underlying stellar populations in BCDs have arisen from continuous star for-

mation, as opposed to a burst-like mode which has been hypothesized for dEs/dSphs.
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Thus, in Virgo, there is no clear evidence that late-type dwarfs are anything like the
progenitors of early-type dwarfs.

Optical emission-line spectra of H II regions in Virgo Cluster late-type dwarfs
have been presented by Gallagher and Hunter (1989), Izotov and Guseva (1990), and
Vilchez (1995). In all, a total of 36 late-type dwarfs have been observed. Unfortu-
nately, most of the galaxies in the samples of Gallagher and Hunter (1989) and Izotov
and Guseva (1990) are BCDs, and not dIs. A comparison with dIs in the field re-
quires a larger set of Virgo dIs. Another problem is that the temperature~dependent
[O II1]A4363 emission-line was not detected for any of the 36 dwarfs, which means
that none of the oxygen abundances could be obtained directly. Even empirical abun-
dances could not be reliably determined, because the bright-line indicator, Ry3 (see
§ 5.2), is double-valued, and because the data do not allow for any discrimination
between lower and upper branches of the calibration. Gallagher and Hunter (1989)
and Izotov and Guseva (1990) simply assumed that all of their dwarf galaxies fell on
the lower branch, since they were of relatively low luminosity.

A number of authors have obtained low-dispersion spectroscopy for other Virgo
dwarfs. He and Impey (1986) observed emission-line spectra for three Virgo BCDs,
but their spectral coverage was limited to the wavelength range between HB and
[S II]AN6716,6731. [O III]A4363 was not observed, and the “bright-line” method
could not be used to determine oxygen abundances, because [O II]A3727 was not
measured. Schulte-Ladbeck (1988) and Schulte-Ladbeck and Cardelli (1988) carried
out spectroscopy of ten Virgo BCDs. The membership of the dwarf galaxies in the
Virgo Cluster was judged from the radial velocities; only two were found to be mem-
bers of the cluster. Although bright [O II] and [O III] lines were observed, [O I1I]A\4363

and [N II}A6583 were not detected in either of the two dwarfs.
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2.5 The Sample of Dwarf Irregulars in Virgo

To study the evolution of dwarfs in the cluster environment, a sample of dls in
the Virgo Cluster is constructed, for which new optical emission-line spectra are
obtained and oxygen abundances are derived. The key goals are: (1) where possible,
to measure [O III]A4363 to derive direct oxygen abundances, and (2) if H II regions
are too faint, to obtain spectra with sufficient wavelength coverage ([O II]A3727 to
[S IT]AN6716,6731) to derive empirical abundances.

From the Virgo Cluster Catalog compiled by Binggeli et al. (1985), dIs are selected

according to the following criteria.

1. The candidates must be clearly identified as members of the cluster (Binggeli

et al. 1985; Binggeli and Cameron 1993; Binggeli et al. 1993).

2. There must be suitably bright H II regions, as shown by published Ho images
(Gallagher and Hunter 1989; Heller et al. 1999).

3. Candidate dwarfs must be located in the central and outer regions of the cluster
to sample high-density and low—density conditions, respectively.

4. The galaxies must lie within a narrow luminosity range (—=15 3 Mp > —17)
to test for an environmental effect on the metallicity~luminosity relation. This

way, even a small offset from field dwarfs could be flagged in a statistical manner.

5. The galaxies must have a range of over ~ 100 in H I mass at a given luminosity.

Figure 2.3 shows where each dI in the final Virgo sample is located in the cluster and

Table 2.5 lists their properties®.

5This research has made use of the NASA/IPAC Extragalactic Database (NED) which is oper-
ated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the
National Aeronautics and Space Administration.
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Figure 2.3: Locations of sample dIs within the Virgo Cluster (1950 epoch): Declination (vertical
axis) versus Right Ascension (horizontal axis). North is at the top and East is to the left. Large
circles show the positions of five giant elliptical galaxies. The crosses mark the locations of 12 dls in
the Virgo sample for which spectra were obtained; they are labelled with their numeric designations
in the Virgo Cluster Catalog (Binggeli et al. 1985).
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vce Alternate Type Br Ko, B ro,B B~V v Fg Wisa Vinax

#* Name (mag) (mag (4] (mag) (km s~y | (Jy km s—1) (km s~ 1) (km s™1)

arcsec'z)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
0512 UGC 7421 ¢ SBm 15.30 23.67 16.22 0.49 153 3.69 108 157
0848 A12234-06 dl/BCD 14.73 v e 0.42 1537 8.2 115
0888 8°26 dl 15.00 23.15 10.47 0.61 1090 1.442 79
1114 UGcC 7596 © dI 14.66 22.05 9.4 0.56 560 0.278 25
1179 IC 3412 di/BCD 14.87 23.15 10.23 0.39 764 0.433 54
1200 IC 3416 dI 14.78 23.50 14.45 0.52 -123 < 0.395 e
1249 UGC 7636 d1/dSph 14.26 24.07 31.8 0.50 276 0.167 70
1448 IC 3475 dI/dSph 13.93 23.04 26.91 0.76 2572 < 0.507 e .
1554 NGC 4532 Sm 12.15 19.77 19.39 0.39 2013 50.9 191 102
1588 1C 3522 © dl 15.20 23.01 13.18 0.53 664 10.7 104 57
1789 A1236405 dl 15.07 es A 0.72 1620 1.065 98
2037 10°71 dI/BCD 15.80 23.60 11.48 0.34 1142 0.358 36

Table 2.5: Observed properties for the sample of dIs in the Virgo Cluster. Column (1) lists the
galaxy designation in the Virgo Cluster Catalog (Binggeli et al. 1985). Column (2) lists the alternate
name of the galaxy from the NASA Extragalactic Database (NED). Column (3) lists the galaxy type.
Column (4) lists the total apparent blue magnitude of the galaxy from the Virgo Cluster Catalog
(Binggeli et al. 1985). Columns (5) and (6) list in B the central surface brightness and exponential
scale length (Binggeli and Cameron 1993; Hoffman et al. 1999; Patterson and Thuan 1996). Column
(7) lists the observed B — V' colour (Bothun et al. 1986; Gallagher and Hunter 1986). Column (8)
lists the heliocentric velocity (Binggeli et al. 1985, 1993). Column (9) lists the H I 21-cm flux
integral (Hoffman et al. 1987, 1996). Column (10) lists the H I profile width at half-maximum
(Hoffman et al. 1987, 1999; Patterson and Thuan 1992). Column (11) lists the H I maximum
rotational velocity: VCC 0848 (Hoffman et al. 1996), VCC 1554 (Hoffman et al. 1999), VCC 1585
(Skillman et al. 1987). NOTES: ® Also called 12°25. ¢ Also called 8°30. ¢ Also called DDO 136.
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2.6 Individual Galaxies in the Virgo Sample

What follows are short descriptions of each dI in the Virgo sample.

2.6.1 VCC 0512

VCC 0512 is a barred Magellanic dwarf galaxy, whose luminosity is similar to that
of the Small Magellanic Cloud. Bothun et al. (1986) and Binggeli et al. (1993)
obtained structural parameters. R and Ho images are found in Figure 1 (Plate 26)
of Gallagher and Hunter (1989). H II regions are found along the major axis of the

galaxy.

2.6.2 VCC 0848

Gallagher and Hunter (1989) obtained R-band and Ha images, which are shown in
their Figure 1 (Plate 24). A chain of bright H II regions is seen along the major
axis. Surrounding the dI appear to be faint “shell-like” structures, which are more
commonly found around elliptical galaxies. These shells may be debris from a merger
with a very small object (Gallagher and Hunter 1989). Near-infrared imaging of this
dI has been obtained by Boselli et al. (1997).

An emission-line spectrum covering 3400 to 6000 A was reported by Gallagher
and Hunter (1989). The spectrum and subsequent emission-line data are shown in
Figure 2 and Table 3, respectively, in Gallagher and Hunter (1989). While [O II]A3727
and [O ITI)A)4959, 5007 were observed, the [O II1]A4363 line was not detected and the
spectral coverage did not include any emission lines near Ha. Because [N II]A6583
was not measured, the appropriate branch in the empirical calibration could not
be chosen. Their spectral data and the empirical calibration of the Ry3 bright-line

indicator (see § 5.2) were used to derive an oxygen abundance on the lower branch of
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12+log(O/H) = 7.88. The upper branch oxygen abundance would be 12+log(O/H)
= 8.68, which is similar to abundances found in spiral galaxies.

Hoffman et al. (1996) obtained updated H I properties for VCC 0848 from resolved
single-dish measurements with the Arecibo telescope. The resulting map shows a rel-
atively smooth H I distribution. The rotational velocity was mapped at positions
out to four times the optical radius. The maximum rotational velocity and the av-
erage line-of-sight velocity dispersion were found to be 157 km s~! and 22 km s7!,

respectively.

2.6.3 VCC 0888

This dI has a relatively smooth appearance and contains a number of H II regions.
R-band and Ho images of this‘dI are shown in Figure 1 (Plate 25) of Gallagher
and Hunter (1989). Additional B-band photometry was obtained by Binggeli et al.
(1993).

264 VCC1114

This dI appears to have a smooth “elliptical” envelope. R-band and Ha images are
shown in Figure 1 (Plate 21) of Gallagher and Hunter (1989). Two bright and com-
pact H II regions are seen within the galaxy. Patterson and Thuan (1992) obtained

additional photometry in B and I in their study of low surface brightness dIs.

2.6.5 VCC 1179

This dI/BCD galaxy has a smooth optical appearance. R-band and Ho images are
found in Figure 1 (Plate 22) of Gallagher and Hunter (1989). A chain of H II regions is

observed along the major axis of the galaxy. Heller et al. (1999) obtained Ha fluxes
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for several H II regions. Additional B-~band photometry was acquired by Binggeli
et al. (1993).

2.6.6 VCC 1200

Optically, this dwarf appears smooth and relatively “boxy”. R-band and Ha images
are found in Figure 1 (Plate 23) of Gallagher and Hunter (1989). A number of compact
H II regions are found throughout the galaxy. Additional B-band photometry has
been published by Binggeli et al. (1993).

2.6.7 VCC 1249

This dI has an irregular appearance with optical “knots” throughout the body of the
galaxy (see, e.g., Patterson and Thuan 1992). Gallagher and Hunter (1989) did not
detect any distinct H II regions, although faint diffuse Ho emission was observed.
At the Canada-France-Hawaii Telescope, a serendipitous discovery of an H II region
in the H I cloud near VCC 1249 was made. An extensive discussion of the recent

literature and this author’s measurements are presented in Chapter 6.

2.6.8 VCC 1448

Of the entire dwarf sample, this galaxy is the closest (in projection) to M 87. It
appears somewhat amorphous and featureless. R-band and Ha images are found in
Figure 1 (Plate 23) of Gallagher and Hunter (1989).

Vigroux et al. (1986) interpreted optical and H I properties as being a consequence
of the stripping of its gas. The large optical diameter of approximately 10 kpc is a
problem for the scenario of a stripped dI fading to become a dE since typical dEs
have sizes smaller than 10 kpe. Since stripping typically leads to an increase in size

in response to the mass loss, VCC 1448 will not likely become an object resembling
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a present—-day dE. From optical and near-infrared surface photometry, Bothun et al.
(1986) arrived at a similar conclusion based upon the much larger size and redder
colours compared to a typical dE.

Knezek et al. (1999) considered VCC 1448 to be of mixed morphology (dI/dE) and
labelled the galaxy a “transition” object. Although previous authors have claimed it
is fading after having experienced its final bout of star formation, the measured B— R
colours (Knezek et al. 1999) are in conflict with those of dEs. With additional He
imaging, Knezek et al. (1999) confirmed the results of Gallagher and Hunter (1989)
and determined that the galaxy is devoid of bright H II regions.

This dwarf is included because its global optical properties are similar to those of

VCC 1249.

2.6.9 VCC 1554

VCC 1554 is an example of a bright Magellanic irregular galaxy and appears to be
the analog of the Large Magellanic Cloud (LMC) in the Virgo Cluster. The dwarf
appears to host an H II region which resembles the 30 Doradus region in the LMC.

Although Gallagher and Hunter (1989) obtained imaging and spectrophotometric
data of VCC 1554, an Ha image is not included in their paper. However, an emission—
line spectrum and the resulting measurements are shown in their Figure 2 and Table 3,
respectively. Their spectrum was limited to the wavelength range between [O II]A3727
and [O III}A5007, but [O I11]A4363 was not detected. From their reported data, the
lower-branch oxygen abundance would be 12+log(O/H) = 8.00, while the upper-
branch oxygen abundance would be 12+log(O/H) = 8.64. There is insufficient data
to resolve the degeneracy of the empirical calibration of Ry;.

Kenney and Young (1989) examined VCC 1554 to assess the effect of the Virgo

Cluster environment on the properties of atomic and molecular gas in disk galaxies.
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Young et al. (1996) included the galaxy in their Ho survey designed to study star
formation in late-type galaxies. It was found that VCC 1554 is H I-normal (although
there is little molecular gas found), and is forming stars at a rate that will eventually
exhaust its gas supply in a Hubble time.

Ho et al. (1995, 1997) obtained a spectrum in the wavelength range 4200-6800 A
to search for an “active galactic nucleus.” The galaxy was found not to exhibit any
signs of photoionization arising from high energy shocks (see also Osterbrock 1989).

Hoffman et al. (1999) obtained H I synthesis maps at the VLA and optical (B,
R) surface photometry. The derived H I mass for VCC 1554 is typical for dwarfs
at comparable luminosities. The rotational velocity is 102 km s~! at a radius of
17 and the velocity dispersion is 24 km s~'. While the inner gas is distributed
somewhat smoothly, the outer H I appears disturbed towards the east and south.

The disturbed appearance is likely due to an interaction with the neighbouring dwarf

VCC 1581 (DDO 137).

2.6.10 VCC 1585

The optical appearance of this dwarf galaxy is somewhat irregular with bright “con-
centrations” throughout the body and a tail of “knots” curving away from the body
towards the northwest. R-band and Ha images are found in Figure 1 (Plate 22) of
Gallagher and Hunter (1989). H II regions are observed near the centre of the galaxy
along the major axis. No emission lines were detected in an optical spectrum obtained
by Gallagher and Hunter (1989; their Figure 2). Also, Heller et al. (1999) obtained
Ho imaging and measured Ha fluxes for the H II regions.

A number of additional studies have focussed on this dI. Single-dish H I obser-
vations were obtained by Bothun et al. (1985) with the Arecibo radio telescope.

Skillman and Bothun (1986) obtained H I synthesis observations at the VLA and
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their resulting map shows a smooth H I distribution. Skillman et al. (1987) con-
structed a detailed H [ map at the VLA and obtained a rotation curve, which extends
well past the stellar-dominated exponential disk. The maximum rotational velocity
was measured to be 57 km s~! at a radius of 1’3. Curiously, the rotation curve ap-
pears to “turn over” beyond about 1!5. Bothun et al. (1986) reported optical and
near-infrared surface photometry. Bothun et al. (1994) also conducted ROSAT ob-
servations to search for an X-ray halo as evidence of supernovae-induced mass loss on
a galactic scale (see, e.g., Dekel and Silk 1986). There was no detection. The upper
limit to the X-ray halo luminosity was found to be much less than what would be
expected considering how much hot gas would have been expelled by star formation

episodes over the life of the galaxy.

2.6.11 VCC 1789

Optically, this galaxy appears almost like a small elliptical galaxy. R-band and He
images are found in Figure 1 (Plate 21) of Gallagher and Hunter (1989). A number
of bright H II regions are observed. Only weak [O II|A3727 emission was observed in

an optical spectrum obtained by Gallagher and Hunter (1989; their Figure 2).

2.6.12 VCC 2037

This dI appears to have a bright central concentration, surrounded by a faint irregular
envelope. R-band and He: images are found in Figure 1 (Plate 26) of Gallagher and
Hunter (1989). There appear to be two H II regions in the Ho image. Additional
B-band photometry has been obtained by Binggeli et al. (1993).

96



Chapter 3

Observations & Reductions

Observations of field and Virgo dIs are discussed in this chapter. The spectroscopic
data acquired and the IRAF reduction procedures are discussed below. Data obtained
and the instrumentation employed are discussed in § 3.1 and 3.2 for field dls and
Virgo dIs, respectively. In particular, observations and reductions of data obtained
at the Kitt Peak National Observatory and the Canada-France-Hawaii~Telescope are

presented in § 3.3 and 3.4, respectively. Representative spectra are illustrated in § 3.5.

3.1 Observations of Field dIs

Between 1991 and 1994, M. McCall and co-workers undertook a program of long-slit
spectroscopy with the 2.3-m Bok Telescope at Steward Observatory! and with the
9.1-m telescope at San Pedro Martir (SPM)? in México to acquire optical spectra for
a sample of dwarf galaxies in the vicinity of the Local Group. The primary focus was
to obtain sufficiently long exposures to detect the [O II[]A4363 emission line, which

was detected in four dlIs; an upper limit was obtained for NGC 1560. Table 3.1 lists

1Bok Telescope, operated by the Steward University of the University of Arizona.
2Observatorio Astronémico Nacional, San Pedro Martir, operated by Instituto de Astronomia,
Universidad Nacional Auténoma de México.
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the dwarf galaxies which were observed at Steward and SPM. The characteristics of

Galaxy Date Obs. N tiotal | [O III]A4363 | &(sens. func.)
(UT) (s)
(1) (2 (3) 4) (5) (6) (M

Holmberg II 1992 Mar. 23 | Steward | 1x300 s + 3x1200s | 3900 detected 3.7%
IC 10 1991 Oct. 15 | Steward | 1x60s + 3x1800s | 5460 detected 2.2 %
IC 10 1994 Dec. 1 SPM 1%1200 s 1200 e 3.0%
NGC 1560 1991 Oct. 15 | Steward 3x1800 s 5400 | upper limit 22%
NGC 1560 “1” (NE) 1992 Jan. 27 SPM 1%1200 s 1200 e 2.2 %
NGC 1560 “2” (SW) 1992 Jan. 27 SPM 1x900 s 900 e 22 %
NGC 3109 1992 Mar. 23 | Steward | 1x300 s + 4%x1200s | 5100 detected 3.7%
UGC 6456 1992 Mar. 23 | Steward | 1x300s + 4x900s | 3900 detected 3.7%

Table 3.1: Spectroscopy of field dwarfs acquired at Steward and SPM. Column (1) lists the galaxy
name in alphabetical order, column (2) lists the observation date, column (3) lists the observatory,
column (4) lists the number of exposures obtained, column (5) gives the total exposure time, column
(6) states whether [O III]A4363 was detected, and column (7) lists the relative (root-mean-square)
error of the sensitivity function obtained from observations of standard stars for the specified ob-
serving night. NOTES: ¢ Spectra designed specifically to measure F(Ha)/F(HS).

the instrumentation employed are listed in Table 3.2. A brief discussion of the H II

regions in the five field dIs observed at Steward is presented below.

3.1.1 H II Regions in Holmberg II

Several of the H II regions in Holmberg II were spanned by the long slit employed.
Table 3.3 lists the H II regions for which spectra were measured and the [O I1I))\4363
line was detected. The locations of the H II regions were determined by comparing
finding charts used by M. McCall against published Ha data (Hodge et al. 1994;
Hunter and Gallagher 1985).

3.1.2 H II Regions in IC 10

Table 3.4 lists the H II regions for which spectra were measured. By inspection of the

finding charts by M. McCall, the locations of the observed H II regions were matched
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Property Steward (blue) | Steward (red) I San Pedro Martir (red) I
Telescope
Aperture 2.3 metre 2.1 metre
Focus £/9.0 f/7.5
Instrument Boller & Chivens Spectrograph Boller & Chivens Spectrograph
CCb
Total area TI 800 pix x 800 pix Tektronix 1024 pix x 1024 pix
Usable area 800 pix x 350 pix 1024 pix x 400 pix
Pixel size 15 um 24 pum
Image scale 0.8 arcsec pix—1! 0.92 arcsec pix~!
Gain 2.8 e~ ADU-! 1.22 e~ ADU!
Read-noise (rms) 7.4 e de™

Grating, Long slit

Groove density 600 lines mm~! | 600 lines mm™! 300 lines mm—!
Blaze X (1st order) 3568 A 6690 A 5000 A
Dispersion 1.89 A pix~! 3.72 A pix~! 3.96 A pix—1
Effective ) range 3650-5100 A 4200-7200 A 3400-7500 A
Slit width 2.5 arcsec 4.5 arcsec 2.2 arcsec

Table 3.2: Instrument configurations at Steward and SPM.

Table 3.3: Identification of H II regions in Holmberg II (Ho II). Column (1) lists the H II region,
column (2) lists whether [O II[]A4363 was detected or an upper limit was obtained, and columns
(3) and (4) list the corresponding H II regions identified by Hodge et al. (1994, Figure 2: HSK94)
and Hunter and Gallagher (1985, Figure 1 for DDO 50: HG85), respectively. The H II region
number in column (1) increases along the slit towards the north. NOTES: ¢ The H II region Ho II-2
encompasses two separate H II regions 1 and 3. Subsequent line intensities and derived quantities for
Ho II-2 are not completely independent. ® The H II region Ho II-7 encompasses two separate H II
regions 6 and 8. Subsequent line intensities and derived quantities for Ho II-7 are not completely

independent.

H II Region | [O IIIJA 4363 | HSK94 | HGS5
(1) (2) (3) ()
Holl -1 upper limit 67 6
Holl-2¢ upper limit 67 6
Holl-3 upper limit 67 6
Holl-4 upper limit 69 ?
Holl-5 detected 70 5
Holl-6 upper limit 73 4
Holl-7°% detected 73 4
HoIl - 8 detected 73 4
HolIl-9 detected 71 3
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with Lequeux et al. (1979) and Hodge and Lee (1990).

H II Region | [O III]A 4363 | LPRSTP HL90
(1) (2) (3) (4)
IC10-1° detected 1 1llce
IC10-2 detected v 111c
IC'10-3 detected ‘.- 11le
IC10-4% upper limit 111b
IC10-5 upper limit 106a
IC10-6°¢ 106 south, diffuse

Table 3.4: Identifications of H II regions in IC 10. Column (1) lists the H II region, column (2)
lists whether [O IIIJA4363 emission was detected or an upper limit was obtained, and columns (3)
and (4) list the corresponding H II regions identified by Lequeux et al. (1979, Figure 1: LPRSTP)
and Hodge and Lee (1990, Figure 2: HL90), respectively. The H II region number in column (1)
increases along the slit towards the south. NOTES: @ The H II region IC 10-1 encompasses two
separate H II regions 2 and 3. Subsequent line intensities and derived quantities for IC 10-1 are not
completely independent. ® Light from this H II region may include some light from the H II region
111a (HL90). ¢ The observed spectrum was not of sufficient quality to be included in the subsequent
analyses.

3.1.3 H II Regions in NGC 1560

The long slit was placed lengthwise along the major axis of the galaxy to obtain
spectra of H II regions located in the disk. Table 3.5 lists the H II regions for which
spectra were measured. From inspection of finding charts, Ho images provided by M.
McCall, and the broadband images by Lee and Madore (1993), approximate locations
of observed H II regions with respect to the measured stars in Lee and Madore (1993)
were determined. The H II region NGC 1560-1 is identified by M. McCall as H II
region “1” and is visible as the brightest “concentration” located near the centre of the
galaxy in the V~band image of Lee and Madore (1993). For H II regions NGC 1560-6

and NGC 1560-7, Hy was not detected because of the poor quality of the spectra.
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H II Region [O III)A 4363 Notes
(1) (2 (3)
NGC 1560 - 1 upper limit MLM “#17
NGC 1560 - 2 upper limit bright
NGC 1560 - 3 upper limit faint
NGC 1560 -4 ¢ upper limit faint
NGC 1560 - 5 upper limit faint
NGC 1560 - 6 ...b very faint
NGC 1560 - 7 ...b very faint

Table 3.5: Identifications of H II regions in NGC 1560. Column (1) lists the H II region, column
(2) lists whether [O III)A4363 emission was detected or an upper limit was obtained, and column (3)
lists comments about the relative brightness observed for each H II region. The H II region number
in column (1) increases along the slit towards the northeast. NOTES: ¢ The spectrum for H I region
NGC 1560-4 encompasses the signal from the two H II regions 3 and 5. Subsequent line ratios and
derived quantities for NGC 1560-4 are not completely independent. ® Hy was not observed due to
the poor quality of the spectrum.

3.1.4 H II Regions in NGC 3109

Table 3.6 lists the H II regions for which spectra were measured. By inspection of the
finding charts by M. McCall, the locations of the observed H II regions were matched
with Richer and McCall (1992). A continuum-subtracted Ha image may also be
found in Hunter, Hawley, and Gallagher (1993, Figure 11), but it is difficult to match
the H IT regions seen in the [O IITJA5007 image by Richer and McCall (1992) with

those seen in the Ha image by Hunter et al. (1993).

3.1.5 H II Regions in UGC 6456

The long slit was placed on the galaxy in an orientation similar to that employed by
Tully et al. (1981). Table 3.7 lists the H II regions for which spectra were measured.
By inspection of the finding charts by M. McCall, the locations of the observed H II
regions were matched with Tully et al. (1981) and Lynds et al. (1998).
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H II Region (O III]A 4363 Notes RM92
(1) (2) 3) (4)
NGC 3109 - 1 no Hy very faint
NGC 3109 -2 | no [O III)A 4959 | very faint
NGC 3109 -3¢ detected bright
NGC 3109 - 4 b upper limit bright

Table 3.6: Identifications of H II regions in NGC 3109. Column (1) lists the H II region, column
(2) lists whether [O 1114363 emission was detected or an upper limit was obtained, column (3) lists
notes about the H II regions, and column (4) lists the corresponding H II region identified by Richer
and McCall (1992, Figure 1: RM92). The H II region number in column (1) increases along the slit
towards the north. NOTES: ¢ The extraction window was narrow (4.8 arcsec) to isolate the signal
from the H II region. ® The extraction window was wide (16.0 arcsec) and included the spectrum of
an early-type field star adjacent to the H II region.

H II Region (O II]X 4363 | Lynds et al. 1998 Tully et al. 1981
(1) 2 @) 4)
UGC 6456 - 1 detected 5 2nd clump in slit
UGC 6456 - 2 detected 1 brightest clump in slit

Table 3.7: Identifications of H II regions in UGC 6456. Column (1) lists the H II region, column
(2) lists whether [O III)A4363 emission was detected, and columns (3) and (4) list the corresponding
H II regions identified by Lynds et al. (1998, Figure 2) and Tully et al. (1981, Figure 2), respectively.
The H IT region number in column (1) increases along the slit towards the east.
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3.1.6 Reductions

The data for each galaxy were reduced and calibrated in the standard manner with
IRAF by a former M.Sc. student Robert Ross. The details are similar to those
described below for the spectra of Virgo dIs. Relative errors in the sensitivity function
(in magnitudes) for each galaxy are listed in Table 3.1. The author set apertures
for the extraction of H II region spectra and redefined the “windows” used for sky
subtraction. Final one-dimensional spectra for each aperture or H II region were

obtained via “no-weights” summed extractions.

3.2 Observations of Virgo dIs

The author and M. Richer obtained optical spectra for eleven dIs in the Virgo sample
at Kitt Peak National Observatory (KPNO)? and the Canada France Hawaii Tele-
scope (CFHT)%. The data are presented in § 3.3 and § 3.4, respectively. A log of
observations is given in Table 3.8. An angle of one arcsecond subtends a distance of
81.2 parsecs for a distance modulus of 31.12 mag for the Virgo Cluster. Thus, extra-
galactic H II regions comparable to the size of the 30 Doradus nebula® are resolved

at the distance of the Virgo Cluster.

3Visiting Astronomer, Kitt Peak National Observatory, National Optical Astronomy Observato-
ries, operated by the Association of Universities for Research in Astronomy, Inc. (AURA) under
cooperative agreement with the National Science Foundation.

4Visiting Astronomer, Canada-France-Hawaii Telescope, operated by the National Research
Council of Canada, the Centre National de la Recherche Scientifique de France, and the Univer-
sity of Hawaii.

5This bright nebula in the Large Magellanic Cloud has a linear diameter of approximately 200 pc
(Walborn 1991).
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Galaxy Obs. Date (UT) Nexp teotal | (s€cz) | Ny | [O II)A4363 | d(sens. func.)
(s)

(1) (2) (3) 4) (5) (6) (7) (8) (9)
VCC 0512 | CFHT 1999 April 9 2x1800 | 3600 1.27 2 upper limit 5.0 %
VCC 0848 | KPNO | 1997 March 3 | 4x1800 | 7200 1.29 1 detected 4.9 %
VCC 0888 | KPNO | 1997 March 3 | 3x1800 | 5400 1.10 2 upper limit 49 %
VCC 1114 | CFHT 1999 April 9 2x1800 | 3600 1.05 2 upper limit 50 %
VCC 1179 | KPNO | 1997 March 2 | 4x1800 | 7200 1.10 4 upper limit 5.5 %
VCC 1200 | KPNO | 1997 March 3 | 3x1800 | 5400 1.23 1 upper limit 4.9 %
VCC 1249 | CFHT | 1999 April 11 | 1x1800 | 816° 1.03 1 b 4.3 %
VCC 1448 | CFHT | 1999 April 11 | 3x1800 | 5400 1.20 0 . 43 %
VCC 1554 | CFHT | 1999 April 11 | 2x1800 | 3600 1.05 7d detected 4.3 %
VCC 1585 | KPNO | 1997 March 2 | 2x1800 | 3600 1.59 1 upper limit 55 %
VCC 1789 | KPNO | 1997 March 2 | 3x1800 | 5400 1.30 1 upper limit 5.5 %
VCC 2037 | KPNO | 1997 March 2 | 3x1800 | 5400 1.22 2 upper limit 55 %

Table 3.8: Optical spectroscopy of Virgo dls acquired at KPNO and CFHT. Column (1) lists the
galaxy name from the Virgo Cluster Catalog (Binggeli et al. 1985), column (2) lists the observatory
at which the spectra were acquired, column (3) lists the date on which data were acquired, column
(4) lists the number of exposures obtained and the length of each exposure in seconds, column (5)
indicates the total exposure time, column (6) lists the mean airmass, column (7) indicates the number
of H II region spectra obtained, column (8) indicates whether [O III}A4363 was detected, and column
(9) lists the relative root-mean—-square error in the sensitivity function obtained from observations
of spectrophotometric standard stars for the specified observing night. NOTES: ¢ 1800 second
exposure terminated due to increasing cloud cover and rising humidity. * Hy was not detected in
the spectrum. ¢ A spectrum was not detected. ¢ Two galaxies were discovered in the background,
each with v/c ~ 0.093.
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3.3 Optical Spectroscopy at Kitt Peak

Three nights (1997 March 1-3 UT) were awarded at KPNO. The first night was
completely unusable due to inclement weather. Data were successfully obtained on
the subsequent two nights and spectra were obtained for seven dIs. Attempts to
acquire spectra of VCC 0512 failed because of insufficient signal; the slit was likely

misaligned with the galaxy.

3.3.1 Instrument Configuration

Moderate-resolution optical spectroscopy was obtained using the Ritchey-Chrétien
Spectrograph on the 4.0-metre telescope in the f/7.8 configuration. The spectrograph
was used in long-slit mode for two-dimensional spectroscopy to cover the maximum
possible number of H II regions. The characteristics of the instrumentation employed
are listed in Table 3.9. The extreme ends of the CCD could not be used due to
vignetting and defocusing effects. The effective wavelength coverage was 3500 to

7600 A.

3.3.2 Image Acquisition

Figures 3.1 to 3.4 show the placement of the long slit over each dI. Individual exposures
were 30 minutes and total exposure times ranged between one and two hours.

A single 1800-second “dark” frame was obtained to evaluate the contribution
from the dark current. An inspection of the dark frame showed that the total counts
registered were negligible compared to the counts from the sky background in a celes-
tial image of comparable exposure time. Thus, no corrections for dark current were
applied.

To correct for variations in the pixel-to-pixel sensitivity of the CCD, flat—field
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I Property Value
| Tektronix T2KB CCD
Total area 2048 pix x 2048 pix
Usable area @ 1500 pix x 471 pix
Pixel size 24 um
Image scale 0.69 arcsec pix~!
Gain 3.1e” ADU™!
Read-noise (rms) 4e”
KPC-10A Grating
Groove density 316 lines mm~!
Blaze ) (1st order) 4000 A
Dispersion 2.75 A pixel—!
Spectral resolution ® 69 A
Effective A range 3500-7600 A
Long slit
Length 5.4 arcmin
Width 2 arcsec (300 pm)

Table 3.9: Ritchey-Chrétien Spectrograph configuration on the 4-m telescope at KPNO. NOTES:
® Wavelength coverage (1500 pix), spatial coverage (471 pix). ® Based on 2.5 pixels FWHM corre-
sponding to a slit width of 2".

o L R A2B06 .

Figure 3.1: VCC 0848 (A1223+06): R and continuum-subtracted Ha images from Gallagher and
Hunter (1989). The field of view in each frame is approximately 87" by 87". North is at the top and
East is to the right. The orientation and placement of the long slit are indicated in the Ha image.
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VCC 0888

Figure 3.2: VCC 0888 (8°26; left) and VCC 2037 (10°71; right): R and continuum-subtracted Ha
images from Gallagher and Hunter (1989). The field of view in each frame is approximately 87" by
87". North is at the top and East is to the right. The orientation and placement of the long slit are
shown in each Ha image.
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VCC 1200

Figure 3.3: VCC 1179 (IC 3412; top), VCC 1200 (IC 3416; bottom): R and continuum-subtracted
He images from Gallagher and Hunter (1989). The field of view in each frame is approximately 87"
by 87". North is at the top and East is to the right. The orientation and placement of the long slit
are shown in each Ho image.
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Figure 3.4: VCC 1585 (DDO 136; top), VCC 1789 (A1236+05; bottom) : R and continuum-~
subtracted Ha images from Gallagher and Hunter (1989). The field of view in each frame is approx-
imately 87’ by 87". North is at the top and East is to the right. The orientation and placement of
the long slit are shown in each Ha image.
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exposures of the internal quartz lamp within the spectrograph were taken at the
beginning and end of each night. Twilight flats were acquired at dusk each night
to correct for variations over larger spatial scales. To correct for the “slit function”
in the spatial direction, the variation of illumination along the slit was taken into
account using internal and twilight flats.

Two exposures of a helium-neon-argon (“HeNeAr”) arc lamp were acquired on
each night for wavelength calibration. Flux calibration was achieved by observing the
standard stars G191B2B and Feige 67 (see Oke 1990) interspersed among observations
of dIs. For all standard star exposures, the position of the star was set near the centre

of the slit.

3.3.3 Reductions

Spectra were reduced using IRAF® routines, which are described in the documents by
Massey (1992) (noao.imred.ccdred) and Massey et al. (1992) (noao.imred.specred).
Additional routines in the noao.onedspec and noao.twodspec.longslit packages were
used. A diagram showing the flow of reductions for KPNO data is shown in Figure 3.5.
As calibration exposures were taken on each night, the reductions were performed
independently for each night. Columns and rows were parallel to the spatial and

wavelength axes, respectively.

3.3.4 Zero Corrections

The zero—offset for the individual bias frames was removed using the measured counts
in the overscan section in the last thirty columns of the digital data. All images were

then subsequently trimmed to remove the overscan section. Then, a “superbias” was

SIRAF is distributed by the National Optical Astronomy Observatories, which is operated by
the Associated Universities for Research in Astronomy, Inc., under contract to the National Science
Foundation.
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Figure 3.5: Reductions flowchart for KPNO data.
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created by averaging bias frames. No structure in the final bias frame was visible.

3.3.5 Flat—Field Corrections

Internal flat and sky flat frames were averaged to make a single internal flat image
(“Flat”) and a single sky flat image (“Sky”), respectively. A spline function was fit
in the dispersion direction to the “Flat” image to create a normalized “nFlat” image.
The averaged sky flat “Sky” was flat corrected using the normalized flat—field frame
“nFlat”. The quality of flatness across the CCD field was evaluated by examining
the newly flattened “Sky” image along the spatial direction. To correct for the illu-
mination along the slit (slit function), a normalized illumination image, “nSky”, was
constructed using the flattened “Sky” image. The final flat field image, called “per-
fectFlat” , was constructed by multiplying “nFlat” with “nSky.” Subsequently, every
object frame was simultaneously corrected for low- and high—frequency variations in

response.

3.3.6 Geometric Corrections

The wavelength scale was linearized at all spatial positions. Emission lines in the
comparison arc spectrum were selected along a given dispersion line. The emission
lines were used to check and confirm the placement of the lines at a given pixel
position in all rows. A two~dimensional polynomial function was fit to wavelength
as a function of pixel position. This was used to transform the spectra to a linear
wavelength scale. To ensure correct mapping, a comparison (arc lamp) frame and
a sample object frame were transformed and a visual inspection was performed to
compare the transformed frames with the original frames.

Standard star exposures were obtained with the stars positioned at the centre

of the slit. No correction for spatial distortions was made, because the positions of
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standard stars did not change along the slit.

3.3.7 Background Subtraction

To remove bright telluric lines, the sky background was fitted and subtracted from
object spectra. Subtraction was done interactively for each object frame. A poly-
nomial function was fitted along a set of selected columns. A subsequent median
was taken to eliminate the effects of cosmic rays. The resulting average was then

subtracted from each object frame.

3.3.8 Flux Calibration

Fluxes were calibrated from digital units (ADUs) to physical flux units (ergs cm™2

s~1 A-1) using the standard star frames. Apertures encompassing the spectra of
G191B2B and Feige 67 were defined and spectra were extracted. Standard star spectra
were integrated over the appropriate calibration bandpasses. Using tabulated fluxes
(Massey et al. 1988), observed counts were used to derive the flux calibration at
the sampling wavelengths. The grid was used as input to compute the sensitivity
function, which would define the instrumental response to flux continuously with
wavelength. Shifts were applied so that the mean sensitivity curve for each star was
the same as the star giving the largest mean sensitivity. This process compensated
for variable grey extinction due to changing transparency. A low-order polynomial
function was fitted to the data, producing root-mean-square errors between five and
six per cent. To check the quality of these fits, the sensitivity and their residuals
(both in magnitudes) were plotted against wavelength. Anomalous data points for a
given sensitivity curve were deleted interactively. Some curves were entirely removed,
owing to anomalous shapes. These were associated with observations at high airmass.

A single mean sensitivity function was obtained separately for each of the two nights.
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Inspection of the standard star spectra acquired on March 3 (UT) showed that
there appeared to be some “missing flux” blueward of column 500 (approximately
3727A) compared to spectra from the same standard stars obtained on the previous
night (March 2 UT). However, there appeared to be very little change in the overall
shape of the sensitivity function redward of column 500 from one night to the next.
No further attention was paid to this problem, since there were no strong emission
features of value blueward of A ~ 3727A.

Object spectra were flux—calibrated using the standard star spectra. The spectra
were corrected for atmospheric extinction and calibrations were carried out in two

dimensions by applying the same sensitivity function to each row.

3.3.9 Combining Frames

For each target frame, image sections were cropped to remove columns blueward
of [O IIJA3727 and redward of [O II]AA7320,7330. This was especially important,
because there was significant noise in the “blue” part of the chip which affected
how variances in the signal were computed in the procedure to remove cosmic rays.
Consequently, cropping greatly improved the removal of cosmic rays. No cropping
was performed in the spatial direction; no rows were removed.

The imcombine task was used to add the frames for a given galaxy, with reject
set to “avsigclip.” To determine the best way to combine, a test galaxy with three
30-minute frames was chosen. Two small (10 pix x 10 pix) “boxes” were selected to
measure sky signal; one box was placed about 43 pixels (~ 30") from the top edge of
the frame and the second box was placed about 43 pixels from the bottom edge. The
three 30-minute frames were added to form two combined images, one with combine
= average and the other with combine = median. The sky signal was measured in

each of the combined images. Compared to the standard deviation of sky counts in
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an individual frame, the standard deviation in sky counts of the combination was
reduced by a factor of approximately 1.4 with median—averaging and by a factor of
about 1.7 with normal averaging. Subsequently, object frames were combined by
implementing combine = average.

For cosmic-ray rejection, the avsigclip parameter was preferred over sigclip, be-
cause the latter only worked well with more than ten frames. The parameter, crreject,
which uses the CCD noise parameters in ADUs or counts, could not be used to reject
cosmic rays, because object frames had already been flux—calibrated into physical flux
units.

Small shifts in pixels might have been expected in different expposures of the same
target due to flexure in the telescope. Thus, spatial profiles of emission-line features
were visually examined in all frames to check the alignment in both the vertical and
the horizontal directions. Fortunately, no significant shifts were found.

Individual frames for a given galaxy were scaled to a common flux before com-
bining. Scaling and weighting factors were determined in the following manner. The
mean flux was measured for a box around the [O III]A5007 emission-line feature in
each frame. The [O II[]A5007 feature was selected because it was generally bright
and approximately midway in wavelength between [O I[]A\3727 and Ha. The frame
with the largest mean flux was set to unit scaling factor and unit weighting factor.
The remaining scale factors were computed by determining the ratio of the box mean
relative to the largest observed value. This yielded scale factors larger than unity.
Weighting factors were computed as the reciprocal of the scale factors, which ensured
that the contribution of each spectrum to the average was proportional to the flux in
[O TII]A5007.

This procedure was successful for six of the seven dIs for which there were at least

three exposures acquired. Since only two exposures were obtained for VCC 1585,
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cosmic rays could not be removed by the procedure stated above. Instead, the follow-
ing scheme was adopted (Wells and Bell 1994). The two exposures were aligned and
added. A set of rows was defined as the aperture corresponding to the H II region.
Cosmic rays in the proximity of emission lines were identified using rimcursor. Co—
ordinates for identified cosmic rays were stored in a text file, which was used as input
to the imedit task to remove cosmic rays within the aperture. Cosmic rays missed by
this task were removed manually using epiz.

Individual flux—calibrated frames were finally combined into a single sky-subtracted
two—-dimensional galaxy image with most of the cosmic rays removed. Any remaining
cosmic rays were observed to lie far outside of the rows and columns corresponding

to the spectra of H II regions.

3.3.10 Aperture Extractions

One-dimensional spectra of calibrated flux versus wavelength were extracted from
pre-defined apertures on the two—dimensional images. An “aperture” was defined as
a set of rows encompassing the spectrum of an H II region. The spatial profile of
the HB emission line was used to set the limit of each aperture. In most cases, each
aperture was ten pixels or 6.9 arcsec wide. Since the underlying continuum was weak,
tracing was not performed and optimal or variance-weighted extraction described by
Massey et al. (1992) was not used to sum the pixels.

Multiple spectra were extracted for those galaxies with more than one H II region.
Spectra. were examined visually and rough estimates of line widths and fluxes for
specific emission lines were made in preparation for more precise measurements (see
Chapter 4). Data for each one-dimensional spectrum were written into text files,

consisting of two—column lists of flux and wavelength values.
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3.3.11 Checks

To check the flux calibration, exposures of the well-studied Galactic planetary neb-
ula IC 2149 (Kohoutek and Martin 1981; Kaler 1983; Feibelman et al. 1994) were
obtained on the final night. The value of F(He)/F(HpJ) was measured to be 3.766 +
0.016, which is consistent with 3.52 + 0.35 measured by Kaler (1983).

3.4 Optical Spectroscopy at CFHT

Three nights (1999 April 9-11 UT) were awarded at CFHT. Spectra for two dIs were
obtained on the first night until thick clouds prevented further observing. The dome
was not opened on the second night due to fog, snow, and ice. Spectra for another
three galaxies were obtained on the final night until about local midnight, when fog

and high humidity mercifully ended the observing run.

3.4.1 Instrument Configuration and Image Acquisition

Optical spectroscopy was obtained using the Multi-Object Spectrograph (MOS) in
the f/8 configuration. The characteristics of the instrumentation employed are listed
in Table 3.10.

The MOS spectrograph uses focal-plane masks created from previously obtained
images (Lefévre et al. 1994). For each galaxy, five-minute Ho exposures were ob-
tained in imaging mode to locate possible H II regions. Figures 3.6 to 3.9 inclusive
show the raw Ha images of four dIs for which spectra were successfully acquired. An
Ha exposure for VCC 1448 did not reveal any compact H II regions.

For each Ha image, every potential H II region was marked and the coordinates
were recorded into a text file. Slit masks were subsequently constructed on-line using

a YAG laser. Slits for each H II region were constructed to be approximately 2" wide
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r Property Value
| STIS2 CCD
Maximum area 2048 x 2048
Pixel size 21 pm
Image scale 0.44 arcsec pix~!
Effective field of view @ 9" x 10
Gain 4,52 e~ ADU-!
Read-noise (rms) 9.3 e”
B600 Grating
Groove density 600 lines mm™!
Blaze A (1st order) 5000 A
Dispersion 2,24 A pixel~!
Spectral Resolution ? 5.6 A
Effective ) range © 3600~7000 A
Slits (targets)
Length 10 arcsec (23 pix)
Width 2 arcsec (4.6 pix)
Hole diameters
Faint stars 3 arcsec (6.9 pix)
Bright stars 5 arcsec (11.5 pix)

Table 3.10: Properties of the Multi-Object Spectrograph configuration at CFHT. NOTES: ¢ Spa-
tial direction (east-west) and spectral direction, respectively. * Based on 2.5 pixels FWHM. © For

slits placed at the centre of the field.
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Figure 3.6: Five-minute Ha exposure of VCC 0512 (12°25) from MOS at CFHT. North is at
the top and East is to the left. The image has not been corrected for continuum emission. The
5'1 by 5/7 frame is displayed as a “negative” so black objects on the image indicate bright sources.
Two H II regions (labelled 3 and 4) are identified, over which small east-west slits were placed for
spectrophotometry. The white vertical stripe is due to a set of bad columns on the CCD. This
image may be compared with R-band and continuum-subtracted Ho images for 12°25 obtained by
Gallagher and Hunter (1989: Fig. 1, Plate 26).
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Figure 3.7: Five-minute Ha exposure of VCC 1114 (8°30) from MOS at CFHT. North is at the
top and East is to the left. The image has not been corrected for continuum emission. The 51
by 5!7 frame is displayed as a “negative”, so black objects on the image indicate bright sources.
Two H II regions (labelled 1 and 2) are identified, over which small east-west slits were placed for
spectrophotometry. The white vertical stripe is due to a set of bad columns on the CCD. This
image may be compared with R—band and continuum-subtracted Ho images for 8°30 obtained by
Gallagher and Hunter (1989: Fig. 1, Plate 21).
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Figure 3.8: Five-minute raw Ha exposure of VCC 1249 (UGC 7636) from MOS at CFHT. North
is at the top and East is to the left. The image has not been corrected for continuum emission.
The 5!1 by 5!7 frame is displayed as a “negative” so black objects on the image indicate bright
sources. There is faint, diffuse Ho emission at the position of the galaxy (centre of the image). To
the northwest, a new H II region (LR1; see Chapter 6) was identified, over which a small east-west

slit was placed for spectrophotometry. The white vertical stripe is due to a set of bad columns on
the CCD.
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Figure 3.9: Five-minute raw He exposure of VCC 1554 (NGC 4532) from MOS at CFHT. North
is at the top and East is to the left. The image has not been corrected for continuum emission. The
5/1 by 5!7 frame is displayed as a “negative” so black objects on the image indicate bright sources.
Five large H II regions (labelled 1-5) and two additional emission-line objects (labelled 6 and 7) are
identified, over which small east~west slits were placed for spectrophotometry. Slits for H II regions
1-5 are drawn here for visibility. The position of H II region “1” relative to the main body of the
galaxy appears to be analogous to that of the 30 Doradus nebula in the Large Magellanic Cloud.
The white vertical stripe is due to a set of bad columns on the CCD.
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and 10" long. Sky slits of the same size were placed near target slits. For pointing,
holes with diameters 3" and 5" were created in the mask to transmit faint and bright
stars, respectively, in the field of view.

The spectral coverage varied for each object, depending on its location within
the field of view. For the most part, the spectral coverage was between 3600 A and
7200 A. For VCC 1249 (UGC 7636), the position of the H II region, LRI, was near
the top of the field (Figure 3.8). Because of the position of the slit, the spectral range
was cut off redwards of 6700 A.

Spectral traces of objects at the centre of the field of view were aligned perpen-
dicular to the slit. Spectra of objects farther away from the centre exhibited concave
“bowing.”

Spectra of a neon—argon-mercury (Ne-Ar-Hg) arc-lamp and the standard star
Feige 67 were acquired to wavelength— and flux—calibrate, respectively, the object
spectra. Illuminated dome flat—field exposures were obtained to remove pixel-to—
pixel sensitivity variations. From the dome flats, a two per cent variation in raw
counts was found from the edge to the centre of the slit. Since five slit masks (one for
each galaxy) were inserted into the mask slide on a given night, there was insufficient
time to accquire twilight flats for all masks. No emission-line flux standard was

observed.

3.4.2 Reductions

A diagram showing the flow of reductions for the CFHT data is shown in Figure 3.10.
Rows and columns were parallel to the spatial and wavelength axes, respectively.
Reductions of the CFHT data proceeded similarly to those of the Kitt Peak data.
However, there were four key differences. First, owing to the small slit sizes, the

slit function or illumination across each slit was assumed to be constant over the
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Figure 3.10: Reductions flowchart for CFHT data.

84




entire slit. Second, no correction for geometric distortions was required, because the
position of each target galaxy was at the centre of the frame. Third, for a given galaxy,
subsections of dome flat exposures corresponding to the positions of H II regions
were extracted. A different task (apflatten) was used to remove large-scale response
variations in the dispersion direction, leaving behind pixel-to-pixel variations only
(Massey et al. 1996).

The sensitivity function was assumed to be constant from slitlet to slitlet on a
given night. To check this, two exposures of Feige 67 were obtained with the slit mask
for VCC 1114 on the first night and two exposures of Feige 67 were obtained with the
slit mask for VCC 1448 on the final night. For the VCC 1114 mask, two five-minute
exposures were obtained through the same slit (H II region #2 in Figure 3.7) near
the centre of the galaxy. For the VCC 1448 mask, a one-minute exposure was taken
with the star centred on a slit at the centre of the galaxy and a four-minute exposure
was taken with the star centred on another slit, located 107 pixels (47 arcsec) from
the first slit. The shapes of the sensitivity curves for each night were similar. For a
given night, an average response curve was obtained and used to flux—calibrate object
spectra.

Spectroscopic frames for each galaxy were aligned and combined. In the process,
most cosmic rays were subsequently removed using cedclip. After visual inspection of
images, additional cosmic rays were identified and removed manually.

Apertures corresponding to H II regions were carefully defined to optimize sig-
nal quality. Good background subtraction was difficult to achieve, because the slit
size was small and the background signal was dominated by the galaxy. Data were
extracted for each aperture and averaged to yield one-dimensional spectra; sky sub-
traction was performed during extraction. These spectra were subsequently corrected

onto a linear wavelength scale, and flux—calibrated using the standard star spectra.
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3.5 Optical Spectra of Dwarf Galaxies

3.5.1 Spectra of Dwarf Irregulars in the Field

Representative spectra for each of the five field dIs observed at Steward Observatory
are shown. [O IIT]\4363 was detected in at least one H II region of all dIs except
NGC 1560. The spectra are shown in Figures 3.11 and 3.12.

3.5.2 Spectra of Dwarf Irregulars in Virgo

Spectra observed for each Virgo dI are illustrated. The [O II[]A4363 line was detected
in two H II regions: VCC 0848-1 and VCC 1554-1. These two spectra are shown in
their entirety in Figure 3.13.

To highlight faint lines, Figures 3.14 and 3.15, respectively, give magnified views
of the “blue” (3700 A to 5500 A) and the “red” (5500 A to 7300 A) portions of the
spectrum of VCC 0848. In each figure, bright emission lines are labelled in the top
panel and faint emission lines are labelled in the bottom panel. Similarly, magnified
versions of blue and red spectra for VCC 1554~1 are shown in Figures 3.16 and 3.17,
respectively.

For the remaining dIs where [O I11]A\4363 was not detected, the spectra are shown
in Figures 3.18 to 3.20 inclusive. The best spectrum for each dI is shown. The follow-
ing emission lines were observed in all spectra: [O I[|]A3727, HB, [O III]AA4959, 5007,
Ha, [N II]A6583, and [S 1I]AN6716, 6731, except VCC 1249-1 where the spectral range
did not extend redwards of 6700 A.
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Figure 3.15: VCC 0848-1: “Red” portion (5500 A to 7300 A) of spectrum; observed flux per
unit wavelength versus wavelength is shown. Top panel: Bright lines are labelled. Bottom panel:
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Chapter 4

Measurements and Analyses of

Spectra

Measurements and the analyses of spectra are presented in this chapter. The method
by which emission line fluxes are measured is explained in § 4.1. Methods to correct
flux ratios for underlying Balmer absorption and reddening are presented in § 4.2.
Flux and intensity ratios for H II regions in field dIs and Virgo dIs are listed in § 4.3
and § 4.4, respectively. Derived quantities will be discussed and presented in the next

chapter.

4.1 Measuring Line Fluxes

The method used to measure fluxes in emission lines is described here. Underlying
Balmer absorption arising from the stellar continuum is also discussed. At Hp, it
was possible to fit simultaneously the emission line and the underlying absorption to
obtain directly the equivalent width of each. The determination of upper limits to
undetected emission lines (e.g., [O IIT]A4363) is discussed also. Note that the helio-
centric velocities of Virgo dIs are generally > 250 km s~!, which shifts the [O III]A4363

line to longer wavelengths, away from contamination due to the Hg IA4358 sky line.
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Measurements of emission lines were obtained with INTENS software which was
developed by M. McCall and L. Mundy. The software is a non-interactive nonlinear
least-squares fitting program which can derive the properties of emission and/or ab-
sorption lines in one-dimensional spectra (flux versus wavelength) or two—dimensional
spectra (flux versus wavelength as a function of position in an image). All spectra
analyzed:in the present study were one-dimensional.

To measure line properties, especially fluxes, the user creates an input file contain-
ing information about the spectral data. The user specifies wavelength zones, where
each zone is defined by a lower and an upper wavelength limit. Within each zone, the
user can list up to five spectral lines to be simultaneously fitted. The software fits an
integrated Gaussian profile* to each spectral line and solves for the velocity, the full
width at half maximum, integrated flux, and equivalent width. The returned output
includes a text file, summarizing the results and their errors, and plots of fits and
residuals for the spectral lines in each wavelength zone. Fits were made to the follow-
ing emission lines:2 [O I1]A3727, Hy, [O II1}A4363 (when detected), HG, [O III]A4959,
[O TI1)A5007, [N II)A6548, Ha, [N II]A6583, and [S IT[]AN6716,6731.

The [O II1]A4363 line was detected in only two of the dIs in the Virgo sample, so
an upper limit to the flux was estimated for the remaining dwarfs. A two—sigma upper
limit to the [O IIT]A4363 flux was computed as the product 2.51Aw, where A is two
times the root-mean-square of the underlying counts in the continuum immediately
surrounding the [O III)\4363 line, w is the full width at half maximum of the line
obtained from a fit of the nearest strong line, and the numerical factor is the square

root of 2. Because of its close proximity, the width of Hy was adopted for the width

1An integrated Gaussian profile is a Gaussian profile which is discretely sampled by bins of width
equal to the width of each pixel.

2These lines are observed in most cases, but this is by no means a complete list; see VCC 0848-1
(Table 4.12) and VCC 15541 (Table 4.14).
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of [O I11)\4363. Where appropriate, two-sigma upper limits to [O III]A4363 are given
in Tables 4.12 to 4.15.

4.1.1 TUnderlying Balmer Absorption

McCall et al. (1985) found that stellar flux contributes most to the continuum in the
optical in the spectra of extragalactic H II regions. Underlying Balmer absorption
results in smaller Balmer line fluxes and can lead to underestimates of Balmer emission
equivalent widths®, overestimates of the reddening, and, because emission lines are
referenced to Hp3, overestimates of fluxes of forbidden lines relative to H3. Most
workers have reported in the literature a correction of about 2 A for the underlying
Balmer absorption (see McCall et al. 1985). Here, it was possible to make a direct
measurement of the underlying Balmer absorption.

Owing to sufficient spectral resolution and strong continua, a few of the spectra
exhibited obvious underlying Balmer absorption, especially at Hj (e.g., Figure 3.19).
Fits of emission and absorption profiles at HS allowed for a direct determination of
the equivalent width of the underlying Balmer absorption. A measurement of the Hp
equivalent width is applicable to any Balmer line, owing to the flatness of the Balmer
decrement in absorption.

Using INTENS, “emission-only” and “emission-plus-absorption” profiles were fit-
ted separately at H3. Emission and absorption profiles were both assumed to be
integrated Gaussians. Profile fits for the H II region VCC 1179-1 are illustrated in
Figure 4.1, where fits at HB, [O III[|A\4959, and [O IIT)A5007 are shown.

The effective equivalent width of the underlying absorption at Hf is obtained by

taking the difference of the emission equivalent width of the “emission-only” line fit

3An equivalent width of a spectral line, W (in A), is the width of the continuum containing the
same energy as the line.
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Figure 4.1: Line profile fits at HB, [O III]A4959, and [O III]A5007 for H II region VCC 1179-1:
observed flux (ergs s~! cm™2 A~!) versus wavelength (A). The dotted line connects consecutive
data points. The solid line is a fit to the lines and continuum. LEFT panel: A profile fit at HB
is obtained assuming that the line consists only of emission. The equivalent width of the emission
line profile is 1.61 + 0.23 A. RIGHT panel: An emission line profile and an absorption line profile
are simultaneously fit at HS. The equivalent widths of the emission line and the absorption line are
3.73 £ 0.21 A and 5.44 £ 0.42 A, respectively. Thus, the effective equivalent width of the underlying
absorption at Hf is 2.12 + 0.31 A, which is the difference between the emission equivalent width
derived from the “emission-only” fit and the emission equivalent width from the “emission-plus—
absorption” fit.
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and the emission equivalent width determined from the “emission plus absorption”
fit. Effective equivalent widths for underlying Balmer absorption at HB are given in

Table 4.1. From the values listed in column (5), the average equivalent width for

VCC dl EW at HB in EW of HB emission in EW of Total Absorption | Eff. EW of underlying
H II region emission only, simultaneous fit (A) at HB (A) absorption at HA,
W(HB)e (A) W (HB)an, (A)

(1) ) 3 (4) (5)

0848-1 33.69 % 0.57 ees ‘e e

0888-1 9.01 £ 0.33 10.40 £ 0.40 4.99 £ 0.94 1.38 4 0.52

0888-2 6.59 + 0.31 7.77 £ 0.37 4.61 & 0.95 1.19 £ 0.49

1114-1 47.0+ 5.9

1114-2 260 £ 130

1179-1 1.61 £0.23 3.73 £0.21 5.44 £ 0.42 2.12  0.31

1179-2 6.09 £ 0.28 7.80 £ 0.32 4.58 £ 0.58 1.72 £ 0.43

1179~3 13.79 £ 0.66

1179-4 16,0+ 1.9

1200-2 6.85 £ 0.43 9.52 £ 0.51 7.3+ 1.0 2.67 £ 0.66

1249-1 26.8 £ 5.9

1554-1 112.3 £ 6.8

1554-2 L2

1554-3 L2

1554-4 4.33 £ 0.33

1554-5 e

1585-1 66 £ 13

1789-1 6.18 £ 0.18 7.13 +£0.22 2.84 + 0.45 0.94 £ 0.29

2037-1 15.03 £ 0.38 16.27 £ 0.49 4.29 + 0.93 1.24 £ 0.62

2037-2 3.85 * 0.47 5.33 £ 0.67 4314 1.48 + 0.82

Table 4.1: Equivalent widths (EW) at HB for H II regions in Virgo dIs. Column (1) lists the H II
region. Column (2) lists the equivalent width of the fitted line profile in emission only at Hf (see
Figure 4.1). Column (3) lists the equivalent width of the Hf emission obtained from a simultaneous
fit of absorption and emission (Figure 4.1). Column (4) lists the total equivalent width of the
entire absorption profile from the simultaneous fit. Column (5) lists the effective equivalent width of
the underlying absorption affecting HB emission. This effective equivalent width is the difference of
column (2) and column (3). NOTE: ¢ Negative equivalent width, because the continuum is negative.

underlying absorption at Hf is
(W (Hp)abs) = 1.59 £ 0.56 A. (4.1)

The error listed is the standard deviation. This result is consistent with that obtained
by McCall et al. (1985), Diaz (1988), and Gonzélez-Delgado et al. (1999).
Column (4) in Table 4.1 lists the equivalent width of the entire absorption line

profile at HB. Results lie in the range between 3 to 7 A. These values are consistent
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with what is expected for OB associations with a normal initial mass function (McCall
et al. 1985; Jaschek and Jaschek 1995). They imply that the H II regions have ages
between 4 and 40 Myr (Gonzalez-Delgado et al. 1999).

4.2 Correcting Emission Line Data

Corrections and analyses were performed with SNAP (Spreadsheet Nebular Analysis
Package, Krawchuk et al. 1997). SNAP is an Excel module or add-in, where users can
enter into spreadsheets observed fluxes, equivalent widths, and their errors for each
spectral line in a given spectrum. Users can compute the reddening using a specified
reddening law, apply equivalent vﬁdth (underlying Balmer absorption) and reddening
corrections to flux ratios, compute electron temperatures and electron densities from
specified line ratios, and compute nebular (e.g., oxygen) abundances.

All observed Balmer flux ratios were first corrected for underlying Balmer absorp-
tion. An equivalent width of 2 A (McCall et al. 1985) for the underlying absorption
was adopted for spectra of H II regions in field dIs. For each spectrum of an H II
region in a Virgo dI where underlying Balmer absorption was directly measured, the
effective equivalent width (see Table 4.1) for the corresponding H II region was used
to compensate for underlying Balmer absorption. In the remaining spectra where un-
derlying Balmer absorption was ﬁot directly measured, the average equivalent width
from Equation (4.1) was used. For these spectra, the emission equivalent widths at
Hp exceeded 15 A. Using 2 A as the equivalent width for the underlying absorption
did not significantly alter the results?.

Next, flux ratios were corrected for reddening. A sketch of this method is shown

4A possible exception is VCC 15544 where W(Hp). ~ 4 A. However, the oxygen abundance for
VCC 1554 is adopted from the abundance derived from the [O III]A4363 detection in the spectrum
for VCC 1554-1, where W(HS). ~ 110 A.
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in Figure 4.2. A reddening, E(B — V), was computed from Balmer flux ratios using

Observed
F(H y)/F(HP)
or
F(H o)/ F(HB)

1 2 3
Initial - (.:°tr rec!:ad _ | Temperature
E(B-V) g '"rggz‘ Y > [O1] lines

ves | E(B-V)

different
?

lno
5

compute
(O/H)

Figure 4.2: Method to correct flux ratios for reddening. Step 1: an initial estimate of the reddening,
E(B -V), is computed from F(Hy)/F(HpB) or F(Ha)/F(Hp), assuming an electron temperature of
104 K, and assuming an electron density 100 cm™3. Step 2: flux ratios are corrected for reddening.
Step 3: an electron temperature is computed from [O III]A4363 and [O III]AA4959,5007. Step
4: another reddening value is computed with the “new” temperature. If the new reddening is
significantly different from the initial value in step 1, go back to step 2. Step 5: if the new reddening
is not significantly different, adopt the temperature from step 3 and compute the oxygen abundances
following the flow—chart in Figure 5.1.

10) . FQ)
'8 THg) = '°8 F(HB)

F()\)/F(HB) and I()\)/I(Hp) are the observed flux ratio and corrected intensity ratio,

+0.4E(B-V) [A()) — A (HB)]. (4.2)

respectively, at wavelength A. A;()) is the extinction in magnitudes for E(B —V) =
1, ie., A;(\) = A(N)/E(B - V), where A(}) is the monochromatic extinction in
magnitudes. Values of A; were obtained from the Cardelli et al. (1989) reddening

law as defined by a ratio of the total to selective extinction, Ry, equal to 3.07,
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which in the limit of zero reddening is the value for an AQV star (e.g., Vega) with
intrinsic colour (B — V)? = 0. For Ho~ and Hy-based reddenings, initially the ratios
I{(Ha)/I(HB) = 2.86 and I(H~)/I(HB) = 0.468 were adopted, respectively, which are
appropriate for typical conditions within H II regions (T, = 10? K and n, = 100 cm™3;
Osterbrock 1989).

To arrive at a final estimate of the reddening, an electron temperature was required
to obtain a new value of I(Ha)/I(HB) or I(Hv)/I(HB) (Figure 4.2). In most cases,
the electron density can be assumed to be n, = 100 cm™=3. In the three-level atom
approximation (see, e.g., McCall 1984), electron temperatures can be determined from
the forbidden and collisionally excited [O III]A4363 and [O IIT}JAN4959, 5007 lines with
the following equation (Osterbrock 1989)

I(JO TIT)A4959) + I([O TIT]A5007) _ 7.73 exp|(3.29 x 10%)/Ts]
I([O I11]A4363) 1445 x 102752

(4.3)

However, SNAP computes temperatures by directly solving the equations of statistical
equilibrium and determining the emissivities for collisionally excited lines using a
five-level atom approximation (see, e.g., DeRobertis et al. 1987). For oxygen, the Ot
and O*?2 ions have only five levels within a few electron volts of ground (Osterbrock
1989), which are accessible via collisional excitation. In the absence of [O II[]A\4363,
the electron temperature is assumed to be T, = 10* K.

The He, [N II|AN6548,6583, and [S I)]AN6716,6731 lines were not detected in
spectra of H II regions in field dIs, because the spectra acquired at Steward were
obtained at wavelengths between 3600 A and 5100 A. Because the density-dependent
line ratio, I([S I1]A6716)/I([S II]A6731), could not be formed, a value of n, = 100 cm™3
was adopted. In a number of spectra of H II regions in Virgo dIs where n, was de-
rived (see Chapter 5), using the derived electron density did not produce significant

differences, because line emissivities are not very sensitive to n, (Osterbrock 1989).
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After correcting line ratios for the initial estimate of the reddening, the tempera-
ture was estimated and a second value of the reddening was computed. It was found
that the reddening values did not change significantly from the first to the second
iteration. Also, the derived temperature in the second iteration was found to be
very similar to the value from the first iteration. Errors in the reddening returned
by SNAP were computed from the maximum and minimum values of the reddening
based upon approximate 2¢ errors in fits to emission lines from INTENS.

An Hvy-based reddening was used to correct spectra of H II regions in Holmberg II,
NGC 3109, and UGC 6456. Ho-based reddenings were used to correct spectra of
H II regions in IC 10, NGC 1560, and all Virgo dls; F(Hy)/F(Hp) was not used in a
number of spectra, because they exhibited severe absorption at H~.

In some cases, values for I([O III]A5007)/I([O III]A4959) were found to be lower
than the theoretical value by about 10%. To check the consistency of the compu-
tations, electron temperatures determined with J([O III]A5007)/I([O III]A4363) were
compared with those using I([O III}A4959)/I([O III}A4363). There were no signifi-
cant differences in electron temperatures obtained from either ratio. Errors in the
electron temperature were based upon the maximum and minimum values possible

given the errors in the [O III] emission lines.

4.3 Flux and Intensity Ratios: Field dIs

Observed and corrected line ratios for the five field dIs observed at Steward and at
San Pedro Mirtir are listed in Tables 4.2 to 4.10, respectively. The listed errors
for the observed emission-line flux ratios at each wavelength XA include the errors in
the fits to the line profiles, their surrounding continua, and the relative error in the

sensitivity function stated in Table 3.1. Errors for observed ratios do not include the
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error in the flux at the Hf reference line. No error was assumed for the correction for
underlying Balmer absorption. Note that the errors in the corrected intensity ratios
account both for errors in the flux at the specified wavelength A and flux at the HB

reference line.

4.3.1 Holmberg II

Observed flux (F') and corrected intensity (I) ratios are listed in Table 4.2. No
variations in T, were observed to within the computed errors. The reddening values
for Holmberg II were found to be small and consistent with zero. So, zero reddening
was adopted and the observed flux ratios were subsequently compensated only for

underlying Balmer absorption with equivalent width of 2 A.

4.3.2 IC 10

In addition to Steward data, long—slit spectra between 3450 A and 7450 A were
obtained with the 2.1-metre telescope at San Pedro Martir (SPM) in México on 1994
December 1 (UT). Because the sensitivity of the SPM data at blue wavelengths was
poor, these spectra were acquired specifically to measure Ha and HS. The increased
coverage provided a larger baseline in wavelength to allow for a truer estimation of
the reddening. The SPM spectra were reduced in a manner similar to the Steward
data. H II regions identified at SPM were matched with those identified at Steward,
so that the appropriate reddening corrections could be applied. The data obtained
at SPM are listed in Table 4.3. Derived reddenings for each H II region are listed in
Table 4.4 and are also listed in Table 5.2.

For Steward data, intensity ratios were derived from flux ratios by compensating
for underlying Balmer absorption with equivalent width of 2 A and for the reddening

derived for each H Il region from the SPM data. Observed flux and corrected intensity
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Ho II-1 Ho II-2 Ho II-3
Identification (A) F I F I F I
{O11] 3727 447 + 11 443 + 48 2569.3 £ 4.7 257 + 22 186.7 - 4.5 185 + 16
[Ne 11I] 3869 48.8 £4.8 48.3 +8.1 34.3 £2.6 340+44 29.5+ 2.6 292+ 4.1
He I + H8 3889 34.1 4.6 36.6 £ 8.0 26.4£2.5 28.8+4.9 25.1+£2.6 27.31+4.6
[Ne 1II) + He 3970 48.6 + 4.8 50.4 9.0 37.7+£26 39.11+£4.6 33.3+3.0 34.54+ 5.2
Hé 4101 4.4 £7.7 46 12 37.2+£3.7 389+6.2 34.8£3.3 36.5+ 5.7
H~ 4340 61.21+4.4 61.6 £9.3 584 £ 2.4 59.3 £ 6.1 57.1+2.4 58,2 % 6.0
[O 111} 4363 < 9.1 (20) < 6.8 (20) 8.3£1.9 8.24+2.3 9.0+ 2.0 8.9+24
Hp 4861 100.0 £ 4.5 100.0+ 6.3 100.0 £ 2.2 100.0 - 4.5 100.0 £ 2.1 100.0 4.4
[O 111] 4959 87.8+5.4 87+ 12 79.7 £ 4.8 79.0 £ 9.1 69.4+5.2 68.7 + 8.8
[O 111) 5007 260.2 + 6.6 258 £ 28 1929 +5.8 191+18 159.8 £ 6.1 168 + 15
Ho II-4 Ho II-5 Ho II-6
Identification (A) F I F I F I
[O 11) 3727 251.1%8.1 246 £ 25 1914 £ 2.6 188 £ 15 261.3 +3.2 257 4+ 20
[Ne III} 3869 26.7+£1.2 26226 23.2%1.9 228+ 3.0
He I + H8 3889 e ven 17.2+1.1 21.1 £ 2.7 21.0+1.9 243+ 3.8
[Ne III) + He 3970 18.7 £ 3.9 21.7 £6.5 21.9+1.6 25.2 4+ 3.3 21.5+£2.6 246+ 4.5
Hoé 4101 202138 22.7+6.2 24.3£1.5 274 £33 29.7+£2.2 32.2£4.2
H~y 4340 50.0£2.7 51.5+6.3 | 47.72:+0.94 | 49.8+4.1 43.8 24 45.6 £ 5.1
[O I11] 4363 <47(20) | <35(20) | 6.02+075 | 59+1.0 | <3.0(20) | <2.2(20)
He 14472 2.65 £ 0.91 26+1.0 41+£1.2 4.0+1.3
He 11 4686 e - 2.90+£0.59 | 2.85+0.71 eee .
Hp 4861 100.0 £ 3.2 100.0 £ 5.2 | 100.041.2 | 100.0:+4.0 | 100.0+1.2 | 100.0 +4.0
[O I11] 4959 41.9+3.3 41.1 £5.7 96.0 £ 2.2 94.14 7.7 72.7+1.8 72,5+ 6.0
{O 111] 5007 139.2+4.1 137 £ 14 269.5 £ 2.7 264 £ 21 213.5 + 2.2 211+ 16
Ho I1-7 Ho 1I-8 Ho I1-9
Identification (A) F I F I F I
[O 1K} 3727 239.2+2.1 235418 221.0+2.0 217 £ 17 144.8 £2.2 143 £12
[Ne I11) 3869 234+1.1 23.0+£23 22.5+1.2 22.1+23 18.9+1.1 18.6 £2.1
He I 4+ H8 3889 20.3+1.1 228 +£25 19.5+ 1.2 21.4+2.6 15.1+1.1 16.7 £2.2
[Ne III] + He 3970 222417 246433 224+1.5 242+ 3.0 17.54 4:0.70 19.14+1.9
Hé 4101 27.3+1.2 29.5 £ 3.0 255+ 1.1 27.542.7 | 21.56 = 0.73 23.2+2.2
H-~ 4340 473+ 14 48.8 £ 4.3 49.5 £ 1.2 50.8 £4.3 | 42.85+0.86 439+ 3.7
[O 111] 4363 3.2+1.1 32+£1.2 4.30 £0.92 42+1.1 5.69 % 0.69 5.61 +0.94
He I 4472 2.95 +0.90 29+1.0 3.43 £0.90 3.4+1.0 3.11+0.64 3.07 £ 0.77
Hp 4861 100.00 £ 0.91 | 100.0 £ 3.9 100.0+1.0 100.0 3.9 100.0 1.4 100.0 + 4.0
[O II1] 4959 73.7+1.2 72.5£5.7 75.0 £ 1.3 73.6+59 105.3 £ 3.9 103.9 £ 9.6
[O 111} 5007 215.1+ 1.5 211+ 16 217.6 £ 1.5 214+ 16 300.7 £ 4.8 297 + 24

Table 4.2: Observed and corrected line ratios for Holmberg II. Wavelengths are listed in A. F is the
observed flux ratio with respect to H3 = 100. I is the intensity ratio corrected only for underlying
Balmer absorption. The reddening was assumed to be zero. The errors in the observed line ratios
account for the errors in the fits to the line profiles, the surrounding continua, and the relative error
in the sensitivity function listed in Table 3.1; flux errors in the HJ reference line are not included
in the ratio relative to HB. Errors in the corrected line ratios account for errors in the specified line
and in the HB reference line.
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SPM 1C 10-1 IC 10-2 IC 10-3

Identification (A) F I F I F I

Hp 4861 100.0 +2.2 | 100.0+3.8 | 100.0+1.7 | 100.0£3.5 | 100.0£3.9 | 100.0+5.1

Ha 6563 628.0 4.0 286 + 20 620.0 34 286 +19 676.0 5.3 286 + 24

IC 10-4 IC 10-5

Identification (A) F I F I

Hp 4861 100.0+4.5 | 100.0+5.7 | 100.0+5.3 | 100.0 +6.3

Ho 6563 703.0 £ 7.7 286 £ 26 961.0 = 8.6 286 +£27

Table 4.3: Observed and corrected line ratios for IC 10 (SPM). Wavelengths are listed in A. F is
the observed flux ratio with respect to HB = 100 and I is the intensity ratio corrected for underlying
Balmer absorption of equivalent width of 2 A and for reddening.

| HII region | E(B —V) (mag) |
1C 10-1 +0.788 + 0.070
IC 10-2 +40.773 £ 0.067
IC 10-3 +0.862 £ 0.083
IC 10-4 +0.897 & 0.091
IC 10-5 +1.215 + 0.096

Table 4.4: Reddening values for IC 10 (SPM), which were derived from the values of F(Ha)/F(Hp)
listed in Table 4.3. These values are also listed in Table 5.2.
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ratios are listed in Table 4.5 for all H II regions. Errors in the corrected intensity
ratios account for errors in the flux at the specified wavelength A, errors at the Hp

reference line, and errors in the reddening values obtained from the SPM data.

4.3.3 NGC 1560

Because NGC 1560 is a known member of the IC 342/Maffei Group (Buta and McCall
1999), there is expected to be non-negligible foreground extinction along the line-
of-sight to NGC 1560. A second observing program was designed specifically to
measure Ho and Hp fluxes, because the Hy fluxes were found to be unusable. At
Steward (Table 3.1), the long slit was placed on the northeast and southwest regions
of the galaxy for a selection of H 1 regions which are not the ones observed at blue
wavelengths. The data are listed in Table 4.6. Reddening values were derived from
F(Ho)/F(HB), and are listed in Table 4.7. An average reddening of E(B — V) =
+0.36 mag was computed from the H II regions 1 NE, 1 SW, 2 SW, 3 SW, and 6 SW.
This value was adopted to correct line ratios for H II regions observed in the blue.
Observed flux and corrected intensity ratios are listed in Table 4.8. Flux ratios
for the two H II region spectra NGC 1560-1 and NGC 1560-2 are in good agreement
with those extracted independently by M. G. Richer (personal communication) from

the same Steward data.

4.3.4 NGC 3109

Observed flux and corrected intensity ratios are listed in Table 4.9. The reddening
values were found to be near zero, which is consistent with the small value listed in
NED. Zero reddening was adopted and the observed flux ratios were subsequently

compensated only for underlying Balmer absorption with equivalent width of 2 A
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Steward IC 10-1 IC 10-2 I1C 10-3
Identification (A) F I F I F I
[O 11] 3727 68.5+1.1 198 £ 30 61.9+1.3 175 £ 26 98.7+2.6 312 £ 56
[Ne II1} 3869 12.28+0.70 | 29.6 £5.0 12.64 +0.69 | 30.0+4.9 128 +1.9 33.2+£9.0
He I + H8 3889 8.64 £ 0.67 25.8 5.2 9.36 £ 0.66 26.5 £ 5.0 7.5+1.5 27+ 11
[Ne III] + He 3970 | 10.99£0.63 | 28.41+4.8 11.21 £ 0.67 | 28.1 4.7 106 £ 1.2 31.1+80
Hé 4101 15.32£0.49 | 32.61+4.2 1549+ 0.49 | 32.3+4.0 15,5 +1.2 35.8£6.7
H~y 4340 34.18+0.40 | 53.5+4.8 35.28 041 | 54.5:+4.7 | 29.36 = 0.83 489+ 54
[O 111] 4363 1.65+£0.32 | 2.37+0.60 1.53+0.33 | 2.200.60 | 2.77+£0.73 41+1.4
He I 4472 3.48 £0.31 4.55 = 0.66 3.46+0.32 | 4.52+0.66 | 3.71+0.71 49+1.3
He II 4686 1.44 +0.53 1.60 £ 0.65
Hp 4861 100.0 1.3 100.0 £ 5.4 100.0 £1.3 100.0 £ 5.2 100.0 £ 1.7 100.0 £ 5.8
{O 111] 4959 134.5 % 5.9 123.4 £ 8.6 136.7 £ 5.7 126.9 £ 8.6 127.7 £6.3 115.3 £ 8.8
[O I11) 5007 404.8 £ 7.4 360 £ 17 409.1 £ 7.2 366 £17 3916 +7.9 342 417
IC 10-4 IC 10-5
Identification (A) F I F I
(O 1] 3727 154.2 £ 2.9 517 £ 98 105.0 £ 6.2 550 &+ 130
[Ne I1} 3869 . ’
Hel + H8 3889 9.2+1.5 29.4+9.8
[Ne III] + He 3970 12621 34111 12.3£2.8 4 +17
Hé 4101 109+£1.3 26.51+6.8 204+ 2.6 56 %= 15
H~y 4340 32.0+1.3 52.9+6.9 29.0 £ 2.6 55411
[O 111] 4363 <16 (20) | <25(20) | <48 (20) | <8.7(20)
He I 4472 2.04 3 0.60 28+1.0
He II 4686
HpJ 4861 100.0 £ 2.5 100.0£ 7.0 100.0 £ 3.6 100.0 £ 9.0
[O II1] 4959 63.3 £4.3 57.6 £5.7 102.9 9.2 92+ 12
[O 11I) 5007 194.8 £ 5.4 171 £ 10 326.1 £11.8 278 £ 21

Table 4.5: Observed and corrected line ratios for IC 10 (Steward). Wavelengths are listed in A. F
is the observed flux with respect to H8 = 100 and I is the intensity ratio corrected for underlying
Balmer absorption and reddening. Reddenings derived from F(Ho)/F(HpB) values obtained at SPM
are listed in Table 4.4. The errors in the observed line ratios account for the errors in the fits to
the line profiles and surrounding continua, and the relative error in the sensitivity function stated
in Table 3.1; flux errors in the HA reference line are not included in the ratio relative to H3. Errors
in the corrected line ratios account for flux errors in the specified line and in the reference line, and
errors in the reddening.
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NGC 1560-1 NE NGC 1560-2 NE
Identification (A) F I F I
HB 4861 100.04+6.3 | 100414 | 10021 100 + 47
Ho 6563 396+14 | 28644 | 18310 | 28686
NGC 1560-1 SW NGC 1560-2 SW NGC 1560-3 SW
Identification (A) F I I3 I F I
Hp 4861 100.0+8.3 | 10020 | 100.0+8.2 | 10019 | 100.0+8.5 | 100420
Ha 6563 523+15 | 28639 | 46515 | 286+40 | 39717 | 286:+43 |
NGC 1560-6 SW NGC 1560-7 SW
Identification (A) F I F I
Hp 4861 100.0+7.9 | 10018 | 100 34 100 + 92
Ho 6563 445+13 | 286+36 | 556415 | 2864 155

Table 4.6: Observed and corrected line ratios for NGC 1560 (red spectra, Steward). Wavelengths
are listed in A. Two H II regions (1-2 NE) were detected when the long slit was placed in the north-
east region of the galaxy. The observed value of F(Ha)/F(Hp) for NGC 1560-2 NE is anomalously
low; a reddening was not computed for this spectrum. Five H II regions (1-3, 6, and 7 SW) were
detected when the long slit was placed in the southwest region of the galaxy.

[ H II region | E(B -YV) (mag)J
NGC 1560-1 NE +0.33 £0.15
NGC 1560-2 NE 1

NGC 1560-1 SW +0.48 +:0.14
NGC 1560-2 SW +0.38 £ 0.14
NGC 1560-3 SW +0.24 +0.15
NGC 1560-6 SW +0.38 £0.13
NGC 1560-7 SW +40.56 + 0.51

Table 4.7: Reddening values for NGC 1560 from red spectra at Steward. These were derived
from F(Ha)/F(HB) data listed in Table 4.6. NOTE: * Reddening was not computed, because
F(Ha)/F(HB) was anomalously low.
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NGC 1560-1 NGC 1560-2 NGC 1560-3
Identification (A) F I F I F I
{O 11} 3727 154.3 £ 6.7 254 £ 22 224.7+4.8 359 + 23 209 + 20 338 £ 56
(Ne III] 3869 8.943.8 13.5+6.2 13.0£2.1 19.213.8 31.8+7.2 48 & 14
Hel + HS8 3889 19.2+2.4 31.6+5.6
[Ne IIT) + He 3970 122427 17.0+5.2 10.7+ 1.8 18.8 £ 4.5 ces e
Hé 4101 31.4+49 40.9+8.4 21.0 £ 1.7 30.8 £4.0 26.2+ 5.6 38 +12
Hvy 4340 40.7+ 2.1 48.5+4.6 439+ 1.5 54.4+4.3 50.0 £ 5.0 61+ 11
[0 111} 4363 <28(20) | <3.4(20) | <28(20) | <33 (20) | <11.5(20) | <13.6 (20)
He I 4472 4.02 £0.75 45+1.0
He II 4686
Hp 4861 100.0 + 2.6 100.0 £+ 3.6 | 100.0+2.4 | 100.0+3.4 | 100.0£5.6 100.0 + 7.0
[O I11] 4959 124.6 : 4.7 122.3+9.8 | 81.8+5.2 78.1£8.0 150 £ 11 145 £ 21
[O 111} 5007 324.8+5.8 315+20 238.1 £ 6.6 224 £ 16 426 + 14 407 + 44
NGC 15604 NGC 1560-5 NGC 1560-6
Identification (A) F I F I F 1
[O 11} 3727 220+ 18 363 +49 254 + 18 423 £ 56 295 + 37 385+ 91
[Ne 111) 3869 19.8 %+ 6.9 30 £12 ... .
He I 4+ H8 3889 38.7+5.9 58+ 13
[Ne III) + He 3970 23.24+5.3 33.9+9.0 27.8 6.7 39+13
H§ 4101 34.8 6.1 46 £ 11 29.3 £5.7 38+10
Hvy 4340 52.1+3.9 61.3:84 445+4.1 51.6 £ 8.4
[0 111} 4363 <6.7(20) | <81 (20) | <4.4(20) | <5.3(20)
Hp 4861 100.0 £ 4.5 100.0 £5.3 | 100.0:£5.2 | 100.0+£6.0 | 100.0x£8.5 100 £ 11
[O I1I] 4959 110.5 £ 8.2 109 + 14 58.5+4.9 58.3 £8.5 40.3+6.8 31.4+8.7
[O 111} 5007 318411 31029 175.8 £ 6.2 173 £ 18 130.1+9.4 100 £ 18
NGC 1560-7
Identification (A) F I
[0 11} 3727 182.1:+67.2 | 2404140
HpB 4861 100.0 £ 16.2 100 £ 20
{O I1I] 4959 37.1+£17.7 29 + 20
[O 111] 5007 214.02+£23.2 | 163 £52

Table 4.8: Observed and corrected line ratios for NGC 1560 (blue spectra). Wavelengths are listed
in A. F is the observed flux ratio with respect to HB = 100 and I is the intensity ratio corrected
for underlying Balmer absorption and constant reddening (E(B — V') = +0.36 mag) derived from
red spectra (Tables 4.6 and 4.7). The errors in the observed line ratios account for the errors in the
fits to the line profiles and surrounding continua, and the relative error in the sensitivity function
listed in Table 3.1; flux errors in the HA reference line are not included in the ratio relative to HpA.
However, errors in the corrected line ratios account for flux errors in both the specified line and in
the reference line.
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NGC 3109-1 NGC 3109-2
Identification (A) F I F I
fo 11} 3727 418+77 | 420+200 | 38511 380 + 43
[Ne I1I] 3869
He I + HB8 3889
{Ne III] + He 3970
H§ 4101
Hey 4340 423+56 45+ 10
{O II1j 4363
Hp 4861 100 + 26 100£56 | 100.0£52 | 10014
[O 111} 4959 41423 41+ 36
[0 111) 5007 202+ 30 204+90 | 242146 | 23.9+6.2
NGC 3109-3 NGC 3109-4
Identification (A) F I F I
[o 11] 3727 227.5+6.2 | 220420 | 304.8+7.4 | 28326
[Ne I11] 3869 109+21 | 10525
Hel+ H83889 | 16.5+28 | 21.1+5.6
[Ne III] + He 3970 | 16.743.2 | 20.9+6.1 e v
HS 4101 209436 | 25.0£6.4 | 17.3+£27 | 27.1£76
Hey 4340 45.3+24 | 47.7+£55 | 411432 | 474%71
(O 111} 4363 57+20 55+22 | <6.5(20) | <6.0(20)
HJ 4861 100.0 4+ 2.2 | 100.0+8.8 | 100.0 2.5 | 100.0 9.4
[O 111} 4959 105.7+3.3 | 102.3£9.5 | 100.6+3.4 | 93.3£9.1
{O 111) 5007 3134+4.1 | 303+25 | 280.644.1 | 260423

Table 4.9: Observed and corrected line ratios for NGC 3109. Wavelengths are listed in A. F is
the observed flux ratio with respect to HA = 100 and I is the intensity ratio corrected only for
underlying Balmer absorption. The reddening was assumed to be zero. The errors in the observed
lines account only for the errors in the fits to the line profiles and surrounding continua, and the
relative error in the sensitivity function (Table 3.1). Flux errors in the HJ reference line are not
included in the ratio relative to HB. However, errors in the corrected line ratios account for flux
errors in both the specified line and in the reference line.
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4.3.5 UGC 6456

Observed flux and corrected intensity ratios are listed in Table 4.10. Values of the
reddening derived from the F(Hvy)/F(HpB) ratio were consistent with zero. Zero
reddening was adopted and the observed flux ratios were subsequently compensated

only for underlying Balmer absorption with equivalent width of 2 A.

UGC 6456-1 UGC 6456-2
Identification (A) F I F I

(O 1) 3727 136.8 £6.1 133116 116.24+1.9 | 114.6 +9.2
[Ne III} 3869 12.5%£2.5 12.1 £3.2 25.7+1.2 25.3 2.5
He I + H8 3889 12.9+ 2.5 18.0+5.9 164 +1.1 18.5 + 2.3
(Ne III] + He 3970 ves N 19.9+1.0 220124
Hé 4101 21.7+£ 3.0 25.8 £6.0 26.0 £ 1.1 27.9:+29

Hvy 4340 46.2 £ 2.7 48.5 £ 6.6 50.2+1.4 51.3 4.6

[O 111) 4363 8.6+22 8.3+2.7 83%+1.1 8.2+1.5

He I 4472 e . 4.41 +0.89 44+1.1
He II 4686 e e 1.54 £0.58 | 1.52 £ 0.61
Hp 4861 100.0 4.3 | 100.0%+6.0 | 100.0£1.2 | 100.0 + 4.0
[O 111} 4959 87.9+ 3.3 85.3+9.7 112.0+£3.5 | 110.54+9.8

[0 III] 5007 237.3+4.1 231423 308.5+4.4 304 =24

Table 4.10: Observed and corrected line ratios for UGC 6456. Wavelengths are listed in A. F is
the observed flux ratio with respect to HB. I is the intensity ratio corrected for underlying Balmer
absorption. The reddening was assumed to be zero. The errors in the observed flux ratios account
for the errors in the fits to the line profiles, the surrounding continua, and the relative error in
the sensitivity function (Table 3.1). Flux errors in the HJ reference line are not included in the
ratio relative to HB. However, errors in the corrected line ratios account for flux errors in both the
specified line and in the reference line.

4.3.6 DDO 187

The fluxes reported by van Zee et al. (1997) are reanalyzed. Zero reddening was
assumed and the observed flux ratios were corrected for underlying Balmer absorp-
tion with equivalent width of 2 A. Observed and corrected line ratios are listed in

Table 4.11.
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DDO 187-1 DDO 187-2
Identification (A) F I F I
[O 1) 3727 180 £ 8.4 175.2 £ 84 256 £ 15 237+15
[Ne 111} 3869 275+14 | 26.8+1.4 .
H~y 4340 443+ 1.8 44.3+1.8 35.3+2.7 35.3 2.7
[O 111] 4363 27406 | 2.6=+06
Hp 4861 100.0 £ 3.7 | 100.0£3.7 | 100.0 =4.8 | 100.0 £ 4.8
[O I11] 4959 64.5 24 62.8 24 16.6 £ 2.3 154 +2.3
{O IH1) 5007 187.8 £6.8 | 182.8+6.8 4743 43+3
Ha 6563 274 £13 274 £13 270 £ 16 270 £ 16
[N II] 6583 43+04 4.2+04 5.7+£0.7 5.3+0.7
He I 6678 1.9+03 1.940.3
(S 11) 6716 78.0 0.5 75.9+£0.5 1524 1.1 14.1+1.1
[S 1] 6731 63.0 £ 0.4 61.3+0.4 11.6 £0.9 10.7 £0.9
He I 7065 1.6 £0.3 1.6+£0.3
[Ar IIT) 7136 3.2+£03 3.11+03

Table 4.11: Observed and corrected line ratios for DDO 187. Wavelengths are listed in A. F is
the observed flux ratio with respect to H3 = 100 (van Zee et al. 1997) and I is the intensity ratio
corrected for underlying Balmer absorption. The reddening was assumed to be zero.

4.4 Flux and Intensity Ratios: Virgo dIs

For the sample of Virgo dls, observed flux and corrected intensity ratios are listed in
Tables 4.12 to 4.15 inclusive. In a number of cases, the adopted reddening was zero.
Errors for the observed flux ratios account for the errors in the fits to the line profiles,
their surrounding continuua, and the relative error in the sensitivity function listed
in Table 3.8. Errors for the observed ratios do not include the error in the flux for
the HP reference line. Errors in the corrected intensity ratios account for errors in
the flux at the specified wavelength A, errors at the HS reference line, and errors in
the reddening values (where nonzero).

The temperature-sensitive [O IIT]A4363 emission line was detected in the spec-
tra for H II regions VCC 0848-1 and VCC 1554-1. Because these spectra were of
good quality, the following weak lines were also detected: [N IJA5198, [N II]A5755,5

5As an “auroral” transition, the [N II]A5755 emission line is analogous to the [0 II[]A4363 line,
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[O 1)A6300, [S II1]A6312, [O I)A6364, He IA6678, and [Ar III]A7136. Upper limits to
[O I11]\4363 were determined for the remaining Virgo dIs. Weak lines were also
observed in VCC 0888 ([Ar III]A7136), VCC 1179 (He IN6678, [Ar III]A7136), and
VCC 2037 ([O I]A6300, He 1X6678, [Ar ITI]A7136).

but is weak in most H II regions. It can be used to derive the electron temperature in the O+, N*
zone of an H II region. (Osterbrock 1989).
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VCC 0512-3 VCC 0512-4 VCC 0848-1
Identification (A) F I F I F I
{O 11} 3727 263 £ 76 257 98 458 =+ 131 430 £ 190 252+1.2 254 + 33
{Ne II1] 3869 31.84+23 | 31.7+£5.2

Hd 4101 158+ 1.3 23.0+£4.5

Hy 4340 89+13 86 £ 22 36+ 14 43 +£30 42.23+0.88 | 472+5.6
[0 4363 | < 25.2 (20) | < 24.7 (20) 471£0.70 | 4.6+1.0

He I 4472 e cee . ves 2771045 | 2.6610.61

Hp 4861 100.0 6.5 | 100.0:£8.6 100 £ 13 100 £ 15 100+ 1.2 100.0 £ 5.1
[O 111} 4959 1793+ 7.4 175 & 26 9313 87 £ 26 1249+1.2 117+ 12
[O 11} 5007 | 528.4£9.2 | 517472 20815 193448 | 3745+15 | 35234

[N 1] 5198 1.73+£0.42 | 1.610.47
He I 5876 11.81+0.98 | 10.8+1.4
(O 1) 6300 7.26 £0.93 6.6k1.1
(S I11] 6312 3.20+0.75 | 2.98+£0.79
[O 1] 6364 s cos 2.2940.73 | 2.07+0.74
[N II] 6548 23+4.1 23+4.3 e e 7.51+2.0 6.7+2.0
Ha 6563 265.1 5.2 260 + 37 270 4 12 255 + 58 314.3£25 286 4 23
[N I1] 6583 62142 6.1+4.6 24.1+9.1 22+ 12 20.8 £ 2.0 18.7+ 2.6
He 1 6678 cee cee 2.95+0.39 | 2.653:045
(S 11] 6716 33.1+3.8 324+6.8 34.13:0.46 | 30.7+24
(S I1] 6731 24.5+3.7 23.9+5.9 24.11+044 | 21.6£1.7
He I 7065 2.46+0.43 | 2.20 £ 0.46
{Ar III) 7136 7.651+0.52 | 6.83+0.74
VCC 0888-1 VCC 08882 VCC 1114-1
Identification (A) F [ I F | 1 F I
[O11) 3727 382+21 390 £ 120 427 + 22 470 £ 170 419 98 400 £ 130

Hy 4340 30.1+44 46 £ 16 27.0+3.3 50 %18 4510 49+ 18
{0 111) 4363 < 5.36 (20) | < 4.76 (20) | < 4.70 (20) | < 4.12 (20)

Hp 4861 1000+ 6.5 | 100.0£7.3 | 100.0%8.1 100.0 £ 9.6 1000+7.4 | 100.0£9.5
[O 111} 4959 46.5 £ 4.2 37.5+5.8 89.3 £6.5 67+ 11 20.6 £ 5.9 19.8 7.7
(O 111] 5007 138.4+ 8.0 111 %13 287 + 15 213 £+ 28 91.2%8.0 87 £ 17
[N I1] 6548 129+ 4.0 9.0:23 11.0£5.7 6.5 £ 3.0 154 £4.8 14.8 £ 6.1

Ha 6563 396 + 20 286 =+ 36 467 =24 286 43 2914 £6.0 278 £ 42
[N II] 6583 52.9 £4.7 36.6 = 4.6 56.7+6.3 33.3 k5.0 41.3+4.9 39.6 8.9
(S 11] 6716 78.3%5.0 53.74+3.8 90.3 5.2 52.2£3.1 38.245.4 36.71+9.0
[ 11] 6731 59.5+4.2 40.8 = 3.0 64.2 +4.0 37.1+£26 27.8+5.1 26.7 7.7

[Ar I11] 7136 153+£37 | 85%21

Table 4.12: Observed and corrected line ratios for H II regions in Virgo dIs (1). Wavelengths are
listed in A. F is the observed flux ratio with respect to H8 = 100. I is the intensity ratio corrected
for underlying Balmer absorption and reddening. The errors in the observed line ratios account for
the errors in the fits to the line profiles, their surrounding continua, and the relative error in the
sensitivity function (Table 3.8). Errors in the flux of the observed Hp reference line are not included
in the ratio relative to HB. However, errors in the corrected line ratios account for flux errors in

both the specified line and in the reference line, and errors in the reddening where nonzero.
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VCC 1114-2 VCC 1179-1 VCC 1179-2
Identification (A) F I F I F [ I
[0 11) 3727 304+63 | 302+92 690 £ 65 | 530400 | 50632 | 500170
[Ne III] 3869 ... e 110 + 43 77+ 78 36412 34420
Hey 4340 337481 | 36+13 s ..
[O 111} 4363 < 4.2 (20) | < 3.5 (20)
Hp 4861 1000+7.3 | 1000+£9.3 | 10014 | 100£22 | 100.0+6.9 | 100.0 & 8.0
[O 111] 4959 .. e 153 + 16 6921 | 70.6+56 | 52.2+7.7
[0 111) 5007 290+63 | 28.8+9.1 | 468+30 | 20752 | 207+12 152 & 19
[N 1] 6548 95+51 | 9.4+6.0 35410 | 11.1+£2.7 | 17.3+29 | 108+12
Ho 6563 2482+ 6.3 | 247+£37 | 804+46 | 28681 | 438+25 286 + 39
[N I1) 6583 31.4£51 | 31.2+82 | 105+12 | 33.5+83 | 67.0+£4.6 | 41658
He I 6678 5.5+ 2.1 3.4+05
[S 11} 6716 472+45 | 469+94 | 136.0+9.4 | 43+11 | 98.5+6.0 | 60.6+85
S 1] 6731 31.8+42 | 31.5+74 | 105880 | 33.2+83 | 664+43 | 40.8%57
[Ar I11) 7136 3810 | 114+£28 | 12.7+35 | 7.6+23
VCC 1179-3 VCC 1179-4 VCC 1200-1 @
Identification (A) F I F I F I
(0 11} 3727 254 + 18 204 + 71 334 +£25 | 330170 | 114.1£8.0
[Ne II1] 3869 38.7+£94 | 31+15 13413 13+19
H~y 4340 47.1£57 | 52+£15 | 30.9+77 | 3822
[O 111) 4363 <77(20) | <65(20) | <14(20) | <13 (20)
Hp 4861 100.0£7.1 | 1000+77 | 100+12 | 100+13
[O 111] 4959 1163+81 | 102414 | 70.7+9.0 | 62%15 Ve
{O 111} 5007 335+ 19 295 =+ 35 245417 | 216438 | 155+28
[N 1I] 6548 92453 | 86+45 | 97+92 | 80%7.1 e
He 6563 299 + 18 286 = 39 337422 | 28657 100 & 4
[N II] 6583 154+54 | 143+42 | 37.3+9.5 | 309+58 | 8.2+3.2
(S 11] 6716 286+46 | 267+£24 | 47.4+78 | 39.0+3.4 | 326£29
[S 11) 6731 141+36 | 13.2+£24 | 28.7+6.3 | 23.6+3.3 | 26.4+£28
[Ar 1] 7136 127448 | 120+35 | 350%8.7 | 28.5+4.1

Table 4.13: Observed and corrected line ratios for H II regions in Virgo dIs (2). NOTE: ¢
VCC 1200-1: HB and [O III}A4959 lines were not detected. Observed line ratios are given with
respect to Ha, where F(Ha) = (1.16 £ 0.05) x 10~!® ergs s~! em~2. Corrected ratios are not
computed.
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VCC 1200-2 VCC 1249-1 ¢ VCC 1554-1
Identification (A) F I F I F I
(O 11] 3727 298 +16 246 - 33 693 £ 166 645 £ 197 474.01+6.8 440 + 100
[Ne III] 3869 19.0 1.3 17.9+4.3
He II 4026 2.05+0.68 | 1.95+0.92
H¢ 4101 22.82+£0.74 | 24.6 4.5
H~ 4340 478+ 1.1 48.8 £ 7.2
[O 11I] 4363 1.54+0.86 | 1.48 4 0.98
He I 4472 cen . ces vee 2.94 +0.48 | 2.85+0.72
Hp 4861 100.0+ 7.1 | 100.0 £8.0 100 £ 17 10019 100.0+ 2.0 | 100.0 4.8
He I 4922 0.83£0.25 | 0.81 £0.29
[O 111] 4959 38.0+3.6 31.4+5.5 84 £17 79 £ 22 78.4+3.2 77.2+7.7
[O I11] 5007 111.6 £ 6.5 92+ 13 130 + 22 121 +31 230.8 £ 4.0 228 +19
[N 1} 5197 1.57+£0.24 | 1.56 +0.29
[N I1] 5755 0.52+0.17 | 0.53 +£0.17
He 1 5876 13.8+3.9 11.4+4.2 12.423+0.30 | 12.5+4.2
[0 1] 6300 444 +0.28 | 4.50+0.19
(S 1) 6312 1.12+0.22 | 1.13+£0.19
{0 1) 6364 N e 1.78 + 0.22 1.81 £ 0.17
[N 11] 6548 54+34 44431 ces e 6.4+ 2.6 6.5+2.3
Ha 6563 287 + 15 247+ 33 289 £+ 16 270 & 54 279.9 £ 3.2 286 + 26
[N 11) 6583 222+3.5 18.3+4.4 13 +£13 12+12 21.1+26 21.5+1.8
He I 6678 vee . 2.96 +0.39 | 3.02+0.27
[ 1) 6716 57.0%4.3 471474 25.64 £0.42 | 26.2+0.1
[s 11) 6731 39.56+£3.7 32.6 5.7 17.61 £ 0.41 18.0 - 0.4
He I 7065 1.69 + 0.25 1.74 +0.16
[Ar 111] 7136 4674032 | 4.80+08
VCC 1554-2 VCC 1554-3 VCC 15544
Identification (A) F I F I F I
[O 1] 3727 330+ 18 400 £ 110 283+ 24 272+ 87 595 + 39 600 + 260
[Ne III] 3869 ves e 38.3+9.6 37+17
Hé 4101 46.21+6.2 43+ 14 39.9+5.6 35+11
He~y 4340 57.2+5.1 54 £ 12 62.2+53 58 + 13 21.1+8.1 73+ 77
[O 111} 4363 <9.8(20) | <11(20) | <13(20) | < 13(20) < 11 (20) < 8.5 (20)
Hp 4861 100.0+3.2 | 100.0+£5.7 | 100.0+4.5 { 100.0+6.5 100.0 £ 7.6 100 + 11
[O 111] 4959 57.8+4.1 61.9 4 8.1 7724134 80.9+9.5 145.5 £ 8.5 97 + 17
[O 111] 5007 178.7+ 5.0 191 +18 241.3+43 254 + 25 399410 264 + 38
He I 5876 10.7£1.7 109+ 1.6 12.1 £ 1.9 13.1£2.0 244134 13.7+2.0
[N II] 6548 10.2+3.3 10.2+2.9 4828 5.3+2.9 22.2+8.7 114+ 4.0
Ha 6563 293.5 + 4.2 286 + 32 262.8 £ 3.5 286 + 30 531411 286 + 61
[N 11} 6583 29.6+3.4 29.3+2.2 12.0+£2.8 13.3+£2.5 55.0 + 8.8 28.24+3.2
He I 6678 54+1.3 54+1.0
[S 11] 6716 214+1.5 21,1+ 0.6 458+ 7.9 509+ 6.4 92.5+4.3 46.7 £ 0.2
[S 11] 6731 18.1+1.4 17940.7 5.8 £8.0 6.2+8.5 67.8 +4.0 342405

Table 4.14: Observed and corrected line ratios for H II regions in Virgo dIs (3). NOTE: * The
H II region, VCC 1249-1, is also labelled LR1 (Chapter 6; Lee et al. 2000).
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VCC 1554-5 VCC 1554-6 ¢ | VCC 1554-7 ¢ VCC 1585-1
Identification (A) F I F F F | I
[0 11) 3727 455+ 44 | 420170 481 +29 258 + 40 338 +£28 | 370190
Hey 4340 49.9 + 6.5 43+ 14 ... 53.3+7.8 | 59+23
[0 111} 4363 <16 (26) | < 16 (20) <16 (20) | < 17 (20)
Hp 4861 100.0 £ 7.3 | 100.0 £9.2 100 & 12 100 + 18 100.0£9.6 | 10012
[O 111 4959 426+46 | 46.9+£9.3 23 +13 e 506+84 | 49+14
(O 111] 5007 150.2+£59 | 166+22 126 + 17 ... 120.849.9 [ 116 =23
[N 11] 6548 76+39 | 9.3+44 e 85+ 18 24 +13 22 + 10
Ha 6563 2402+49 | 28636 . 451 +22 324+16 | 28660
[N 11) 6583 178439 | 21.8+38 ... 235 + 20 34+13 | 20.8+93
[S 11] 6716 414431 | 51015 43.4+8.4 | 38.1%£45
S 11] 6731 26.5+£28 | 32.7+19 . . 57.3+8.8 | 50.2+4.0
VCC 1789-1 VCC 2037-1 VCC 2037-2
Identification (A) F I F I F I
(o 11) 3727 404+23 | 490£210 403 + 23 430 + 140 492 +41 | 450 320
[Ne I1I) 3869 e ... 31.4+5.2 33+13
Hey 4340 30.5 £ 4.7 43+22 37.1+3.6 50 + 13
[O II1] 4363 <9.3(20) | <9.1(20) < 5.1 (20) < 4.8 (20)
Hp 4861 100.0 £6.4 | 100£11 100.0 + 6.3 100.0 6.7 100+15 | 100 £19
[O 111) 4959 48.8+3.7 | 41.7+7.2 89.6 +5.3 77.9+9.0 89 £ 12 59 + 18
[0 111] 5007 1455 +86 | 123+18 257 & 14 222 + 24 213+18 | 140+34
He I 5876 .. .. 5.9+2.5 4.7+19
(O 1] 6300 11.5+3.1 8.9+2.0
[N 1I] 6548 16.2+4.7 | 11.2+25 9.244.0 7.0+£26 ... ...

He 6563 402 + 23 288 + 32 366 + 21 286 + 21 487 +31 | 28656
[N 1] 6583 56.4+ 55 | 38.9:+3.8 30.0 £4.3 22.8+1.8 62+13 | 34.0£4.0
He I 6678 49+1.7 3.7+1.3
[S 1) 6716 82.9+55 | 56.6+5.4 69.2:+4.3 52.2 + 0.6 135+13 | 73.2+0.3
[S 1] 6731 60.4+4.5 | 41.1+3.1 48.7+33 36.8+£0.2 93+12 | 50011

[Ar I11) 7136 .. .. 1.2+ 19 8.3+ 0.6

Table 4.15: Observed and corrected line ratios for HII regions in Virgo dIs (4).
NOTE: ¢ VCC 15546 and VCC 1554-7: The recession velocity of emission lines for each object is
(ve)/c = +0.0933, which makes these two objects galaxies in the background of the Virgo Cluster.
Corrected ratios are not computed, and their measurements are not included in the subsequent
analysis.
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Chapter 5

Deriving Nebular Abundances

In this chapter, the procedures for deriving oxygen abundances are presented. The
direct method of computing oxygen abundances (from [O IIT}A4363) is discussed in
§ 5.1. The bright-line method of deriving oxygen abundances (in the absence of
[O I11)A4363) is discussed in § 5.2. The method by which the abundance of nitrogen
relative to oxygen is obtained is stated in § 5.3. Derived properties of field and Virgo

dIs are presented in § 5.4 and 5.5, respectively.

5.1 Direct ([O IIT]\4363) Oxygen Abundances

The direct (or standard) method of obtaining oxygen abundances from emission lines
is applicable to any object where [O IIT[]A4363 is detectable and for which the doubly
ionized O*2 ion is the dominant form of oxygen (Osterbrock 1989). The standard
method is summarized by the flow—chart in Figure 5.1, which is adopted from Diner-
stein (1990). This method applies only when [O IIT]A4363 is detected. Computations
are performed with SNAP (see § 4.2) in the five-level atom approximation (DeRober-
tis et al. 1987).

Given a temperature and a density, an oxygen abundance is determined from
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Figure 5.1: Standard method to derive nebular abundances for dIs from the spectra of HII
regions. Reddening corrections are derived from F(He)/F(HpB) or F(Hy)/F(Hp) and are computed
as described in Figure 4.2. The electron density, n., is usually adopted to be 100 cm™3. This figure

is adapted from Dinerstein (1990).
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strong emission arising from singly- and doubly-ionized oxygen. At temperature T,

the relative abundances of singly— and doubly—-ionized oxygen by number are

N(O+) _ I([O H]’\3727) 7(HB; ne, Te)

N@E ~  IHA) (0TS n T (5:1)
N(O*2) IO IT1]A5007) §(HB; ne, T.) -
NH I(HB)  j([OIIA5007; ne, T.)’ (5.2)

where I is the intensity of the line at wavelength ), j is the volume emissivity of the
line at density n. and temperature T, and N(A*+*) is the abundance by number of
the atomic species in the kth—ionized state responsible for the line. Data for Balmer
line emissivities are found in Storey and Hummer (1995). Emissivities for neutral
and ionic oxygen are computed using spontaneous emission coefficients and collision

strengths from the literature. References to these data are listed in Table 5.1.

I Species | Aji | Q(, 7) |
N+ | Wiese et al. (1996) Lennon and Burke (1994)
0° Wiese et al. (1996) Bhatia and Kastner (1995)
Oy Wiese et al. (1996) | Pradhan (1976), McLaughlin and Bell (1993)
0*2 | Wiese et al. (1996) Lennon and Burke (1994)

Table 5.1: Data for nitrogen and oxygen: transition probabilities, A;;, and collision strengths,
Q(i, j) between levels ¢ and j.

The total oxygen abundance by number, N(O)/N(H), is obtained from the sum

(5.3)

N(O) _ . [N(O%) . N(O*)
v =7 '[N(H+>+N(H+> !

where f is an ionization correction factor to account for unobserved oxygen ions. To

correct for species more ionized than O*2, and since the ionization potential of the

O*2 ion is similar to the ionization potential of He*, f may be written as

_ ., N(He™)
f=1+ m (6.4)
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By analogy to ionized hydrogen, the ions He™ and He*? are traced by line emission
from He® (He I) and He™ (He II), respectively, which comes from the recombinations
of Het and He*? ions (Talent 1980). The last term in Equation (5.4) is zero, be-
cause emission from He I1A4686 is very weak or negligible in typical H II regions.
Consequently, the contribution by O+ (or higher ionized species) to the total oxygen
abundance is negligible. Thus, the ionization correction factor for oxygen is f = 1.
On occasion, forbidden emission from neutral oxygen (0°) is observed in [O I]A6300
and [O I]\6364 lines. In typical H II regions, there is very little oxygen in the form
of O° (see Baldwin et al. 1981; Veilleux and Osterbrock 1987; Stasiriska 1990), so
strong [O I] emission indicates the presence of shocks from supernova remnants (see,

e.g., Skillman 1985). These lines are not be used to compute the oxygen abundance.

5.2 The Bright—Line Method

Galaxies may be sufficiently distant or contain H II regions so faint that [O III|A\4363
may not be detected within emission line spectra. For these galaxies, the “bright-line”
method is used to derive oxygen abundances. Because dIs in the Virgo Cluster are
much farther away than dIs in the field, only the strongest emission lines are detected
generally if H II regions do not fill the slit or are of low surface brightness. To compare
properly the oxygen abundances of Virgo Cluster dIs with field dIs, it is necessary
to tie abundances derived from an empirical calibration founded upon the observable
bright lines to abundances computed directly from [O III]A\4363 measurements. What
follows is a description of the empirical calibration and how the calibration is used to
obtain oxygen abundances.

When [O III]\4363 is too weak to be measured, the “bright-line” or “empirical”

method can be used to derive oxygen abundances. This method was originally devised
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by Pagel et al. (1979) for metal-rich H II regions. Pagel et al. (1979) suggested that

the ratio
I([O I1]A3727) + I([O III]AN4959, 5007)

I(HP)
could be used as an abundance indicator. McCall et al. (1985) showed that giant

R23 = (55)

extragalactic H II regions in spiral galaxies form a well-defined sequence in a number
of line-ratio diagrams constructed from bright emission lines. In particular, for metal—-
rich H II regions (12+log(O/H) > 8.4), a trend of decreasing oxygen abundance was
found to correlate best with increasing Rys. Ras is a better sequencing index than
[O II1]/HP because the latter is very sensitive to the degree of ionization of the gas.
Thus, a calibration of Ry3 against directly obtained oxygen abundances could give an
indication of oxygen abundances.

There have been many efforts to calibrate the relation between Ry3 and the oxygen
abundance (see, e.g., Alloin et al. 1979; Edmunds and Pagel 1984; McCall et al. 1985;
Dopita and Evans 1986; Skillman 1989; Torres-Peimbert et al. 1989; Zaritsky et al.
1994). McGaugh (1991, 1994) has done much to quantify this relationship at low
oxygen abundances, which is the present focus for dwarf galaxies.

Even in dwarfs, the Ry3 indicator depends strongly upon the nebular abundance
(e.g., McGaugh 1991, 1994). At extremely low oxygen abundances (12+log(O/H)
< 8), the number of available coolants is low. Because there are few emitters, Ras
is small and temperatures within H II regions are high. As the abundance begins
to increase, cooling becomes dominated by the growing reserves of oxygen and the
temperature begins to decrease. So, Rys increases with increasing abundance. At an
oxygen abundance of 12+log(O/H) ~ 8.4, the strength of the [O III} lines eventually
reaches a maximum and the relationship between Ry; and oxygen abundance “turns

around.” At oxygen abundances 12+log(O/H) 3 8.4, the intensities of [O ITJA3727
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and [O III)JAA4959,5007 and, thus, the value of Ras, begin to decline as the gas be-
comes so cold that the burden of cooling shifts to the fine-structure infrared lines of
[O I11] at 52 and 88 um. At very high abundances (12+log(O/H) % 8.7), H II regions
are very cold (T, g 6000 K) and values of Ros are small. Infrared lines of [O III]
continue to provide cooling, although other metallic species contribute significantly
to the cooling process, too.

Clearly then, the Rys indicator is not a monotonic function of oxygen abun-
dance. That is, at a given value of Roj, there are two possible choices of the oxygen
abundance. Roughly, the low-abundance or “lower branch” régime is defined by
12+log(O/H) g 8.4, whereas the high-abundance or “upper branch” régime is de-
fined by 12+log(O/H) > 8.4. It should be pointed out, however, that within the
“turnaround” region 8.2 < 12+log(O/H) < 8.6, the oxygen abundance changes quite
rapidly with Ros. Additional discussion of models are described in § 5.2.1 below.

A plot of Ryz versus oxygen abundance is shown in Figure 5.2 for H II regions
in dwarf irregular galaxies in the field. Each point represents an H II region with
an [O III]A\4363 measurement. Theoretical curves of oxygen abundance versus Ry;
are superimposed (§ 5.2.1). Horizontal dotted lines indicate solar and one-tenth
solar values of the oxygen abundance, where the solar value is 12+log(O/H) = 8.87
(Grevesse et al. 1996). A long-dash short-dash horizontal line at 12+log(O/H) ~ 8.4
marks the boundary below (above) which the lower-branch (upper-branch) occurs.
Oxygen abundances for H II regions in field dIs range from about one-tenth to about
one-half of the solar value. The two Virgo dwarfs VCC 0848-1 and VCC 1554~1 are
also indicated in Figure 5.2 and lie on the same locus defined by H II regions in field
dIs. Unfortunately, H II regions in these dwarfs are clustered around the “knee” of
the curves within the “turnaround” region, where ambiguity is greatest. A method

must be used to distinguish between the upper branch and the lower branch to break
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Figure 5.2: Oxygen abundance versus Rys for H II regions in field and Virgo dIs. The filled
circles indicate H II regions from field dIs, whose oxygen abundances were obtained directly from
measurements of the [O IT[]A\4363 emission line. Data for field dwarfs were gathered from the
references in Richer and McCall (1995) and from Table 2.3 in § 2.1.3. [0 IITjA4363 abundances for
VCC 0848-1 and VCC 1554-1 are shown as crosses enclosed in open circles. The horizontal dotted
lines indicate solar (12+log(O/H)e = 8.87; Grevesse et al. 1996) and one-tenth solar values of the
oxygen abundance. Calibration curves for log(O/H) against log Ras (McGaugh 1991; 1994; 1997,
personal communication) are plotted for four different values of the ionization parameter (§ 5.2.1).
These curves were derived using a standard stellar initial mass function for a cluster of ionizing
stars with an upper mass limit of My, = 60 Mg(solid lines) and 100 M (dashed lines). Further
discussion about the model curves is given in § 5.2.1. The long-dash short-dash horizontal line
at log(O/H) ~ —3.6 marks the boundary below (above) which the lower-branch (upper-branch)
occurs. [O II[)A4363 abundances are consistent with lower branch values. The error bars at the
lower right indicates typical uncertainties of 0.1 dex for the Ra3 indicator and 0.1 dex for the oxygen
abundance.
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the degeneracy in Rgs.

5.2.1 The McGaugh Discriminant

Skillman (1989) and McGaugh (1994) showed that the ionization state of the nebula is
an important consideration when oxygen abundances are derived at low metallicities.
In particular, McGaugh (1994, Figure 7) showed that model temperatures depend
strongly upon the ionization for oxygen abundances 12+log(O/H) < 8. The form of
the empirical calibration used for the remainder of this discussion is the one defined
by McGaugh (1991, 1994, 1997; personal communication). Theoretical curves are
plotted in Figure 5.2 for an ionizing cluster of stars and a standard stellar initial mass
function with an upper mass limit of 60 Mg and 100 Mg. Each of the four curves is
plotted with a unique value of the ionization parameter, u = log U (see § 5.2.2), where
the volume-averaged ionization parameter, U, is the ratio of the density of ionizing
photons to the density of gas particles within an H II region (McGaugh 1991). For

constant density, U is given by

3Q
4rcNR?’

U= (5.6)

where @ is the luminosity of ionizing stars within an H II region, c is the speed of
light, N is the volume density of gas, and R, is the Stromgren radius. In the models,
the range of log U goes from —4 to —1 in steps of 1 dex, which covers the range
observed in H II regions. At low metallicities, the oxygen abundance is particularly
dependent upon U at a given Ry3, as Figure 5.2 shows.

Since H II regions in dwarfs are located near the “turnaround” region in Fig-
ure 5.2, determining the oxygen abundance from Figure 5.2 alone is impossible. For-
tunately, the [N I1]A6583/[O II]A3727 ratio (hereafter, [N II]/{O II]), can be used to
resolve the degeneracy in Rgs (McCall et al. 1985; McGaugh 1991, 1994). The
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strength of the [N IIJA6583 line is roughly proportional to the nitrogen abundance
and the [N II]/[O II] intensity ratio is relatively insensitive to the ionization. Thus,
the [N II]/[O II] ratio can be used to derive the abundance of Nt relative to O* by
number, N(N*)/N(O%) (see § 5.3). For low-metallicity H II regions such as those
found in dwarf galaxies, N(N*)/N(O%) is approximately equivalent to the nitrogen—
to—oxygen abundance ratio, N(N)/N(O) = N/O, and is roughly constant with oxygen
abundance (Peimbert and Costero 1969; Garnett 1990). At higher metallicity, N/O
varies monotonically with oxygen abundance (McCall et al. 1985). McGaugh (1994)
has shown that [N II)/[O II} is approximately < 0.1 at low oxygen abundance, and
= 0.1 at high oxygen abundance. For objects ranging from sub-solar to solar metal-
licities, [N II}/[O II] can vary by one to two orders of magnitude (McGaugh 1994).
McGaugh (1991, 1994; 1997, personal communication) confirmed the usefulness
of [N II]/[O II] in resolving the ambiguity in the empirical calibration of Ry;. He
claimed that log ([N II}/[O II]) ~ —1 should be used as a boundary between the
upper and lower branch of the calibration. So, the lower O/H branch is chosen when
log ([N II]/[O II}) < —1 and the upper branch is indicated by log ([N II]/[O II]) > ~1.
For field dIs with measured [O II[]A\4363 (i.e., direct oxygen abundances), values
of [N II]/[O II] are obtained from the original references listed in Richer and McCall
(1995). These [N II}/[O II] data are plotted against Ros in Figure 5.3. For the most
part, [N II]/[O II] values for H II regions in field dwarfs are consistent with the choice
of the lower branch of the empirical calibration of Ry, as required by determinations of
direct oxygen abundances. The three deviants are: NGC 2366 “region 1” (Kennicutt
et al. 1980) with log ([N II}/{O II]) = —0.91; NGC 5408 (Stasiniska et al. 1986) with
log ([N II]/[O II}}) = —0.78; and WLM “object #9” (Hodge and Miller 1995) with
log ([N II)/[O II]) = —0.92. Although the [N II]/[O II] values for these three H II

regions lie above the lower/upper branch boundary, there are other H II regions in
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their host galaxies, which have [O III}A 4363 oxygen abundances consistent with lower
branch values.

Figure 5.3 shows that H II regions in Virgo dIs all occupy the same phase space as
H II regions in field dIs in the lower branch of the diagram. Thus, oxygen abundances
of Virgo dIs can be computed using analytical formulae for the lower branch values
(§5.2.2).

Values of [N II]/[O 1I] are plotted against direct [O III]A4363 oxygen abundances
in Figure 5.4. Filled circles indicate H II regions from field dwarf galaxies. [O II1]A4363
measurements for VCC 08481 and VCC 1554-1 are also indicated. The horizontal
dashed line indicates the boundary between the upper and lower branches in the cali-
bration. The vertical dashed line roughly marks the oxygen abundance (12+log(O/H)
~ 8.4) where the “turnaround” region occurs in the empirical calibration as Ros
reaches a maximum value. H II regions with high oxygen abundances are expected to
lie in the upper right of the diagram, while H II regions with low oxygen abundances
occupy the lower left portion of the diagram. This is similar to what Webster et al.
(1983) found in their early compilation of dwarf galaxies from the literature. For
both field and Virgo dIs, lower branch abundances are consistent with [O III]A4363
abundances. Clearly, the [N II]/[O II] indicator is adequate for use in distinguishing

between the lower and upper branches of the calibration of Rys.

5.2.2 Analytical Expressions

McGaugh (1997, personal communication) has developed analytical expressions which
can be used to compute the oxygen abundance based upon observations of [O II]A3727,
[O T11]A4959, and [O II]]A5007 emission lines, provided also that [N ITJA6583 is avail-
able to discriminate between the upper and lower branches of the empirical calibra-

tion. McGaugh generated a large grid of photoionization models covering a wide
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HSB spirals (McCall et al. 1985)

o Field dl Hlis -1
X Virgo dI Hlls

-

Lower branch '

log ([N II]A6583/[0 1]A3727)

- LSB galaxies (McGaugh 1994)

-0.5 0 0.5 1 1.5
log Ry,

Figure 5.3: log ([N I[}A6583/[0 I[]A3727) versus log Ras for H II regions in field and Virgo dls.
Filled circles indicate H II regions from field dIs with [O IIT}A4363 detections and whose [N II}/[O II|
data were obtained from the literature. Crosses indicate H II regions in Virgo dIs. [O III]A4363
detections for VCC 0848-1 and VCC 1554-1 are indicated as crosses enclosed by open circles. The
error bars at the lower right indicate typical uncertainties of 0.1 dex for the Ry3; indicator and 0.2 dex
(at most) for the [N IT}/[O II] ratio. The dotted lines mark roughly the regions occupied by high
surface brightness (HSB) spiral galaxies (McCall et al. 1985) at the upper left and low surface
brightness (LSB) galaxies (McGaugh 1994) towards the lower right. The horizontal dashed line
marks the boundary below (above) which the lower (upper) branch of the empirical calibration is
selected to determine a unique value of an oxygen abundance. There are only three H II regions whose
[N I1)/[O II] values are above the boundary and which imply empirical abundances inconsistent with
direct determinations. However, the dIs in which these H II regions lie contain other H II regions
whose [O ITI]A4363 oxygen abundances are consistent with lower branch values. H II regions for
Virgo dIs lie in the same area as H II regions for field dIs, implying that Virgo dIs have lower branch
abundances.
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Figure 5.4: [N II)/[O IT] versus direct log(O/H) for H II regions in field and Virgo dlIs. The
filled circles mark the positions of H II regions in field dIs. Only H II regions with [O III]A4363
detections are shown. Oxygen abundances based on [O IIIjA4363 detections for VCC 0848-1 and
VCC 1554-1 are indicated as crosses enclosed by open circles. The error bars at the lower right
indicate typical uncertainties of 0.1 dex for the oxygen abundance and 0.2 dex for the [N II)/[O II]
ratio. The vertical dashed line at 12+log(O/H) = 8.4 indicates roughly the position where the
[O IIT)AX4959, 5007 lines are at their brightest and Rqs is maximum. The horizontal dashed line
indicates log [N II}/[O II} & —1 below (above) which H II regions chould have lower branch (upper
branch) abundances (McGaugh 1991, 1994). So, H II regions with low (high) oxygen abundance
are expected to lie in the lower left (upper right) of the diagram. For field dis, oxygen abundances
obtained using the empirical calibration are consistent with direct [O III}] 4363 determinations. The
[N 11}/[O 11 indicator is clearly adequate to distinguish between the lower and upper branches of
the calibration.
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range in physical parameters with the primary assumption that a cluster of young
OB stars is responsible for the ionizing spectrum within the H II regions. The models
are not sensitive to the effective temperature!, T, so long as T, % 40,000 K. Assuming
a standard slope for the stellar initial mass function and an upper mass limit (e.g.,
60 Mg), a two—parameter (oxygen abundance and ionization parameter) calibration
of Ros can be obtained from the model grid. The models are not very sensitive to
the upper mass limit adopted for the stellar initial mass function (see Figure 5.2).
Oxygen abundances can be determined by interpolating between the lines of constant
oxygen abundance and constant ionization parameter.

McGaugh (1991) fitted a model grid to observed H II regions (his Table 2) where
most of the H II regions (70 of 82) had measured temperatures in the O*2 zone. His
model curves were shown in Figure 5.2 above. McGaugh generated analytical expres-
sions for O/H as a function of Ro3 and u to reproduce the same oxygen abundances
and ionization parameters obtained directly using [O III]A4363. These expressions

are reproduced here and defined as follows:

z = log(O/H), (5.7)
u = logU, (5.8)
z = log(Ras), (5.9)
y = log(Os), (5.10)

where z represents the oxygen abundance, and U is the volume—averaged ionization
parameter described by Equation (5.6). The bright-line ratio, Ras (as defined in

Equation 5.5), and the ratio of bright oxygen line intensities, Os,, are given by

I([O II]A3727) + I([O T11}A)4959, 5007)
Ron = A1
23 T (H ﬂ) ’ (5 )
1T, is the temperature of a blackbody with the same exitance integrated over all wavelengths as
the star.
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_ I([O TI1)A)4959, 5007)

Os2 1([0 T1\3727)

(5.12)

The oxygen abundance, z(z,y), is obtained from the observable line ratios z and y.

On the lower branch, z and u are given by

zlower(m7 y) = log (O/H)lower (5.13)
= —4.93 + 4.25z — 3.35sin (2)) —0.26y — 0.12sin (y) (5.14)

Uower (T,Y) = —2.95+ 0.17z% + 1.02y. (5.15)

On the upper branch, z and u are given by

Zupper(xa y) = log (O/H)upper (5.16)
= —2.65—0091z+ 0.12y sin (.'L‘) (5.17)
Uypper(Z,y) = —2.39 — 0.35z 4+ 1.29y — 0.15xy. (5.18)

In the absence of [O III[|\4363, measurements of [O IIJA3727 and [O III)AA4959, 5007
lines can be combined with the formulae above to obtain a measure of the oxygen
abundance and the ionization parameter. The value of [N II]/[O II] discriminates
between upper and lower branches.

In Figure 5.5, oxygen abundances obtained directly from [O III]\4363 measure-
ments for H IT regions in the samples of field and Virgo dIs are plotted against oxygen
abundances obtained from the lower branch as required by [N II]/[O II] using the
equations above. The solid line marks where direct abundances are equal to empir-
ical abundances. While the general trend is indeed correct, the scatter of the data
points about the line of equality is consistent with the 0.2 dex uncertainty stated
by McGaugh in determining oxygen abundances from the bright-line method. This
is smaller than the 0.3 dex uncertainty stated by Skillman (1989) for abundances
computed below 12+log(O/H) ~ 8.2.
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Figure 5.5: Direct ([O II]A4363) oxygen abundances versus empirical abundances for H II regions
in field and Virgo dIs. Filled circles indicate H II regions from field dIs. [O III]A4363 abundances
for VCC 0848-1 and VCC 1554-1 are indicated as crosses enclosed by open circles. The solid line
is the line of equality between direct and empirical oxygen abundances. The scatter of data points
about the line is consistent with the approximate 0.2 dex uncertainty in the empirical calibration of
the oxygen abundance stated by McGaugh (1991, 1994).
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With the agreement seen between direct and empirical abundances, the empiri-
cal calibration combined with the McGaugh discriminant can now be applied with
confidence to dwarfs lacking [O I1I]A4363 detections, such as the majority of Virgo
dIs studied here. The previous figures have shown that H II regions in Virgo dis
are physically comparable to those in field dIs. A precise absolute calibration is not
required for a comparison between Virgo dwarfs and field dwarfs, because oxygen
abundances for both datasets will be computed in the same manner using the same
form of the calibration. The primary goal of this thesis is simply to look for an offset
in chemical abundances between Virgo and field dwarfs, which would reflect the effect

of differences in evolution.

5.3 Abundance of Nitrogen Relative to Oxygen

The nitrogen—to—oxygen ratio, N/O, was estimated from N(N*)/N(O), if the tem-
perature were known (Peimbert and Costero 1969; Garnett 1990). In the absence
of [O I11]\4363, temperatures were derived with the aid of the empirical calibration.
The precise method is shown in Figure 5.6. An estimate of the temperature was
obtained from O/H using a plot of temperature versus oxygen abundance for various
values of the ionization parameter (Figure 7 of McGaugh 1991). With an estimate
for the electron temperature, 7., a variation of Equation (5.2) was used to compute

N/O:

N(N) N(N*)

N(O) N(O*)

I(IN11JA6583) j([O A 3727; n., Te)
I([O1Jx3727) j(IN 1A 6583; n, T.)’

(5.19)

(5.20)

where j([N I]A6583; n, T.) and 5([O II]A3727; n, T.) are the volume emissivities of
[N 11]A6583 and [O II]\3727, respectively. References to the appropriate data used to
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Figure 5.6: Method to obtain temperatures using the bright-line method. Box 1: Values of log
Ra3 and log Ogy are computed. The value of [N II)/[O II] is used to choose the appropriate branch in
the empirical calibration. Box 2: The oxygen abundance, log(O/H), and the ionization parameter,
log (U) (or log U), are derived using the analytical formulae in § 5.2.2. Box 3: A plot of temperature
versus oxygen abundance for various values of the ionization parameter (McGaugh 1991, Figure 7)
is examined. Box 4: Given log(O/H) and log U from Box 2, an estimate of the temperature is
obtained.

compute the line emissivity for [N 11]A6583 are listed in Table 5.1. SNAP (Krawchuk
et al. 1997) was used to compute N/O values, which are presented in Tables 5.4 to

5.6 below.

5.4 Derived Properties for the Field dIs

Derived properties for the five dls observed at Steward and San Pedro Martir (see
§ 3.1, 3.5, and 4.3) are listed in Table 5.2. For at least one H II region in each
of Holmberg II, IC 10, NGC 3109, and UGC 6456, [O III]A4363 was detected and
an oxygen abundance was derived directly. A meaningful lower limit to the oxygen

abundance was obtained for NGC 1560. Properties include Hp intensities corrected
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for underlying Balmer absorption and reddening, derived values of the reddening?,
E(B-V), HB emission equivalent widths corrected for underlying Balmer absorption,
electron temperatures, T., and resulting oxygen abundances, 12+log(O/ H). Errors in
oxygen abundances were computed from the maximum and minimum possible values,

given the errors in the reddening, temperature, and line intensities.

5.4.1 Holmberg II

Oxygen abundances for H II regions Ho II-5, Ho I11-8, and Ho II-9 were adopted,
because these H II regions are independent of each other and have the largest Hp in-
tensities. The abundance for Ho II-7 was not selected because the extracted spectrum
is not independent of the spectrum for Ho II-8 (see also Table 3.3). Oxygen abun-
dances for three H II regions reported by Masegosa et al. (1991) were re-analyzed
in the same manner as the Steward data. The average oxygen abundance listed in
Table 2.1 was computed using results for the three selected H II regions in the present

analysis and results for the three H II regions in Masegosa et al. (1991).

5.4.2 IC 10

Oxygen abundances for H II regions IC 10-2 and IC 10-3 were adopted. The abun-
dance for IC 10-1 was not selected because the extracted spectrum is not independent
of the spectra extracted for IC 10-2 and IC 10-3 (see also Table 3.4). The oxygen
abundance for IC 10 listed in Table 2.1 is an average of abundances for IC 10-2 and
IC 10-3. Computed errors in derived oxygen abundances include errors in both red-
denings and temperatures. The oxygen abundance for IC 10-2 (HL111c; Table 3.4)

agrees with the value independently derived by Richer et al. (2001) for the same

2Reddenings were computed from values of F(Hv)/F(Hp), except for IC 10 and NGC 1560,
where values of F(Ha)/F(HpS) were used; see § 4.3.
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| Property | Holll Ho 11-2 Ho 11-3 Ho 114 Holl-5 |
I(HB) (x10~15) 1.97 £0.12 6.85 & 0.31 4,47 £0.20 3.24 £0.17 21.44 % 0.85
E(B-V)® —-0.59 £ 0.29 ~0.46 % 0.20 ~0.42 £ 0.20 —0.18 % 0.24 -0.12+0.16
W (HB) 209 £ 79 218 & 42 201 % 35 104 £ 14 101.9 % 5.0
T.(01?) < 17400 < 23500 < 29000 < 17300 16000 + 1300
12+log(O/H) > 7.64 > .17 > 6.89 > 7.37 7.56 £ 0.13
[ Property | Ho 11-6 Ho 11-7 Ho I11-8 Ho 11-9
I(HB) (x10~19) 9.46 £ 0.37 20.99 = 0.81 11.47 £ 0.45 32.4£1.3
E(B-V)* +0.05 & 0.22 -0.08 £ 0.17 —0.16 % 0.17 +0.12 £ 0.16
W (HB) 113.8 + 5.8 113.5 & 4.6 112.3 + 5.0 155 & 12
T.(0+2) < 11700 13400 % 2100 15100 = 1800 14800 =+ 1100
12+log(O/H) > 7.97 7.76 + 0.25 7.60 % 0.18 7.66 +0.13
| Property | 1c10- IC 10-2 1C 10-3 IC 10-4 IC 10-5
I(HB) (x10-12) b 15.8 + 4.1 11.8+£29 364 1.1 6321 10.9 % 4.0
E(B-V)© +0.788 £ 0.070 | +0.773 + 0.067 | +0.862 % 0.083 | +0.8970.091 | +1.215 0.096
W (HB) 88.5 + 3.9 101.0 £ 4.7 60.5 + 2.4 92.6 £ 7.6 154 + 28
T (012) 10100 + 560 9800 <t 580 12300 * 1100 < 13200 < 18100
12+1og(O/H) 8.29 +0.13 8.32 £ 0.14 8.05 £ 0.18 > 7.96 > 7.60
Property NGC 1560-1 NGC 1560-2 NGC 1560-3 NGC 1560-4 NGC 1560-5
I(HB) (x10~15) 12.45 £ 0.45 17.25 = 0.59 7.73 £ 0.54 14.50 £ 0.77 8.26 & 0.49
E(B-V)4d +0.354 +0.354 +0.354 +0.354 +0.354
W (HB) (—189) 111411 460 = 370 (-132) (~81)
T.(012) < 11900 < 13300 < 19900 < 17300 < 18900
12+log(O/H) > 8.05 > 7.89 > 7.55 > 7.64 > 7.46
Property NGC 1560-6 NGC 1560-7
I(HB) (x10~18) 5.87 + 0.62 1.47 £ 0.29
W (HB) 8.12 £ 0.71 7.7+ 1.3
T (013)
12+log(O/H)
{ Property | nNGc aige-1 NGC 3100-2 NGC 3109-3 NGC 3109-4
I(HB) (x10™18) 0.48 £ 0.12 2.47 £ 0.17 4.46 £ 0.20 10.27 £ 0.48
E(B-V)® +0.15 & 0.57 +0.06 = 0.44 ~0.03 £ 0.23 —0.02 £ 0.29
W (HB) (—241) 149 35 60.2 & 2.6 25.65 % 0.80
T.(0F2) 14600 = 2600 < 16200
12-+log(O/H) 7.73 £0.33 > 7.62
Property UGC 6456-1 UGC 6456-2
I(HB) (x10718) 4.99 + 0.30 21.56 & 0.86
E(B-V)*® —0.07 £ 0.27 -0.18 £ 0.17
W (HB) 66.1 £ 7.6 147 £ 10
T (012 20900 % 4000 17600 + 1700
12-++log(O/H) 7.21 £ 0.23 7.45 4 0.14

Table 5.2: Derived properties for H II regions in Holmberg II, IC 10, NGC 1560, NGC 3109, and UGC 6456. I(Hf)
represents the H@ intensity, in ergs s=! cm™2, corrected for underlying Balmer absorption and reddening; E(B — V)
is the computed reddening in magnitudes; W(HB) is the emission equivalent width, in A, corrected for underlying
Balmer absorption; T.(O%2) is the computed electron temperature in degrees Kelvin, assuming an electron density
of 100 cm~3; and 12+log(O/H) is the derived oxygen abundance in dex. NOTES: @ The reddening was assumed to
be zero and no reddening corrections were applied. ® HB intensities for IC 10 are much larger than for other galaxies.
¢ From Ha and HB measurements at SPM; see Tables 4.3 and 4.4. ¢ Average E(B — V') computed from red spectra;
see Tables 4.6 and 4.7.
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Steward data: 12 + log(O/H) = 8.23 = 0.09.

5.4.3 NGC 1560

The [O I11}\4363 line was not detected. To determine a lower limit to the galaxy’s
oxygen abundance, the two best spectra were selected from the seven H II regions
observed. For HII regions NGC 1560-1 and NGC 1560-2, the lower limits are
12+log(O/H) > 8.05 and > 7.89, respectively. The mean of lower limits is a lower
limit to the mean, provided that each lower limit is lower than the true abundance
values (Richer and McCall 1995). So, the mean of the lower limits obtained from the
present analysis was 12+log(O/H) > 7.97, which was adopted as the lower limit to
the oxygen abundance for NGC 1560.

Negative equivalent widths for HB appear for NGC 1560. This is because some
windows chosen for sky subtraction contained excess signal from the galaxy, owing to

the rapid variability of surface brightness along the slit.

5.4.4 NGC 3109

In H II region NGC 3109-3, [O IIIJX4363 was detected, from which an oxygen abun-
dance of 12+log(O/H) = 7.73 + 0.33 was derived. The oxygen abundance for
NGC 3109 listed in Richer and McCall (1995), which was derived from the same
Steward data, is 1o higher than the present value. The ratio F([O 111]X\4363)/F (Hp)
for NGC 3109-3 is 5.73 + 2.04, where F(HB) = 100. The measurement has an er-
ror of 36%. From M. G. Richer (personal communication), the derived value was
3.13 &+ 1.49, implying an error of 48%. The improvement here was due to a re-
definition of the “aperture window” used to extract the H II region spectrum and
to “no-weights” summed extraction (see Chapter 3). The new value of the oxygen

abundance was adopted for NGC 3109 and listed in Table 2.1. The 0.33 dex error in

140




the oxygen abundance is large, because of significant (~ 10%) errors in each of the
corrected intensity ratios for [O II] and [O III), as well as an error near 40% in the

corrected intensity ratio for [O III|A4363.

5.4.5 UGC 6456

The oxygen abundance for the brighter H II region UGC 6456-2 (12+log(O/H) =
7.45) was adopted. Izotov et al. (1997), Lynds et al. (1998), and Hunter and Hoffman
(1999) provide more recent measurements. A homogeneous treatment of these data
gives oxygen abundances of 12+log(O/H) = 7.65, 7.74, and 7.73, respectively. The
oxygen abundance for UGC 6456 listed in Table 2.1 is an average of the abundance

derived here and abundances from the three measurements in the literature.

5.4.6 DDO 187

Derived values for the electron temperature and oxygen abundance are listed in Ta-
ble 5.3 and agree with the results in van Zee et al. (1997). The oxygen abundance
derived for DDO 187-2 is adopted: 12+log(O/H) = 7.69 % 0.09.

Property DDO 187-1 DDO 187-2
I(HB) (1.937 £0.072) | (5.88 +0.28)
(ergs s~} cm™2) x10~18 x10-16
W(HB) (A) 75 27
ne (cm™3) 200 110
T.(0*2) (K) 13200 =+ 700
12+log(O/H)g;i: 7.69 £ 0.09 ..
12-+log(O/H)emp 7.72 7.78

Table 5.3: Derived properties for the two H II regions in DDO 187. I(Hp) represents the cor-
rected Hf intensity, W (Hp) is the HS emission equivalent width corrected for underlying Balmer
absorption, n. is the computed electron density, T.(O+?) is the derived electron temperature using
[O III} 4363, 12+log(O/H)g;, is the direct oxygen abundance, and 12+log(O/H)emp is the empirical
oxygen abundance (see § 5.2).
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5.5 Derived Properties for the Virgo dls

Derived properties for H II regions of Virgo dIs are listed in Table 5.4 to 5.6 inclusive.
Values of the reddening, E(B — V), were small; the adopted reddening in some cases
was zero. Where [S II]AX6716, 6731 lines were observed, derived values of the electron
density were consistent with the canonical value of 100 cm~3 typically found in H II
regions (Osterbrock 1989).

Direct dxygen abundances were derived for VCC 0848-1 and VCC 1554-1. For
these two H II regions, {O I]A6300 and [O I}A6364 lines were detected. The implied
contribution to the total oxygen abundance is about 0.02 dex, which is much smaller
than the error in the oxygen abundance. The contribution from neutral oxygen was
not included in the reported values of the total oxygen abundance for VCC 0848-1
and VCC 1554-1.

The direct oxygen abundances for VCC 0848-1 and VCC 1554-1 were adopted as
the abundances for the dwarfs, respectively. For H II regions in the remaining dls,
lower limits to oxygen abundances were obtained from upper limits to [O I11]A4363.
In all cases, the lower limits were consistent with lower branch abundances. Lower
branch abundances (or an average if there was more than one H II region) were
adopted for VCC 0512, VCC 0888, VCC 1114, VCC 1179, VCC 1200, VCC 1249,
VCC 1585, VCC 1789, and VCC 2037. Table 5.7 summarizes the abundances adopted

for each dI in the Virgo sample.

142



Property VCC 0512-3 | VCC 0512-4 | VCC 0848-1 | VCC 0888-1 | VGC 0888-2 |
I(HB) (4.50 £0.39) | (2.91:£0.45) | (1.0640.13) | (1.64+0.83) | (2.1£13)
(ergs s~! cm~2) x10-16 x10-16 x10~14 x10~18 x10-15
E(B -V) (mag) | —0.10%£0.14 | —012+0.23 | 0.048+0.022 | 0.1740.13 0.27 £0.15
Adopted E(B - V) 0 0 0.048 0.17 0.27
W(HB)e (A) 89 £15 26.4 +4.2 33.69+0.57 | 9.01£0.33 6.59 £ 0.31
W (HB)abs (A) 1.59 1.59 1.59 - 1.38 £0.52 1.19£0.49
e {cm™3) 68 100 100 103 100
[N 11)/{0 I]] 0.024 +0.032 | 0.053 &+ 0.066 | 0.074 & 0.020 | 0.093 +0.032 | 0.070 +0.030
log Ra3 0.977 £0.089 | 0.85+0.16 | 0.859£0.047 | 0.73::0.11 0.88 £0.12
log O3z 0.43+0.23 | —0.18+0.31 | 0.266+0.099 | —0.42+0.19 | —0.23£0.21
Te(0F2)emp (K) 10500 10500 11700 11000 10000
Te(0F2)4ir (K) 12670 % 950
Ot+/H* 3.7 x 10~5
o+2/y+ 5.8 x 105
12+log(O/H)dir 7.98 £ 0.15 .
12+1log(O/H)emp 8.27 £0.19 8.22 + 0.25 8.07 £ 0.12 8.10::0.18 8.27£0.15
log(N/O) > -1.85 —1.53+0.30 | —1.25+0.13 | —1.31£0.06 | —1.54+0.12
[ Property VCC 1114-1 | VCC 1114-2 | VCC1179-1 | VCC 1179-2 | VCC 1179-3
I(HB) (3.70 £0.35) | (4.36:£041) | (3.15+0.69) | (3.27+0.26) | (4.51£0.35)
(ergs s~! cm~—2) x10—16 x10~16 %1018 %1018 %1016
E(B - V) (mag) | —0.03£0.15 | —0.15+0.15 | 0.19+0.14 | —0.06£0.14 | 0.07£0.20
Adopted E(B - V) 0 0 0.19 0 0.07
W(HB)e (A) 47.0£59 260 + 130 1.61+0.23 6.09+0.28 | 13.7940.66
W (HB)abs (A) 1.59 1.59 2.12 4 0.31 1.72 £ 043 1.59
ne (cm™3) 48 100 135 100 100
[N I1)/[0 I1) 0.099 £ 0.060 | 0.103 £ 0.063 | 0.063 = 0.052 | 0.084 4:0.029 | 0.070 £0.045
log Raa 0.71£0.14 0.53 £ 0.13 0.90 £ 0.24 0.8540.12 | 0.779+0.085
log Osz ~0.57+0.25 | —0.89:£024 | —0.28+042 | —0.38+0.20 | 0.29£0.20
Te (02 )emp (K) 11000 11200 9500 10200 13000
Te(0+?)gir (K)
0+/H+
O+2/H+
12+1og(O/H)gir
12-+Hog(O/H)emp 8.10 £ 0.30 7.97 £ 0.27 8.33 4 0.30 8.26 £ 0.16 7.92 £0.22
log(N/O) —1.204+021 | —-1.21+0.25 | ~1.52+0.16 | —1.4040.07 | —-1.124+0.13

Table 5.4: Derived properties for H II regions in Virgo dIs (1). I(HpB) represents the Hf intensity corrected
for underlying absorption and the adopted reddening. Computed and adopted reddenings, E(B — V), are listed.
W (HB)e is the HB emission equivalent width and W (Hp)a1s is the equivalent width of underlying absorption at HB
(see § 4.1.1). me is the computed electron density. [N 1I}/[O II] is the corrected ratio I({N IIJA6583)/I({0 11]A3727).
log Rza and log O3z are line ratios for the empirical abundance calibration (see equations in § 5.2.2). Te(O%)emp
is the O+2 electron temperature computed empirically as shown by Figure 5.6, and T, (0F2)g;, is the OF2 electron
temperature obtained from [O I11]A4363. 12-+log(O/H)emp is the oxygen abundance obtained with the empirical
calibration. 12+log{O/H)g;r is the oxygen abundance obtained from Te(OF2)gir. log(N/O) is the logarithm of the
nitrogen to oxygen ratio from T.(O*2)4;, where available, Te(O%2)emp otherwise.
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[ Property [ vec 1179-4 | VCC 1200-2 | VCC 1249-1 @ | vccisse-1 | VCC 1554-2
I(HB) (3.55 £ 0.47) | (1.4140.11) | (3.68+0.70) (1.86 £ 0.68) (4.9 £2.0)
(ergs s~! cm~2) x10~16 x10-18 x10-16 x10—14 x10~16
E(B — V) (mag) 0.07+£020 | —0.15+0.13 0 —0.037 £ 0.095 | 0.09:£0.10
Adopted E(B —~ V) 0.07 0 0 0 0.09
W(HB)e (A) 16.0£1.9 6.85 & 0.43 26.8+5.9 112.3+6.8 (=27)
W (HB)abs (A) 1.59 2.68 % 0.66 1.59 1.59 1.59
ne (cm™3) 100 100 100 100 267
[N 1j/[0 11] 0.094 + 0.066 | 0.075+0.028 | 0.019+£0024 | 0.049+0.015 | 0.073 +0.026
log Raa 0.90 £0.24 | 0.567 £0.061 | 0.93+0.10 0.874+0.073 | 0.815:0.089
log O3 —0.07£0.29 | ~0.30£0.12 | —0.51+0.19 —-0.16+£0.14 | —0.20%0.16
T.(0F2)emp (K) 12200 12500 9800 10500 11000
Te(0F)4ir (K) 10000 + 1800 b
o+/Ht 1.6 x 10~4
ot+2/Ht 7.9 x 108
12+1og(O/H)qir . e e 8.38 = 0.41 e
12+10g(0/H)emp 8.05 £ 0.32 7.80 £ 0.14 8.32 £ 0.20 8.24 £ 0.13 8.15 £0.21
log(N/O) -1.23+0.19 | —-1.33+£0.18 < —2.05 ~1.60+0.18¢ | —1.350.07
Property VCC 1554-3 | VCC 1554-4 | VCC 1554-5 VCC 1585-1 | VCC 1789-1
I(HB) (2.07£092) | (4.8£3.3) (7.4£4.4) (6.0 £4.9) (3.04 £0.34)
(ergs s~! cm~—2) x10~18 x10—15 x10~16 x10—16 x10~15
E(B—V) (mag) | —0.06+0.11 | 0.29+0.16 —0.12£0.14 0.10£0.19 0.23+0.18
Adopted E(B — V) 0 0.29 0 0.10 0.23
W(HB)e (A) (—48) 4.33£0.33 (-24) 66 £ 13 6.18 £0.18
W(HB)ans (A) 1.59 1.59 1.59 1.59 0.94 4 0.29
ne (cm=3) 100 56 100 100 49
[N I1]/[0 11] 0.049 £ 0.025 | 0.046 +0.025 | 0.052+£0.030 | 0.079£0.067 | 0.080+0.037
log Ry 0.783 + 0.086 | 0.99 & 0.14 0.80 £ 0.14 0.73 £0.17 0.81£0.15
log O3z 0.09+0.18 | —0.2340.24 [ —0.30+0.24 —0.36+0.30 | —0.47+£025
Te(0*2)emp (K) 12200 10200 11000 11200 10200
Te(0*2)qir (K)
o+ /H+
o+2 /H+
12+log(O/H)gir s
12+log(O/H)emp 7.99 £ 0.21 8.27 £ 0.34 8.16 £ 0.24 8.07 £ 0.32 8.24 £ 0.20
log(N/0) -1.44+0.16 | —1.58+0.11 | -1.47+0.10 —1.11+0.07 | —1.40+0.08

Table 5.5: Derived properties for H II regions in Virgo dIs (2). NOTES: ¢ The H I region,
VCC 1249-1, is also labelled LR1 in Lee et al. (2000); see Chapter 6. b From [N I[]A5755 in
VCC 1554-1, the [N II] temperature was computed to be 132003000 K. ¢ Derived using T(0%%) dic-
With [N II] temperature, log(N/O) = —~1.43 £0.17.
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| Property | VCC 2037-1 | VCC 2037-2
I(HB) (2.67+£0.18) | (6.1%1.2)
(ergs s~ cm™?) x10—15 %1016
E(B - V) (mag) 0.15+0.13 0.22 £ 0.28
Adopted E(B — V) 0.15 0.22
W(HS)e (A) 15.03 £0.38 3.85 £0.47
W(HB)avs (A) 1.24 £ 0.62 1.48 £0.82
ne (cm~3) 100 100
[N 11}/[0 11} 0.053 £ 0.021 | 0.076 = 0.064
log Ra3 0.865+0.098 | 0.81+0.23
log O32 —0.16£0.18 | —0.35+0.40
Te(012)emp (K) 10700 10500
Te(0+3)dir (K)
o+/ut
oO+2 /H+
12-+og(O/H)gir e e
12-+l0g(O/H)emp 8.22£0.18 8.1940.27
log(N/0) -1.53£0.07 | —1.50%0.32

Table 5.6: Derived properties for H II regions in Virgo dIs (3).

[ Virgo dI | 12+4log(O/H) | Direct / Empirical
VCC 0512 8.23 Empirical
VCC 0848 7.98 Direct
VCC 0888 8.18 Empirical
VCC 1114 8.10 Empirical
VCC 1179 8.14 Empirical
VCC 1200 7.80 Empirical
VCC 1249 8.32 Empirical
VCC 1554 8.38 Direct
VCC 1585 8.07 Empirical
VCC 1789 8.24 Empirical
VCC 2037 8.21 Empirical

Table 5.7: Oxygen abundances adopted for each dI in the Virgo sample.
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Chapter 6

UGC 7636 Revealed: A Stripped
dI in Virgo

UGC 7636 (VCC 1249) is a gas-poor dI residing in the vicinity of the giant elliptical
galaxy NGC 4472 (M 49; VCC 1226) in the southern portion of the Virgo Cluster
(see Figures 2.1, 2.2, and 2.3). The dI is located about 5!5 to the southeast of
the elliptical. There is a cloud of H I gas (STE1, after its discoverers Sancisi et al.
1987) lying between the dI and the elliptical. In Lee et al. (2000), spectroscopy was
presented for a newly discovered H II region (LR1), which is located at the same
position as STEL.

Key observations characterizing the discovery of STEL and evidence for a pos-
sible physical connection between STE1 and the dI are summarized in § 6.1. The
serendipitous discovery of a new H II region, LR1, the acquired spectroscopy, and the
derived oxygen abundance are presented in § 6.2. The case for a direct linkage of the
H I cloud with the dI is presented in § 6.3. The most likely processes responsible for
removing the H I gas are discussed in § 6.4.

Basic data for UGC 7636, STE1, and LR1 are listed in Table 6.1, which is adopted

from Lee et al. (2000). For reference, the heliocentric velocity of the elliptical galaxy,
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NGC 4472, is 969 km s™! (Binggeli et al. 1993).

6.1 Recent Observations from the Literature

To place the current results in context, a review of recent observations from the
literature is presented in chronological order and is summarized in Table 6.2.

In their study of atomic gas near elliptical galaxies, Kumar and Thonnard (1983)
did not detect any H I at the position of NGC 4472. However, a signal was found to
the southeast, which the authors claimed was attributable to the dI. Hoffman et al.
(1987) measured H I fluxes of Virgo dwarfs and found a low signal at the position
of UGC 7636. Their measured 21-cm flux integral for the dI was 0.167 Jy km s7?,
from which the resulting derived My;/Lp value was about a factor of ten lower than
that found for typical dIs (Thuan 1985; Roberts and Haynes 1994; Skillman 1996;
Pildis et al. 1997). With 21-cm single-dish observations at the Arecibo Observatory,
Sancisi et al. (1987) discovered an H I cloud whose projected location was between
the dI and NGC 4472. Here, the H I cloud is labelled “STE1” after its discoverers
(Sancisi et al. 1987). Their measurement of the 21-cm flux integral for STE1 was
0.7 Jy km s~

Gallagher and Hunter (1989) acquired Ha imaging for a number of dwarf galax-
ies in the Virgo Cluster. For UGC 7636 in particular, they observed no detectable
compact Ha emission characteristic of H II regions.

Patterson and Thuan (1992) performed broadband imaging in B and I in addition
to their own 21-cm single-dish observations at the Green Bank Telescope. They
detected tails of stars whose colours were consistent with those found in the outer
regions of the dwarf galaxy. Also, the inner regions of the dwarf exhibited a disturbed

optical morphology. These observations were claimed as evidence of a tidal interaction
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Property Value References
(1) (2) (3)
UGC 7636 (VCC 1249)

a (J2000) 12k 30™01%0 1
4 (J2000) +07°55'46" 1
Morphological type Im III-IV 1
B-V 0.50 mag 3
B 14.26 mag 9

Mg —16.86 mag Note a
r0.8 318 9
ulp 24.56 mag arcsec™? 9
ro,1 389 9
ut 23.11 mag arcsec™?2 9
(B-1% 1.69 mag 9
) 276 & 78 km 5~ 2
H I flux integral 0.167 Jy km s—1 4

H 1 Cloud STE1 ¢
a (J2000) 12h29™ 5535 7
& (J2000) +07°57'38" 7
v9 469 + 3 kms—1 7
Linear dimensions ~ 80" x 40" 7
H I flux integral 0.7, 1.947 Jy km s~} 10, 8
H Il Region LR1 ¢

a (J2000) 12h29m 568 5,6,7¢

§ (J2000) +07°57'35" 5,6,7¢
v0 577 £ 91 km s—! 6
(B—-R)® 1.12 mag 7
12+log(O/H) 8.32+0.20 6

Table 6.1: Basic data for UGC 7636, STEL, and LR1. This table is adapted from Lee et al. (2000).
REFERENCES : [1] Binggeli et al. 1985; [2] Binggeli et al. 1993; [3] Gallagher and Hunter 1986;
(4] Hoffman et al. 1987; [5] Lee et al. 1997; [6] Lee et al. 2000; [7] McNamara et al. 1994; [8]
Patterson and Thuan 1992; [9] Patterson and Thuan 1996; [10] Sancisi et al. 1987. NOTES: ¢ Based
on a distance modulus of 31.12 mag for the Virgo Cluster. ® Central surface brightness corrected for
reddening. ¢ Named for discoverers Sancisi et al. (1987). ¢ Named by M. McCall after discoverers
H. Lee & M. G. Richer. ¢ Coincident with position of a young blue star cluster (McNamara et al.
1994; Lee et al. 1997). Estimates for positional errors of LR1: Aa ~ £1°, Ad ~ 4",
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Reference Observations Key Result
(1) (2 (3)
Kumar and Thonnard 1983 HI detection near position of dI
Sancisi, Thonnard, and Ekers 1987 HI 1st discovery of H I cloud
Gallagher and Hunter 1989 Ha no emission
Patterson and Thuan 1992 B,I;HI tidal stellar tails
Henning, Sancisi, and McNamara 1993 HI higher resolution imaging
McNamara et al. 1994 UB,R;HI low surface brightness stellar debris
Irwin and Sarazin 1996 X-rays “hole” near H I position
Patterson and Thuan 1996 B,I structural parameters
Irwin, Frayer, and Sarazin 1997 CO upper limit for molecular mass
Lee, Kim, and Geisler 1997 Washington (CT}) phot. blue star clusters
Lee, Richer, and McCall 2000 Emission-line spectroscopy O/H in newly found H II region

Table 6.2: Observations of UGC 7636 from the literature. Column (1) lists references from the
literature in chronological order, column (2) lists the type of observation, and column (3) lists the
key result.

of the dI with the elliptical. Blue “clumps” of stars at the tip of one tidal tail were
indicative of recent star formation. The H I profile for STE1 was claimed to be a
superposition of two Gaussian components. Their measured 21-cm flux integral was
1.947 £+ 0.358 Jy km s~1. Based upon the evidence, the authors suggested that tidal
and ram-pressure stripping were responsible for removing the H I cloud.

Henning et al. (1993) performed 21-cm observations with higher spatial resolution
at the Westerbork Synthesis radio telescope. They measured for STE1 the central
heliocentric velocity (confirming the result by Sancisi et al. 1987), the linear size,
and the mean H I column and volume densities. They also derived an H I mass of
5 X 10" Mg at a distance of 20 Mpc to the Virgo Cluster.

McNamara et al. (1994) obtained broadband images in U, B, and R, in addition
to 21-cm imaging with the Very Large Array. A long and wide trail of stars was
observed in U, extending northwards from the dI and in the direction of the giant
elliptical. The interior of the dI displayed a disrupted appearance. Their H I imaging

confirmed the existence of a superposition of narrow and broad velocity profiles seen
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by Patterson and Thuan (1992). Their measured flux integral was 0.73 Jy km s7L.

McNamara et al. (1994) concluded that a relatively weak tidal encounter combined
with ram-pressure could explain the disrupted stellar material seen in the dI, the
fact that the H I is well separated from the dI, and that the H I had not yet been
evaporated by the surrounding hot intracluster gas.

Irwin and Sarazin (1996) obtained X—ray observations of UGC 7636 and NGC 4472
with the ROSAT observatory. They found that the X-ray emission surrounding
NGC 4472 was due to two sources: (1) hot halo material associated with the elliptical,
and (2) the hot intracluster gas in which the elliptical is imbedded. They found no
significant absorption at the position of the dI, but found reduced X-ray brightness
or a “hole” near the position of STE1, implying that the gas cloud was in front of the
elliptical, absorbing X-rays along our line-of-sight.

With CO observations, Irwin et al. (1997) failed to find the necessary amount
of molecular gas thought to be responsible for the “hole” in X-ray emission seen by
Irwin and Sarazin (1996). The upper limit for the molecular gas mass determined by
Irwin et al. (1997) is an order of magnitude lower than the H I gas mass, which is
roughly consistent with molecular gas masses for other dwarfs (Israel et al. 1995).

Lee et al. (1997) found a number of bright star clusters within the dI and in the
region occupied by STE1. The star clusters have blue colours and relatively high
luminosities. They determined that the ages of the star clusters are about 107 to

108 yr.

6.2 LR1: A New Intergalactic H II Region

At the Canada-France-Hawaii Telescope, a five-minute Ha image of the UGC 7636

field (about 10’ by 10') was obtained to locate potential H II regions. Inspection of
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the Ha image showed only diffuse emission and no H II regions at the position of the
dl, confirming the result of Gallagher and Hunter (1989). However, approximately
2’ to the northwest of the dI, a compact object exhibiting Ha emission was found
at the same general position as STE1 (see Figure 3.8). The position of the compact
object appeared to be coincident with the blue object marked “A” by McNamara
et al. (1994) and with the young star cluster labelled “C2” by Lee et al. (1997). M.
McCall labelled the newly discovered H II region “LR1” after H. Lee and M. Richer,
who were the observers at CFHT. The coordinates of LR1 are given in Table 6.1.

An object mask was constructed from the Ho image of the UGC 7636 field. Two
slits were placed lengthwise across the dI and one slit was placed at the position of
LR1. An 817-second spectrum was taken for the UGC 7636 field before increasing fog
cover and rising humidity levels forced the termination of the exposure and closure
of the dome shutter. A visual inspection of the two-dimensional spectrum showed
emission lines typical for an H II region.

The spectrum was reduced in the standard manner as described in Chapter 4, and
emission-line strengths were measured using locally developed software (see Chap-
ter 4). The observed flux ratios, F(\)/F(HpB) were corrected for underlying Balmer
absorption with equivalent width 2 A (McCall et al. 1985) to yield corrected intensity
ratios, I()\)/I(HB). When observed flux ratios were corrected for underlying Balmer
absorption with equivalent width 1.57 £ 0.55 A (derived in § 4.1.1), the resulting
intensity ratios were not significantly affected. The corrected value of I(He)/I(Hp)
was found to be consistent with theory, indicating that the reddening was negligi-
ble. Thus, no reddening correction was applied to the data. An extensive discussion
of the observing run at CFHT and subsequent reductions of data were presented in
§ 3.4. Corrections and analyses were performed with SNAP (Krawchuk et al. 1997),

as discussed previously in Chapter 4.
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For LR1, the observed flux and corrected intensity ratios and the derived proper-
ties were listed as “VCC 1249-1" in Tables 4.14 and 5.5, respectively. For reference,

these numbers are reproduced in Tables 6.3 and 6.4, respectively.

Identification |  F I
013727 [ 693166 | 645197
Hp 4861 100£17 | 10019

[OIM4959 | 84+17 | 79£22
[0 II] 5007 | 130+22 | 12131
Ha 6563 289 +16 | 27054
[N I1) 6583 13£13 | 1212

Table 6.3: Emission line data for the H II region LR1 (VCC 1249-1). Wavelengths are listed in A.
F is the observed flux ratio with respect to HB and I is the intensity ratio corrected for underlying
Balmer absorption; zero reddening was assumed. The errors in the observed flux ratios account for
the errors in the fits to the line profiles, their surrounding continua, and the relative error in the
sensitivity function (Table 3.8). The error in the flux of the Hf reference line is not included in the
ratio relative to H3. However, errors in the corrected intensity ratios account both for flux errors in
the specified line at wavelength A and in the reference line.

From visual inspection of the Ha image, there may be another compact H II region
within the H I gas cloud. However, confirmation of the candidate H II region awaits

deeper Ha imaging and spectroscopy.

6.2.1 Heliocentric Velocity

The heliocentric velocity for LR1 was estimated to ensure that LR1 is in fact associ-
ated physically with STE1. To define the absolute wavelength scale (wavelength as
a function of pixel on the CCD), which was not perfectly known, measured heliocen-
tric velocities from the spectra of H II regions in VCC 1554 were used. VCC 1554
was chosen because its recessional velocity is known and because the instrumental
configuration was the same used for UGC 7636 on the same night.

Velocities for the five H II regions in VCC 1554 were estimated from the Doppler

displacement of the strongest emission lines. Averages for each H II region are given
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| Property Value |
F(HB) ¢ 3.42 %+ 0.58
(ergs s~! cm—2) (x10~16)
I(HB) b 3.68 £0.70
(ergs s~! cm~?) %1016
EW (HpB) (A) ¢ 26.8 £5.9
log Ra3 0.93+0.10
log O32 -0.51+0.19
I(NI))/I([O 1)) ¢ | < 0.019£0.024
12+log(O/H) ¢ 8.32:£0.20
Temp (K) £ 9800
log(N/O) 9 < =2.05
L(Ha) (ergs s—1) b 3.3 x 1087
SFR (Mg yr~1)* 2.6 x 104
Q(HO) (s—1) 4 2.4 x 104

Table 6.4: Derived properties for the H II region LR1 (VCC 1249-1). NOTES: ¢ Observed Hf
flux. ® HB intensity corrected only for underlying Balmer absorption. ¢ Equivalent width of Hf
emission line. ¢ I([N II)A6583)/I([O 1I]A3727) is the discriminant used to compute empirical oxygen
abundances (§ 5.2). ¢ Oxygen abundance determined using empirical calibration. f Electron tem-
perature derived from oxygen abundance and Figure 7 in McGaugh (1991). ¢ Upper limit to N/O
due to uncertain detection of [N IIJA6583. * Ha luminosity, assuming 31.12 mag for the distance
modulus of the Virgo Cluster. * Present star formation rate (Kennicutt 1983; Kennicutt 1998) com-
puted as SFR = 7.9 x 1072 L(He). 4 Number of ionizing photons (Kennicutt 1998) computed as
Q(H®) = 7.31 x 10'! L(Ha).
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in Table 6.5. The mean heliocentric velocity is 2035 km s~!. This is +22 km s™!
larger than the accepted heliocentric velocity for VCC 1554 (Binggeli et al. 1993).

This difference was used to correct the measured heliocentric velocity of LR1.

VCC 1554 .
HII Region | (kms~1)
1 1972
2 2149
3 2079
4 2007
5 1968

Table 6.5: Heliocentric velocities for five H II regions in VCC 1554. H II regions with the best
spectra were chosen. For each H II region, an average velocity was computed from the strongest
emission lines. The average of the five H II regions is 2035 km s~1.

From the detected emission lines of LR1, the apparent heliocentric velocity is
599 km s~!. Correcting for the offset (22 km s™!) gives a true heliocentric velocity of
577 km s~!. Based on the range of velocities measured for VCC 1554, the uncertainty
is 91 km s~!. This result is only ~ 1.2 ¢ larger than the accepted velocity for STE1
(469 km s~!), but ~ 3.3 ¢ larger than the accepted velocity for the dI UGC 7636 (276
+ 78 km s71). It is therefore reasonable to presume that LR1 resides within the H I
cloud, STE1.

6.2.2 Oxygen Abundance

Because [O I1I]\4363 was not detected, the oxygen abundance had to be computed
using the empirical calibration of the emission-line ratio, Re3, which was discussed in
§ 5.2. The value of I([N II])/I([O 1I]) was used to break the degeneracy in the empir-
ical calibration. Although the detection of [N I[]A\6583 was uncertain, the maximum
possible value of I([N II])/I([O II]) was found to be 0.05. This is a factor of two

below the threshold value of 0.1, which confirmed the choice of the low-abundance
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branch of the calibration. With values for Roz and O3, and the analytical formulae

in § 5.2.2, the oxygen abundance was computed to be 12-+log(O/H) = 8.32 £ 0.20.

6.3 Linking LR1 and STE1 with UGC 7636

The following is a discussion of how the oxygen abundance effectively ties the H II
region and the H I gas cloud to the dwarf galaxy. In Figure 6.1, the metallicity as
measured by the oxygen abundance, 12+log(O/H), is plotted against the absolute
magnitude in B for field dIs. The open star marks the location of the measured
oxygen abundance of LR1 and the luminosity of UGC 7636. Its position falls very
close to the locus of points defined by the field dIs.

A plot of the oxygen abundance versus My;/Lp is shown in Figure 6.2. This
shows the degree to which UGC 7636 is currently deficient in H I gas compared to
field dIs at a comparable oxygen abundance. The open star shows the position of
UGC 7636 based upon a measurement of the existing H I content within the dwarf
galaxy (Hoffman et al. 1987). The dotted line shows how the location of UGC 7636
would be shifted if the H I gas of STE1 were added to the galaxy. The filled square
and filled diamond connected by a solid line indicate the range of possibilities given
the dispersion in single-dish H I measurements (Sancisi et al. 1987; Patterson and
Thuan 1992). The shifted position is fairly close to the locus of points defined by
field dIs at the upper range of oxygen abundance. UGC 7636 would appear as a
fairly normal dI if STE1 were once part of the dwarf galaxy.

Within STE1, there does not appear to be present an underlying population of old
or intermediate—age stars (McNamara et al. 1994; Lee et al. 1997) which could have
provided the chemical enrichment observed. Indeed, Lee et al. (1997) estimate that

the ages of the clusters of young stars are about 107 to 10°® yr. The optical colours of
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Figure 6.1: Oxygen abundance versus absolute blue magnitude for field dIs and UGC 7636. The
solar value of the oxygen abundance is 12+log(O/H) = 8.87 (Grevesse et al. 1996). Field dIs are
indicated by the filled circles. A lower limit to the oxygen abundance is indicated for NGC 1560.
The solid line is a fit to the sample of field dIs (see § 7.4). The open star shows where UGC 7636
would lie if its oxygen abundance were equal to that measured for the H II region LR1.
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Figure 6.2: Oxygen abundance versus ratio of the H I gas mass to blue luminosity (solar units)
for field dIs and UGC 7636. Field dIs are indicated by the filled circles. A lower limit to the oxygen
abundance is indicated for NGC 1560. Combined with the measured oxygen abundance from the
H II region, LR1, inside the H I cloud STE1, the open star shows the position of UGC 7636 based
on the H I flux actually measured within the galaxy by Hoffman et al. (1987). The dotted line
shows how the location of UGC 7636 would be shifted if the H I mass of STE1 were added to the
galaxy. The filled square and the filled diamond indicate recent single-dish measurments of the H I
mass for STE1 by Sancisi et al. (1987) and Patterson and Thuan (1992), respectively. The latter
two symbols are connected with a solid line to show the allowed range of H I mass for STEL.
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UGC 7636 are comparable to those of other dIs (Gallagher and Hunter 1986; Patterson
and Thuan 1996; Almoznino and Brosch 1998a), which indicates that there has not
been any significant fading since the gas was removed. The conclusion is that STE1
originated in UGC 7636 because (1) the metallicity of LR1 and, presumably that of
STE1, agrees with what is expected for a galaxy with the same blue luminosity as
UGC 7636, and (2) Mpy;/Lg for the galaxy would be consistent with other dIs if the
H I gas in STEL were added into the galaxy. In other words, STE1 is the former
interstellar medium of UGC 7636.

Measured equivalent widths for He and HJ emission lines from the spectrum of
LR1 were compared with recent starburst models to determine the age of the star-
forming event. From the models by Leitherer et al. (1999), the measured values of
the Balmer equivalent widths are consistent with a recent burst (~ 4-6 Myr) of star
formation in STE1, assuming that the burst was instantaneous at one-quarter solar
metallicity and that the initial stellar mass function was of the standard Salpeter
form?.

The value of log L(He) ~ 37.5 for LR1 is at the lower end of the range expected
for dIs (Kennicutt 1988). Only a handful of massive (O7 V) stars are needed to ionize
the H II region (Kennicutt 1998). The low level of star formation is consistent with
the observed paucity of molecular gas (Irwin and Sarazin 1996).

That there is an H II region in STE1 brings up the question of how stars form
there. Schmidt (1959) described a power-law dependence of the star formation rate
with gas surface density. However, the relationship breaks down at low surface densi-
ties. For star formation to occur, a minimum threshold is required and is associated

with the formation of massive molecular clouds via gravitational instability (Quirk

1These models may be accessed at http://www.stsci.edu/science/starburst99/.
2The age of the burst is not very sensitive to the upper mass limit or to the slope of the IMF.
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1972). The minimum or critical surface density, Zc; (in Mg pc™2), required for star
formation to occur in thin, rotating, gas-rich disks (Toomre 1964; Cowie 1981; Ken-

nicutt 1989) is given by

S« = 0.59a,V/R

= 22 (%) (5%) (?—)_1, (6.1)

where V is the maximum rotational velocity in km s~!, R is the radius in kpc, and
a, is the stability constant®. Taking V = 50 km s~! for dIs at Mp =~ —17 (Skillman
1996), R = 4 kpc (Patterson and Thuan 1992; McNamara et al. 1994), and a; =
0.3-0.7 (Kennicutt 1989; Hunter and Plummer 1996), the critical surface density is
Y & 2-4 Mg pc?. This assumes that the rotational motions are dominant over
turbulent or random motions within the H I gas, and that ¢ increases with increasing
luminosity.

For STE1, the H I flux integral given by Patterson and Thuan (1992) was used to
obtain the H I mass. The H I gas mass in solar masses (Roberts 1975; Roberts and

Haynes 1994) was computed from
Mpy; = 2.356 x 10° Fy, D?, (6.2)

where Fy; is the 21-cm flux integral in Jy km s~ and D = 16.75 Mpc is the distance to
the Virgo Cluster. The linear dimensions of the H I gas (Table 6.1) were determined
by McNamara et al. (1994). Combining these quantities, the H I surface density in
STE1 is Tyr ~ 4 Mg pc~2. Similar results follow from the peak beam-averaged H I
column density and the mean H I column density given by McNamara et al. (1994),
which yield Ty =~ 2-4 Mg pc~2. The ratio Zy/Zc is of order unity, which just

satisfies the threshold criterion for star formation to occur in STEL.

3The stability constant is the ratio of gas to critical surface mass density at the maximum
galactocentric radius where H II regions are observed in a disk (Kennicutt 1989; Hunter and Plummer
1996).
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6.4 Revealing the Stripping Process

To explain how STE1 was removed from UGC 7636, a number of authors have pre-
sented arguments supporting either tidal stripping or ram-pressure stripping as the
primary mechanism. A discussion of these two processes is presented, followed by
remarks contending that both processes are likely responsible for removing the H I

gas (see also, e.g., McNamara et al. 1994; Lee et al. 1997).

6.4.1 Tidal Stripping

Consider a galaxy of mass m and radius r which approaches a very massive galaxy M
to within a distance of R. The tidal effects can be described by the following equation
(van Hoerner 1957; Hodge 1966; Binney and Tremaine 1987):

1/3
Rcrit. ~Cr (%) ) (63)

where R is the critical radius, or the Roche limit, r is the characteristic size of the
low-mass object, and m and M are the masses of the galaxies in Mg. The dimen-
sionless constant, C, is of order unity if one accounts for the fact that trajectories
of dIs within clusters of galaxies are likely to be highly eccentric with respect to the
giant perturber galaxies. Once the low-mass galaxy comes inside the Roche limit
(R < Reit), the giant exerts tidal forces which remove material from the outer parts
of the smaller object.

The Roche limit for UGC 7636 is computed as follows. For the absolute magnitude
stated in Table 6.1 and assuming unity for the stellar mass-to-light ratio, the stellar
mass of the dI is m, = 8.6 x 108 My. The H I mass of STE1 is 1.3 x 10® M, from
the flux measurement of Patterson and Thuan (1992). For dlIs at Mp ~ —17, the
mean ratio of dark to luminous mass is adopted to be three (Skillman 1996; Coté

et al. 1997). So, the total mass of UGC 7636 is m ~ 4.0 x 10° My. Patterson
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and Thuan (1996) found that an exponential fit best describes the surface brightness
profile of UGC 7636. The last data point in their fit is at a radius of 50”. From
measured X-ray emission in the hot corona surrounding NGC 4472, the total mass
of the elliptical is M = 3.5 x 10*2 My (Forman et al. 1985), adjusted for the distance
to the Virgo Cluster adopted here. Substituting these quantities into Equation (6.3)
gives (M/m)/® ~ 9.6 and a critical radius Reri; =~ 8'. The projected angular distance
between UGC 7636 and NGC 4472 is only 5'5. Thus, the dwarf appears to lie well
inside the Roche limit. From the arguments laid out by Irwin and Sarazin (1996)
regarding the past trajectory of the dI, the dwarf has most likely passed perigalacticon
with respect to the elliptical. Due to projection effects, the present angular separation
between the dI and the elliptical is a lower limit to the true angular separation.
Equation (6.3) can be used in turn to solve for the tidal radius, 7 = 7yqa, for
UGC 7636. Any galactic material outside this radius will be pulled out by tidal forces,
as appears to have been observed by Patterson and Thuan (1992) and McNamara
et al. (1994). Given the present projected separation of ~ 5!5 between the dI and
the elliptical, the tidal radius is
Ttidal = 59
9.6

~ 34", (6.4)

The radius is well within the optical disk (Patterson and Thuan 1996), so it is not

surprising that evidence for tidal distortion is seen.

6.4.2 Ram—Pressure Stripping

Ram-pressure stripping occurs when a galaxy moves at high speed through the in-

tracluster medium (ICM). Pressure exerted by the ICM gas can remove the gaseous
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component of the galaxy. In the case of UGC 7636, the X-ray emitting gas surround-
ing the elliptical galaxy NGC 4472 may be responsible for removing the H I gas (e.g.,
Forman et al. 1985; Fabbiano et al. 1992; Irwin and Sarazin 1996). In fact, the X-ray
emission surrounding the elliptical arises from both hot gas associated directly with
the elliptical and from gas in the Virgo ICM (Irwin and Sarazin 1996).

Stripping occurs when the ram-pressure encountered by a galaxy exceeds its own
gravitational restoring force. Assuming a homogeneous medium, the stripping condi-

tion (Gunn and Gott 1972) is described by

K = picm V2

= > 1. 6.5
271G Oyor Ogas (6:9)

where picym is the ICM gas mass density, v is the component of the galaxy’s velocity
perpendicular to its plane, G is the gravitational constant, and oy, and og,s are the
total and gas surface mass densities of the galaxy, respectively.

The value of K can be computed for UGC 7636 by deriving the mean and gas
surface mass densities within a Holmberg diameter and the particle density of the
ICM in the vicinity of NGC 4472. The Holmberg radius is the isophotal radius where
the surface brightness in B is 26.5 mag arcsec™?; for UGC 7636, it is Ry = 845
(Patterson and Thuan 1996). The total dynamical mass of the galaxy (in M) within
a Holmberg diameter can be computed using a virial analysis (Staveley-Smith et al.

1992) and is given by
Mior = 3.3 X 10* ay D (302 + V2,), (6.6)

where ag = 2 Ry is the Holmberg diameter in arc minutes, D is the distance to the
Virgo Cluster in Mpc, o is the velocity dispersion of the H I gas, which is assumed to

be 10 km s™! (Mateo 1998), and V;; is the rotation velocity in km s™'. An estimate
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for Vo, can be obtained from

1
rot — g;;l—?,(OSWSO - 1180), (67)

V.
where i is the inclination angle and Wsq is the width of the H1 profile at half-
maximum in units of km s! (Staveley-Smith et al. 1992). Inserting Wso = 70 km s7!
and 7 = 51° (Patterson and Thuan 1992, 1996) into Equation (6.7) gives a rotation
velocity of 30 km s~1, which is at the lower end of the range for dIs (Skillman 1996;
Coté et al. 1997). From Equation (6.6), the mass of UGC 7636 is o = 1.9 x
10° M. The surface mass density within the Holmberg diameter is 4 mio [(ma3) =
12.7 Mg pc~?, since ay = 13.7 kpc at the distance of the Virgo Cluster. Using the
measured H I flux of Patterson and Thuan (1992), the surface gas mass density within
the Holmberg diameter is 4 (1.36 Mg,)/(ma%) = 1.2 Mo pc~2, where the constant
1.36 accounts for helium. From the deprojected electron density profile for NGC 4472
(Figure 6, Irwin and Sarazin 1996), the electron density, 7., at a distance of & from
NGC 4472 is about 1073 ¢cm™®. Assuming that the ICM is at rest with respect to
NGC 4472, the radial velocity of UGC 7636 with respect to the ICM is v ~ 700
km s~!. The true velocity therefore is v > 700 km s™1. With prom = mpne (m, is
the proton mass), and adopting 700 km s~ for v, Equation (6.5) yields K 3 5. The
condition for ram—pressure stripping is satisfied.

If K is set exactly to unity, the condition for ram—pressure stripping would be just

met at an electron density

ne ~ 2.7 % 1074 em™3, (6.8)

This “threshold” value of the electron density is found at a radius of 10 from
NGC 4472, according to the deprojected electron density profile in Figure 6 of Ir-
win and Sarazin (1996). The projected angular separation between UGC 7636 and
NGC 4472 is about 5'5, which is well inside the “threshold” radius.
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6.4.3 Are Both Processes Required?

Both tides and ram-pressure appear to have been necessary to strip the H I gas from
UGC 7636 (e.g., Patterson and Thuan 1992; McNamara et al. 1994; Lee et al. 1997).
The following observations provide evidence for tidal effects. Patterson and Thuan
(1992) found a stellar “tail” and “countertail” at opposite ends of the dwarf galaxy.
Lee et al. (1997) found a significant excess of blue light along the tidal tail out to an
angular distance of > 60"”. McNamara et al. (1994) observed a low surface brightness
tail of stellar debris projected ~ 5 northwards from the dI. They found that there
was a “bow”-shaped structure to the southeast, and that the central regions of the
dl exhibited a disrupted morphology with a lack of a distinct nucleus.

At the same time, there are observations which provide evidence for ram-pressure
stripping. Both UGC 7636 and STE1 are located well within a dense ICM (Irwin
and Sarazin 1996), based upon the current location of UGC 7636 with respect to the
elliptical galaxy NGC 4472. The overall optical morphology of the dI and the 21-cm
morphology of STE1 appear similar (McNamara et al. 1994). The radial velocity of
STEL is between that of the dI and of NGC 4472 (see Table 6.1). There is very little
H I gas and no H II regions within the dwarf (present work; Gallagher and Hunter
1989; Hoffman et al. 1987), which indicates gas was lost and star formation ceased.
Furthermore, the position of STE1 is shifted with respect to the tidal tails exhibited
by the starlight of UGC 7636.

Abadi et al. (1999) performed simulations of ram-pressure stripping of spiral
galaxies in clusters with ICM densities comparable to the Virgo and Coma clusters.
The test galaxy used for their simulations was chosen to be like the Milky Way. For
a spiral galaxy encountering the Virgo ICM, their models show that only ~ 40% of

the gas mass is removed by ram-pressure stripping after some 50 Myr. Indeed, Abadi
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et al. report that the biggest deficit of their model is that the gas is never completely
removed in any of their simulations, which might suggest that tidal effects may be an
important prerequisite to complete stripping of gas.

Models incorporating dwarf galaxies (Mori and Burkert 2000) suggest that ram-
pressure stripping would take about 0.2 Gyr to remove the H I gas completely. With
their smaller gravitational potentials, dwarf galaxies are more susceptible to ram-
pressure effects and more likely to lose their gas, as Equation (1.5) implied.

The calculation in § 6.4.1 above shows that the tidal interaction with NGC 4472
must have loosened both stellar and gaseous material within the dI. As the dI trav-
elled farther into denser regions of the ICM, the dwarf eventually “crossed” over the
minimum ICM density threshold (Equation 6.8). The ram-pressure condition was
satisfied and H I gas began to leave the galaxy. As the dwarf continued through the
ICM, the H I gas would have been decelerated and, eventually, left “behind” the dI.

It remains unclear why the cloud has not completely “evaporated,” i.e., how STE1
has maintained its integrity in the presence of surrounding hot ICM gas. Compres-
sion by ram pressure could break up the H I gas into new sites for star formation
(e.g., Murakami and Babul 1999), which may explain the appearance of LR1 and
other young star clusters (McNamara et al. 1994; Lee et al. 1997). Takeda et al.
(1984) computed numerical models of an elliptical galaxy in a radial orbit through
the intracluster medium. Subsequent ram pressure stripping results in a blob of gas
which is left behind. They estimate that the remaining lifetime of the gas blob for
survival is ~ 108 yr.

The H I cloud, STE1, may eventually fall into the gravitational potential well of
the elliptical galaxy NGC 4472. If the cloud is fragmented by shearing and compres-

sive forces, more young star clusters could form and eventually merge with NGC 4472,
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Chapter 7

The Evolution of Dwarf Irregulars

in Virgo

7.1 Introduction

In the previous chapter, UGC 7636 was presented as a prototype of a Virgo dI which
has been affected by the cluster environment. A number of other dIs in the Virgo
Cluster sample also have low gas masses compared to dIs in the field sample. It will
be shown here that five of the twelve Virgo dIs have been stripped, but no differences
between field dIs and Virgo dIs are evident in the metallicity-luminosity diagram.
Below, chemical evolution is explored via the correlation between oxygen abun-
dance and the fraction of baryons in the form of gas. Based upon the evolution of field
dwarfs, gas deficiency is defined and observed in a number of Virgo dIs. A “staged”
model of chemical evolution is presented to interpret the observations of Virgo dls
relative to field dIs. A correlation between gas deficiency and the strength of the
intracluster medium is examined. It will be shown that stripping must have occurred
recently and that the intracluster medium in Virgo is the main cause of gas removal.

The fate of stripped dIs is discussed.
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7.2 Derived Parameters

Primary observables and derived parameters used to examine the evolution of dIs
are listed in Table 7.1. There are “secondary” observables (e.g., Vg, Tes, €xtinction
etc.), which may be used within intermediary steps to derive the parameters listed in

Table 7.1. However, they are not relevant to discussions below.

{ Observable I Description (units) J
Br total apparent magnitude in B (mag)
D distance (Mpc)
Fa integrated flux at 21 cm (Jy km s™1)
B-V colour (mag)
log(O/H) logarithm of oxygen abundance by number (dex)
log(N/O) logarithm of nitrogen-to-oxygen ratio (dex)
Derived Parameter Description (units)
m—-M distance modulus (mag)
Mp absolute magnitude in B (mag)
M. mass of stars (Mp)
My, Mgas H I mass, total gas mass (Mg)
Muy/Lp gas mass—to-light ratio in B (Mg /Lg,B)
Myary total baryonic mass in stars and gas (Mg)
" “gas fraction:” fraction of baryons in gaseous form

Table 7.1: List of observables and derived parameters.

7.2.1 Absolute Magnitude, Mp, and Luminosity, Lp

If the distance to a galaxy, D, is known, the distance modulus, m — M, is obtained
from

m—M=5logD—5+A4, (7.1)

where m and M represent apparent and absolute magnitudes, respectively. The final
term, A, represents the total extinction of the galaxy in magnitudes, due to dust in

the foreground and dust intrinsic to the target galaxies.
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The absolute magnitude in the blue, Mp, is derived from the measured total
apparent magnitude, B, after correction for extinction, and the distance modulus.
Distance moduli for dIs in the field and in the Virgo Cluster were discussed in Chap-
ter 2. For the most part, the extinction in B due to intrinsic dust is negligible or very
small (Lisenfeld and Ferrara 1998). The contribution by foreground dust is g 0.05
mag. Moreover, galaxies in Virgo are moving slowly enough that K-corrections are
negligible.

The luminosity, Lg, in units of solar luminosities is given by
Lp = 10°(Mo.3-Ms), (7.2)

where Mg g = +5.48 (Hayes 1978).

7.2.2 Gas, Stellar, and Baryonic Masses

The gas in dIs is the raw material out of which stars and metals are formed (§ 7.5),
and probably consists mostly of atomic hydrogen and helium. The composition of
gas in molecular form within dIs remains mostly an unknown quantity (see, e.g.,
Tacconi and Young 1987; Young and Scoville 1991; Hunter and Sage 1993; Israel et al.
1995). Although CO is used to trace the molecular hydrogen content in galaxies,
the conversion from CO to H, masses is uncertain, because there is much debate
about the “universality” of the conversion factor. Fortunately, molecular gas is not
expected to contribute greatly to the total gas mass in dwarf galaxies, owing to
low metallicities and low dust—to-gas ratios (Young and Scoville 1991; Lisenfeld and
Ferrara 1998; Vidal-Madjar et al. 2001). Ionized gas contributes negligibly to the
mass, too (Schombert et al. 2001).

The H I mass in solar masses is given by the following equation (Roberts 1975;
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Roberts and Haynes 1994):

My = 2.356 x 10° Fy, D?, (7.3)

1

where F5; is the 21-cm flux integral in Jy km s™" and D is the distance in Mpc.

Accounting for helium and other metals, the total gas mass in solar masses is given
by
Mpgas = Mp1/X, (7.4)

where X is the fraction of gas mass in the form of hydrogen. In this thesis, X is
adopted to be 0.733, the solar value.

Often, the mass in stars, M,, is computed from the product of the blue luminosity,
Lp, and with the assumption of a constant mass—to-light ratio, M,/Lg. However,
this does not account for the possible contamination of the luminosity by bright star-
forming regions, which may introduce significant variations in M, /Lp. The problem
may be particularly severe for dIs, because a star formation event of a given mass
would have a proportionately larger effect on the light than it does in a giant spiral
galaxy. A method is described below in § 7.3 which yields an estimate for M,/Lg
tailored to the particular mixture of young and old stars in a dI. This method was
developed by M. L. McCall (unpublished) as part of a long-term investigation of the
masses of galaxies. The total mass in baryons, Myary, is taken to be the mass of gas

and stars.

7.2.3 Gas—to-Light Ratio, My;/Lp and Gas Fraction, u

A proportional measure of how much gas is contained within galaxies is the H I gas
mass-to-light ratio in B. Although near—infrared luminosities of dwarf galaxies may
be more representative of the underlying stellar mass, the luminosity in B is used here,

because data in B are available for all field and Virgo dIs. The gas-to-light ratio is a
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distance-independent quantity, because the gas mass is derived from electromagnetic
fluxes (i.e., 21-cm radiation).

The fraction of baryons in gaseous form is a “fundamental” quantity, because it
determines the metallicity within the “closed box” model of chemical evolution (see
§ 7.5). The gas fraction is given by

Mas

= M+ M, (7.5)

L

In this thesis, the gas fraction is a distance-independent quantity, too, because gas

mass and stellar mass are both derived from electromagnetic fluxes.

7.3 Two—Component Method for Deriving M. /Lp

Dwarf irregular galaxies consist entirely of a disk-like component, but have no spheroidal
component. However, ds are known to consist of stars with a variety of ages (e.g.,
Grebel 2001). Young stars can contribute significantly to the total luminosity, but
they account for a minor fraction of the mass. Old stars are faint by comparison
with young stars, but they dominate the mass. To account for varying rates of star
formation, a computation of the stellar mass requires a synthesis of stellar popula-
tions. It would be ideal if the flux contributions by old and young stars were known
across a large range of wavelengths (e.g., ultraviolet to the infrared). However, such
spectral data for dwarf galaxies are very limited. Thus, syntheses are founded upon
broadband optical and near-infrared colours (e.g., Kriiger et al. 1991; Kriiger and
v. Alvensleben 1994). Unfortunately, all that is widely available for the dI samples of
the present work is the B — V colour.

To a first approximation, the mass in stars can be estimated by using a “two-
component” formalism, where the total integrated luminosity is the sum of a “young”

and an “old” component (McCall, unpublished). The young stellar component is
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presumed to have properties similar to that of I Zw 18, whose light is known to
be dominated by young stars. The colour and mass-to-light ratio for the ensemble
of young stars are assumed to be invariant. The “old” component is assumed to
consist of old stars and whatever baryonic dark matter is disk-like in its distribution.
In terms of age, the young component is assumed to be less than 10 Myr old; the
remaining stars are assumed to make up the old component. Knowing the colour of
the ensemble of young stars (e.g., I Zw 18) and the total integrated colour of the dI,
the fractions of the light contributed by old and young stars can be estimated if the
colour of the old disk can be judged from its luminosity and surface brightness. The
mass of stars can then be estimated using mass—to-light ratios appropriate for the
young and old components separately.

The two—component formalism is founded upon the assumption that the lumi-
nosity of young stars created in a recent burst or bursts of star formation is small
compared to the luminosity of old stars in the underlying population. In other words,
the light of young stars cannot completely overwhelm that from the old stars. Such
is the case for dIs, but not for BCDs (Papaderos et al. 1996; Patterson and Thuan
1996). The method is exact if a burst is superimposed upon an old population.

While the present method of computing stellar mass is somewhat crude in an
absolute sense, stellar masses can be computed homogeneously for all dIs in both
field and Virgo samples. The primary goal is to determine whether the environment
has played a role in the evolution of Virgo dIs, so the focus is on differences between
field and Virgo dIs. A “one—component” formalism using a “typical” M, /Lp is not
as good as the “two-component” version, because the stellar mass-to-light ratio may
depend on luminosity, and may even vary greatly from galaxy to galaxy at a given
luminosity. Moreover, there is no guarantee that the rates of star formation in Virgo

dIs are the same as in field dIs, even in the mean. In § 7.5.3, it will be shown that the
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two—component method gives a tighter correlation between oxygen abundance and
the gas mass fraction than the one~component method.

What follows in the text below (up to and including § 7.3.9) is an elaboration
of the work done by McCall to establish the two-component algorithm. This is
necessary, because the research has not been published, yet is fundamental to this
thesis. Then, in subsequent sections, the present author checks results of the two-
component algorithm with other published data and compares the results with that

generated by the evolutionary synthesis code of Bruzual and Charlot (1996).

7.3.1 Ingredients and Equations for M,

The total mass in stars (in solar masses) is given by the sum of the mass in the young

and old components

]VI* = M*,yng"'M*,old

M, M, \.
B (LB)yng Lvang " (E)old LB,Old, (76)

where (M./Lp)yng and (M,/Lp)oa represent the stellar mass-to-light ratios for the

young and old components, respectively, and Lpyn; and Lpgq represent the lumi-
nosity contributions in B from the young and old components, respectively. The

luminosity contributions in B from the young and old components are written as
Lpyng = (1 - foa) L5 (7.7)

Lpoa = foaLs, (7.8)

where Lp is obtained from Equation (7.2). The fraction of light in B contributed by

old stars, foq, is
10—0.4(cy.,5—cd) -1
fold = —— - :
10 0.4(cyng—Cold) — 1

(7.9)
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where cyng, Cold, and cq are, respectively, the B — V' colours of the young stars, the
old stars, and the entire system.

The colour of a young population is gauged with reference to the nearby BCD
I Zw 18. The optical light is completely dominated by young stars, although Ostlin
(2000) claims from near-infrared imaging that there exist stars at least 1 Gyr old.
Another example of a limiting case is the H I cloud HI 1225401 in Virgo, which
appears only to have young stars (Salzer et al. 1991). Indeed, the observed B — V
colours for both I Zw 18 and HI 1225401 are similar, despite the fact that the latter
has a larger oxygen abundance by about 0.5 dex (Salzer et al. 1991; Skillman and
Kennicutt 1993; Legrand et al. 2000). For these two “extreme” cases at least, it
appears that the metallicity does not strongly affect the B — V' colour.

The dust—free B — V colour assigned to the young stellar population is adopted
to be

eyg = (B—=V)2, = —0.03mag (7.10)

yng —
which is the colour observed for the ensemble of young dwarf stars (My < +4)
in the solar neighbourhood (Bahcall and Soneira 1984; van der Kruit 1986). This
is consistent with the colour observed for I Zw 18 (Davidson and Kinman 1985;
Stevenson et al. 1993) and HI 1225+01 (Salzer et al. 1991).

The dust—free colour of old stars, colq = (B—V)Y, is derived by assuming that the
relationship between colour, luminosity, and surface brightness in old stars is similar
to that observed for the ensemble of old stars in disk-like or exponential systems (e.g.,
dEs/dSphs) where star formation has stopped or is occurring at a very low rate. Dwarf
elliptical galaxies in the Local Group and in the Fornax Cluster are used to set the
relationship; dwarfs as faint as Mp =~ —9 set the low-luminosity end of the range.

The disks of the Virgo dwarf IC 3475 (VCC 1448), the low surface brightness spiral
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Malin 1, and the Milky Way (see below) are used to constrain colours at extremes
of luminosity and surface brightness. From a multiple regression analysis to old disk
systems, the relationship between colour, luminosity, and surface brightness for the

B-band is found to be
(B-V)3q = (—0.0423:£0.0031) [Mp o4 + 1.0454(uG g)aia] +(1.177£0.019). (7.11)

where Mp 4 is the absolute magnitude in B of the old disk, and (,u%,eﬁ)old is an
estimate for the dust—free mean surface brightness in B of the old disk that would
be observed within a circular aperture with radius equal to the effective radius of the
disk, if the disk were an oblate spheroid seen face-on. The colour of the old disk is
constrained to fall within the range +0.60 < (B—V)%4 < +0.98. The lower or “blue”
end of the range is set by the colours of the bluest globular clusters (Brocato et al.
1990), which should be similar to very old metal-poor stellar populations. The upper
or “red” end of the range is the reddest colour observed for giant elliptical galaxies
within a circle containing half of the total light.

Because the colour of the old population is related to both luminosity and surface
brightness, the fraction of light from the old component (i.e., Equation 7.9) must
be determined through an iterative process. First, the observed values of Mp and
(,u%,eﬁ) for the whole galaxy are substituted for Mpqq and (y%,eﬁ)old, respectively,
in Equation (7.11) to obtain an initial estimate for coq. Equation (7.9) is applied
to derive a new value of fyq from the colour of the dI, ¢4, and the colour of the
young component, ¢y, (Equation 7.10). An improved estimate for the colour of
the old component is obtained from Equation (7.11) using “updated” values of the
absolute magnitude, Mpqq, and surface brightness, (;L%,eﬂr)old. Continued iteration
quickly converges to estimates of fyq and coq, which in turn lead to estimates of the

luminosities of young and old stars via Equations (7.7) and (7.8).
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From Equations (7.6) and (7.7), the mass in young stars, M, yng, is expressed as

M,
M*,yng = (LB)yngLB,yng

M,
= (32) o-ss (712)

where the mass-to-light ratio in B for young stars is
(M*/LB)yng =0.15 M@/LB’Q. (713)

This mass—to-light ratio comes from models of the distribution of young massive
main-sequence stars (My < +4.2) perpendicular to the Milky Way (or Galactic)
disk, which employ local measures of the luminosity function and mass-luminosity
relation (Bahcall 1984; Bahcall and Soneira 1984). The mass-to-light ratio for young
stars is taken to be constant, because the initial mass function is found not to vary
significantly from galaxy to galaxy (e.g., Massey, Johnson, and DeGioia-Eastwood
1995; Massey et al. 1995; Holtzman et al. 1997). The precise value is not too
important because the mass in typical dwarf galaxies is dominated by old stars and
gas.

The mass in old stars, M, q4, is given by

M,
Myoa=|7—] Lo (7.14)
Lg old

Based upon what is observed for old stars in ellipticals, the mass—to-light ratio for the
old component in dIs is assumed to vary as a power law in luminosity with exponent

v¢. Thus, the mass—to-light ratio of the old component is estimated from

e7]
(M*> =(M-) (———L ) , (7.15)
Lg old Lp old MW dsk LB,oId MW dsk

where (f—’;)old Mwadsk and Lpodmwdsk are, respectively, the mass—to-light ratio and

luminosity in B of the old component of the Milky Way disk. The mass-to-light ratio
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for the old component of the disk of the Milky Way is obtained from the dispersion
in vertical motions of disk matter in proximity to the solar neighbourhood. Indeed,
the mass-to-light ratio for the old component is obtained without having to worry

about the extragalactic distance scale (see Equation 7.47).

7.3.2 Colour and Surface Brightness of the Galactic Disk

To estimate Lp o1a Mw dsk, 1t 1S necessary to estimate the surface brightness and size of
the old disk of the Milky Way. Here, the solar radius is adopted to be Ry = 7.8 kpc
(Feast 1987), which is consistent with the value determined by Reid (1993).

The dust—free colour and surface brightness of light in the direction of the Galactic
pole are required to compute the luminosity of the Milky Way or its components.
Based upon galaxy counts and column densities of neutral hydrogen (Burstein and
Heiles 1982), the reddening of an extragalactic source at a Galactic latitude of 90°
(north or south) is

E(B - V)(90°) = 0.012 mag (7.16)
and the extinction in B towards the Galactic pole is
Ap(90°) = +0.050 mag. (7.17)

The colour of the spheroidal component of the Milky Way integrated along the
line of sight to the Galactic pole is needed to estimate the disk colour in the vicinity
of the solar neighbourhood (de Vaucouleurs and Pence 1978; Terndrup 1988). The

dust-free polar colour of the spheroid is

(B = V)3n(90°) = 0.60 mag (7.18)
and the apparent reddened polar colour of the spheroid using Equation (7.16) is

(B — V)gph(90°) = 0.61 mag. (7.19)
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The surface brightness of the spheroid in the direction of the Galactic pole is re-
quired to determine the disk surface brightness at the solar radius from the integrated
(disk plus spheroid) polar surface brightness. Based upon star counts in the spheroid
(Bahcall and Soneira 1984; Bahcall and Casertano 1986; van der Kruit 1986), the

dust—free polar surface brightness of the spheroid is
/L%,sph(90°) = 27.20 mag arcsec™> (7.20)

and the apparent reddened polar surface brightness of the spheroid based upon the

polar extinction in Equation (7.17) is
14B,sph (90°) = 27.25 mag arcsec™>. (7.21)

The integrated polar colour of the Milky Way in the direction of the Galactic pole
is required to determine the disk colour and luminosity of the old disk (de Vaucouleurs
and Pence 1978; Bahcall and Soneira 1984; van der Kruit 1986; Stobie and Ishida
1987). From star counts near the North Galactic Pole, the integrated polar colour is
found to be

(B ~ V)40t(90°) = 0.70 mag. (7.22)

The integrated polar surface brightness is needed to determine the surface bright-
ness of the disk at the solar radius. This sets the surface brightness scale of the light
profile and the luminosity of the disk. Based on star counts and observations by the

Pioneer 10 spacecraft, the integrated polar surface brightness is determined to be
B0t = 24.50 mag arcsec™ (7.23)

(Bahcall and Soneira 1984; van der Kruit 1986).
The vertical distributions of dust and stars are necessary to correct the polar

colour and surface brightness for obscuration by dust. Vertical distributions are
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approximated by an exponential (i.e., e2/%), whose scale is defined by a scale height,
zp. From van der Kruit (1986), the scale heights for the young disk and for dwarf

stars with My > +3 in the old disk are

Zg,yng = 90 pC (7.24)
and

Zo0ld = 325 pc (7.25)

respectively (van der Kruit 1986). Using the distribution of 100 ym emission measured

by IRAS (Burton and Deul 1987), the scale height for dust in the Milky Way disk is
20,4ust = 155(Ro/7.8) pe (7.26)

where R is in kpc.

The disk surface brightness at the solar radius sets the disk luminosity if the scale
length is known. The local disk colour at the solar radius provides a way to esti-
mate the fraction of light contributed by the old stars. Subtracting the contribution
of the Milky Way spheroid (Equation 7.21) from the total polar surface brightness
(Equation 7.23), the apparent local disk surface brightness towards the Galactic pole
is

13(90°) = 24.59 mag arcsec™2 (7.27)

and the apparent local disk colour towards the Galactic pole is
(B - V)(90°) = 0.71 mag. (7.28)

Based upon the polar extinction (Equation 7.17) and the scale heights for old stars
and dust (Equations 7.25 and 7.26, respectively), the extinction in B of the disk

towards the Galactic pole is

Ap(90°) = 0.034 mag (7.29)
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and the reddening of the disk towards the Galactic pole is
E(B - V)(90°) = 0.008 mag. (7.30)
After corrections, the dust-free local colour of the disk at the solar radius is therefore
(B —V)(r = Rg) = 0.70 mag (7.31)

and the face-on dust—free local surface brightness of the disk at the solar radius as

viewed by an observer outside the Milky Way is

p%(r = Rg) = 23.80 mag arcsec™. (7.32)

7.3.3 Effective Radius of the Galactic Disk

To compute the disk luminosity, the scale of the surface brightness profile is required.
The disk surface brightness varies with radius as an exponential (i.e., e="/™) with

scale length 9. The effective radius, which contains half of the total light, is given by
Teg = 1.678 7. (7.33)

Based upon various measurements for ro (van der Kruit 1986; Habing 1987; van der
Kruit 1987a; van der Kruit 1987b), the adopted effective radius for the Milky Way
disk is

rer = 8.9 f(Rg) kpc, (7.34)
where

F(Ro) = 1+ 0.50 [Ro(kpc)/7.8 = 1]. (7.35)
7.3.4 Surface Brightnesses of the Young and Old Galactic
Disk

The dust—free surface brightness of the Milky Way’s young disk is needed so that

the light from young stars can be properly removed from the total to obtain the
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light from the old component. The fraction of the apparent polar light from all
sources which is attributable to dwarf stars with My < +4 is 0.17 (Bahcall and
Soneira 1984; van der Kruit 1986). The extinction of the young disk towards the
Galactic pole can be computed using the adopted scale heights of young stars and
dust from Equations (7.24) and (7.26). From the integrated polar surface brightness
(Equation 7.23) and the colour of the young component (Equation 7.10), the dust-free

local surface brightness of the young disk at the solar radius is
1% yng(Ro) = 24.95 mag arcsec™. (7.36)

Subtracting the young component from u%(r = Rg), the dust—free surface brightness

of the old Milky Way disk at the solar radius is
1} oa(Ro) = 24.27 mag arcsec™. (7.37)

From the dust-free surface brightness in B of the old disk, the dust—free surface

luminosity density of the old disk, Ig 4, is
I3ga = 12.9Lggepc? (7.38)

assuming 1 Lg o pc~? corresponds to a surface brightness in B of 27.05 mag arcsec™2

(Hayes 1978).

7.3.5 Colour of the Old Galactic Disk

For old disks at high luminosity, the photometric properties of the old Milky Way
disk help to anchor the dependence of colour on luminosity and surface brightness.
Based upon the dust—free local surface brightness of the young disk at the solar radius
(Equation 7.36), the fraction of the dust—free local surface brightness of the disk at

Ry, from old stars can be computed. Given the dust—free local disk colour at the solar
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radius (Equation 7.31) and the colour of the young component (Equation 7.10), the
dust-free colour of the old Milky Way disk at the solar radius is

(B — V)%4(Ro) = 0.95 mag. (7.39)

Because the solar radius is roughly similar to the effective radius of the Milky Way
(e.g., van der Kruit 1986, 1987b), the colour of old stars at the solar radius should
be representative of the old disk on average, because the effective radius encompasses
one-half of the total light of the galaxy. Therefore, the dust—free integrated colour
for the entire old disk is

(B - V)% = 0.95 mag. (7.40)

This value was adopted as an anchor point for the derivation of the dependence of

(B —-V)%, on Mp and pp for old disks (Equation 7.11).

7.3.6 Luminosity of the Old Galactic Disk

From the adopted effective radius (Equation 7.34) and the dust—free surface brightness
of the old disk at r = Ry (Equation 7.37), the absolute magnitude in B of the old
disk of the Milky Way is

Ry /(7.8kpc)
f(Ro)

where f(Rg) is given by Equation (7.35). With the choice of Ry = 7.8 kpc, the abso-

MB,oldMstk = —19.52 + 1.60 [1 - } —5log f(R@) (7.41)

lute magnitude in B of the old disk is —19.52. By Equation (7.2), the corresponding

luminosity of the old disk is

Lpoamwask = 1.0 x 10 Lp . (7.42)
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7.3.7 Mass-to-Light Ratio of the Old Galactic Disk

To compute the mass—to-light ratio of the old component of the disk, the surface mass
density of the old component at the solar radius is required. This can be computed
from the total surface mass density by subtracting the contributions by gas and young
stars. The total surface mass density in the solar neighbourhood is derived from the
vertical kinematics of nearby late-type disk stars (e.g., Bahcall 1984; Gilmore et al.
1989; Kuijken and Gilmore 1989a; Kuijken and Gilmore 1989b; Gould 1990; Bahcall
et al. 1992).

Based upon the vertical kinematics of local F dwarf stars in the disk at the solar
radius (Gould 1990), the surface density of disk matter in all forms (luminous and
dark) is adopted to be

Y(Rp) = 54 Mg pc2. (7.43)

The surface mass density at the solar radius of the young component of the Milky
Way disk is

Zyng(Ro) = 1.1 Mg pe, (7.44)
which is obtained from the dust—free local surface brightness of young stars (Equa-
tion 7.36) and the mass—to-light of young stars (Equation 7.13). The sum of the
surface gas mass densities in neutral, molecular, and ionized forms within the Milky

Way disk at the solar radius is (Kuijken and Gilmore 1989b; Kulkarni and Heiles
1987; Scoville and Sanders 1987)

Sgas(Ro) = 12.6 Mg pc2. (7.45)

Subtracting the surface mass densities in gas and young stars (Equations 7.45

and 7.44, respectively) from the total surface mass density (Equation 7.43) gives the
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surface mass density of the old disk:
Sod(Ro) = 40.3 Mg pc™2. (7.46)

Dividing the surface mass density of the old disk (Equation 7.46) by the luminous
surface density of the old disk (Equation 7.38), the mass—to-light ratio in B of the

Milky Way’s old disk at the solar radius is
(M*/LB)oldMstk("' = R@) =3.11 M@/LB,@. (7.47)

Because reg = Rg, the mass—to-light ratio of the old component at the solar radius

is taken to be representative of the entire old disk component of the Milky Way.

7.3.8 The Variation of (M./Lg)qq With Lpg g4

The exponent, 4, of the power law describing how (M./Lp)qa varies with Lp g
(Equation 7.15) was derived from the relationship between rotational and photometric
masses of spiral and irregular galaxies in the Virgo Cluster. From a nonlinear least
squares fit to a sample of 28 Virgo Cluster galaxies with Mp 4 = —19 to —21, 74
was determined to be 0.175. The same relation was found to hold for five dwarfs with
Mp 45k between —15 and —18 for which good rotation curves are available. The small
but non-zero value of y; indicates that the mass—to-light ratio for the old disk varies

slowly with the luminosity of the old disk over a factor of ~ 600 in luminosity.

7.3.9 A Final Equation For M,

Combining Equations (7.14), (7.15), (7.42), and (7.47), the mass in old stars is

(Lp o)™

(LB,old MW dsk)

(foraLB) ™
(1.0 x 1010)™

M,oa = 3.11

Ve

3.11 (7.48)
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where M, qq and Lp are in solar units. Combining Equations (7.12), (7.13), and

(7.48), the total mass of stars is thus

M* = M*,yng + M*,Old

(foaLp)

= 0.153 (1 - fOld)LB + 3.11 (10 % 1010)7(! :

(7.49)

7.3.10 Results

For each dI, the dust—free apparent magnitude, B%, the distance modulus, the total
dust-free (B — V)? colour, and the effective radius, res (or exponential scale length,
ro), are needed to derive the stellar mass. To compute cqq for the fraction of light con-
tributed by old stars (see Equation 7.9), it is assumed that the photometric properties
of old stars in dlIs are similar to those in other disk-like systems where star formation
has ceased. The relationship between cqq, Mp, and (u%,eﬁ)old is expressed by Equa-
tion (7.11). An initial estimate of luminosity is given by B}; an initial estimate of

surface brightness is given by

Mo = BY+2.5l0g(2nr%)

= BY +5log reg + 2.0, (7.50)

i.e., by the dust—free effective surface brightness in B of the whole dwarf in units of

mag arcsec™ 2.

In summary, Table 7.2 lists derived gas masses, stellar masses, stellar mass-to-

light ratios, and gas fractions for field and Virgo dlIs.

7.3.11 Testing the Two—Component Method

To evaluate the contribution to the total luminosity from the underlying old compo-

nent, the observed luminosity in B from the old disk, Mp 4, can be computed from
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dI Name Mp log My | log Mgas | log Mui/Lp | log M. M./Lgp @ log log (1/p)
(mag) | (Mo) (Mg) | (Mo/Lo,) | (Me) | (Mo/Lo,B)
(1) (2) (3) 4) (5) (6) (M (8) (9)
Field dls
DDO 187 —15.07 8.25 8.39 +0.032 8.01 0.61 0.706 —-0.821
GR 8 —-12.19 7.04 7.17 -0.027 6.74 0.47 0.731 —0.866
HoII -15.98 8.93 9.06 +0.344 8.54 0.90 0.771 —0.947
IC 10 -15.85 8.14 8.27 —0.394 8.62 1.21 0.312 —0.296
IC 1613 —14.53 7.97 8.10 —0.036 8.13 1.34 0.484 —0.502
1C 2574 —-17.06 9.16 9.30 +0.146 8.95 0.86 0.690 —-0.793
IC 4662 —15.84 8.40 8.53 -0.132 8.30 0.59 0.630 —0.697
Leo A —11.35 6.89 7.02 +0.154 6.36 0.43 0.820 —1.066
LMC -17.94 8.82 8.96 —-0.544 9.37 1.01 0.279 —0.257
NGC 1560 -16.37 8.85 8.98 +0.107 8.74 0.99 0.638 —0.710
NGC 1569 —16.54 7.80 7.93 —-1.008 8.58 0.59 0.185 —0.136
NGC 2366 —16.28 8.95 9.08 +0.243 8.79 1.22 0.662 —0.747
NGC 3109 —15.30 8.94 9.07 +0.624 8.31 1.00 0.851 —1.155
NGC 4214 —18.04 9.24 9.37 —0.169 9.40 0.98 0.485 —0.503
NGC 5408 -15.81 8.25 8.38 —0.269 8.51 0.98 0.429 —0.434
NGC 55 -18.28 9.18 9.31 —-0.326 9.52 1.05 0.380 -0.377
NGC 6822 —14.95 8.13 8.26 —0.042 8.19 1.06 0.540 -0.572
Sextans A —14.04 8.03 8.16 +0.219 7.66 0.71 0.762 —0.928
Sextans B —14.02 7.65 7.78 —0.150 7.74 0.87 0.526 —0.554
SMC —16.56 8.95 9.09 +0.136 8.93 1.30 0.590 —0.640
UGC 6456 —-13.90 7.90 8.04 +0.154 7.61 0.72 0.729 —0.863
WLM -13.92 7.79 7.93 +0.033 7.65 0.79 0.652 -0.731
Virgo dls

VCC 0512 —-15.82 8.39 8.52 -0.132 8.50 0.96 0.511 —0.535
VCC 0848 -16.39 8.73 8.87 -0.014 8.62 0.74 0.640 —0.712
VCC 0888 -16.12 7.98 8.11 —0.661 8.69 1.13 0.209 -0.168
VCC 1114 —16.46 7.26 7.40 -1.512 8.79 1.03 0.039 +0.148
VCC 1179 —16.25 7.46 7.59 —1.235 8.55 0.72 0.100 +0.001
VCC 1200 -16.34 7.42 7.55 -1.311 8.74 1.03 0.061 +0.085
VCC 1249 —16.86 7.04¢ 7.18 —1.893 8.98 1.09 0.016 +0.256
VCC 1448® | —17.19 7.53 7.66 —1.543 9.32 1.79 0.021 +0.222
VCC 1554 -18.97 9.53 9.66 —0.253 9.69 0.82 0.483 —0.500
VCC 1585 -15.92 8.85 8.98 +0.290 8.57 1.03 0.721 —0.848
VCC 1789 —~16.05 7.85 7.98 —-0.764 8.73 1.30 0.153 —0.089
VCC 2037 -15.32 7.37 7.51 —0.946 8.12 0.63 0.197 —0.151

Table 7.2: Stars and gas in field and Virgo dls. Column (1) labels the dI; column (2} lists the absolute magnitude
in B; columns (3) and (4) list the logarithm of the H I gas mass and the total gas mass from Equations (7.3) and
(7.4), respectively; column (5) lists the logarithm of the H I gas-to-blue-light ratio; column (6) lists the logarithm
of the stellar mass from Equation (7.6); column (7) lists the stellar mass-to-light ratio in B; column (8) lists the gas
fraction; and column (9) lists the inverse gas fraction, as conveyed by log log (1/u); see § 7.5. NOTE: 2 H1 measured

at the actual position of VCC 1249 (see Chapter 6). ® No H II region spectrum was detected.
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Equation (7.8). Table 7.3 lists Mp, Mp 4, and their difference (0Mp = —2.5log ford)-
The average difference for field dIs is +0.68 mag. For Virgo dls, the average is
+0.71 mag; it is +0.74 mag if VCC 1448 is excluded. These numbers are similar to
those found by Papaderos et al. (1996) and Patterson and Thuan (1996), who per-
formed photometric decompositions on star—forming dwarfs to separate recent bursts
from their underlying non-burst components.

To facilitate a more detailed comparison with models below, properties of an
“average” dI in each of the field and Virgo samples are computed. The field dIs are
restricted to the same range of Mp encompassed by Virgo dIs (—15.3 3 Mp 3 —19.0).
Properties of the average field and the average Virgo dI are listed in Table 7.4. The
average field dI and the average Virgo dI have similar properties, except for the gas
fraction p.

It is important to realize that recent observations of dIs (e.g., Gallagher and
Hunter 1985; Gallagher and Hunter 1986; Grebel 2001; van Zee 2001) suggest that
observed rates of star formation are consistent with the scenario that stars have
formed at a constant rate on average over a Hubble time. The properties of the average
dI in each sample are readily reproduced by syntheses founded upon a constant rate of
star formation. Using a standard Salpeter initial mass function (IMF) (Salpeter 1955),
Searle et al. (1973) created a model with Mp = —15.6 mag and B — V = +0.36 mag
at an age of 10 Gyr. Larson and Tinsley (1978) produced models with B—V colours of
+0.44 mag, +0.50 mag, +0.56 mag at ages of 5, 10, and 20 Gyr, respectively. Models
for dwarf galaxies by Kriiger et al. (1991) and Kriiger and v. Alvensleben (1994)
yielded similar results. Beginning with a gas mass of approximately 10° M, their
models resulted in dwarfs with the following properties at an age of about 10 Gyr:
Mg ~ —16.5, B ~ V =~ 0.45 mag, and p = 0.65. Most important, they computed

M,/Lg = 0.60, which is in good agreement with results from the two-component
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dl Name Mg Mpod | fola | —2.5log forg

(mag) | (mag) (mag)
(1) (2) (3) (4) (5)
Field dls
DDO 187 ~15.070 | —14.120 | 0.417 +0.950
GR 8 ~12,185 | —11.358 | 0.467 +0.827
Holmberg I | —15.980 | —15.285 | 0.527 +0.695
IC 10 —15.854 | —15.499 | 0.721 +0.355
IC 1613 —14.531 | —14.490 | 0.963 +0.041
IC 2574 -~17.061 | —16.135 | 0.426 +0.926
IC 4662 —~15.844 | —~14.689 | 0.345 +1.155
Leo A —11.353 | —10.545 | 0.475 4-0.808
LMC —17.936 | —17.050 | 0.442 +0.886
NGC 1560 -16.372 | —15.717 } 0.547 +0.655
NGC 1569 ~16.536 | —15.261 | 0.309 +1.275
NGC 2366 -16.284 | —15.864 | 0.679 +0.420
NGC 3109 ~15.299 | —14.831 | 0.650 +0.468
NGC 4214 -18.035 | —17.101 | 0.423 +0.934
NGC 5408 -15.812 | —-15.179 | 0.558 +0.633
NGC 55 ~18.277 | —~17.381 | 0.438 +0.896
NGC 6822 -14.947 | -14.,592 | 0.721 +0.355
Sextans A -14.038 | —13.393 | 0.552 4-0.645
Sextans B —14.015 | —13.614 { 0.691 +0.401
SMC —16.556 | —16.155 | 0.691 +0.401
UGC 6456 —13.896 | —13.182 | 0.518 +0.714
WLM —13.916 | —13.409 | 0.627 +0.507
Virgo dis

VCC 0512 —15.820 | —15.198 | 0.564 +0.622
VCC 08438 —16.390 | —15.414 | 0.407 +0.976
VCC 0888 —16.120 | —15.642 | 0.644 +0.478
VCC 1114 —-16.460 | —15.827 | 0.558 +0.633
VCC 1179 —16.250 { —15.255 | 0.400 +0.995
VCC 1200 —16.340 | —15.691 | 0.550 +0.649
VCC 1249 —16.860 | —16.232 | 0.561 +-0.628
VCC 1448 ¢ | —17.190 | —16.919 | 0.779 +0.271
VCC 1554 —18.970 | —17.684 | 0.306 +1.286
VCC 1585 —-15.920 | -15.313 | 0.572 +0.607
VCC 1789 —16.050 | —15.729 | 0.744 +0.321
VCC 2037 —15.320 | —~14.325 | 0.400 +0.995
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Table 7.3: Mg, Mg o4, and their difference for field and Virgo dIs. Column (1) lists the name
of the dI, column (2) lists the absolute magnitude in B, column (3) lists the absolute magnitude
in B for the underlying old component, column (4) lists the luminosity fraction in B for the old
component given by Equation (7.9), and column (5) lists the corresponding magnitude difference.
NOTE: ¢ VCC 1448: no spectrum could be obtained for this dI.




Property Field dI | Virgo dI

(N=13) | (N=12)
Mean Mp (mag) —16.6 —~16.5
Mean B - V (mag) +0.47 +0.52
log (M.) (Mo) 8.81 8.99
Mean (M./Lg) (Mo/Lo,B) 0.97 1.02
Mean pu 0.53 0.26
Mean 12+log(O/H) 8.07 8.156 ¢

Table 7.4: Properties of an average field and an average Virgo dI. The field dIs are restricted
to the luminosity range encompassed by Virgo dIs, namely —15.3 > Mp 2 —19.0. Values of M.,
and M, /Lp are computed using the two-component algorithm. NOTE: ¢ Average based upon 11
dwarfs; no H II region spectrum was obtained for VCC 1448.

model.

7.3.12 Comparison with the Bruzual & Charlot Code

Although precise values of M, are not essential to studying the evolution of Virgo dIs
with respect to field dIs, they are important for assessing how dIs have evolved in an
absolute sense. Thus, it is appropriate to test the two-component population syn-
thesis technique more rigorously. The galaxy evolutionary synthesis code by Bruzual
and Charlot (1996; BC96 hereafter) has been used to evaluate whether the initial
assumption of a small young burst on top of an underlying old population of stars is
valid and whether computed values of M, above are reasonable. Further details of the
code are provided in Charlot and Bruzual (1991) and Bruzual and Charlot (1993).
The code! by Bruzual and Charlot (1996) provides a reasonably simple method to
generate models for galaxies. Composite stellar populations at a given metallicity are
constructed with the aid of spectral libraries and stellar evolutionary tracks (Lejeune
et al. 1997). The user is permitted to perform computations with sub-solar, solar,

and super—solar metallicities, with different initial stellar mass functions, and with
See also § 6.4, Leitherer et al. (1996).
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different star formation histories. The stellar mass function and the metallicity do not
vary with time. Here, the following model is adopted: a Salpeter initial stellar mass
function (Salpeter 1955) with mass limits in the range between miower = 0.1 Mg and
Mupper = 125 Mg, a constant star formation rate, and a metallicity equal to one-fifth
solar (12+log(O/H) = 8.17), which is similar to the value for the average dI for each
of our samples (Table 7.4).

The galaxy in a model is normalized to 1 M. By assigning a desired absolute

magnitude, Mp(desired), a physical stellar mass, M, (actual), is defined by

(7.51)

Mp(desired) — Bpag(model) = —2.5log [M*(actual)] ’

M, (model)

where Bp,g(model) and M, (model) are obtained from the models. For the present
discussion, the desired absolute magnitude, Mp(desired), is assigned to be —16, which
is typical of the range for field and Virgo dls, as seen in Table 7.4.

Table 7.5 lists results for a set of models founded upon a constant star formation
rate (SFR). The model colours are within the range of values observed for field and
Virgo dIs (see Tables 2.1 and 2.5). Note that the actual choice of the star formation
rate has no bearing on the results for B — V and M,/Lp at a given age. This is
because the ratio of the SFR to the actual mass of stars formed by a given age is
independent of the SFR. A model with a Scalo initial mass function (Scalo 1986)
yields slightly smaller stellar mass-to-light ratios and B —V colours which are redder
by about 0.1 mag.

The stellar mass and the stellar mass—to-light ratio are computed using the two-
component method for a test dI with Mp = —16 and B — V = +0.405 and a test dI
with Mp = —16 and B—V = +0.438, and are compared with BC96 models evaluated
with a constant SFR at ages of 10 Gyr and 14 Gyr. Results are listed in Table 7.6. The

stellar mass and total stellar mass—to-light ratio from the two-component algorithm
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t Bmag(model) | B—V | M.(model) | log M. (actual) | M,/Lg(actual)
(Gyr) | (per1Mp) | (mag) | (per1 Mo) (Mo) (Mo/Le,B)
() ) (3) 4) (8) (6)

SFR = constant

10 8.0959 0.4050 0.068 8.471 0.757
12 8.0606 0.4231 0.081 8.533 0.872
14 8.0310 0.4383 0.094 8.586 0.985
16 8.0052 0.4577 0.107 8.631 1.095
18 7.9826 0.4635 0.120 8.672 1.203
20 7.9629 0.4742 0.133 8.709 1.309

Table 7.5: Models with a constant star formation rate (SFR) created with the evolutionary syn-
thesis code by Bruzual and Charlot (1996). The model is scaled so that the final mass of the galaxy
is 1 Mg. A Salpeter initial mass function and a metallicity of one-fifth solar are assumed. Column
(1) lists the age of the model galaxy. Column (2) lists the B magnitude per 1 Mg galaxy. Column
(3) lists the output B — V colour. Column (4) lists the output stellar mass fraction. Column (5)
lists the actual stellar mass from Equation (7.51). Column (6) lists the actual stellar mass—-to-light
ratio from actual stellar masses in column (5) and the luminosity corresponding to Mg = —16. At
a given age, the colours, actual stellar masses, and stellar mass-to-light ratios are independent of
the SFR.

are the same as the values obtained from the evolutionary synthesis code.

7.3.13 Variation of M,/Lp with Mp

Based on the two-component algorithm, values of the stellar mass—to-light ratio in
B for the sample of field dIs range between 0.4 and 1.3. The lowest values belong to
GR 8 and Leo A, which are the lowest luminosity dIs in the field sample. Values of
M, /Lp for the sample of Virgo dIs range between 0.6 and 1.8 (see Table 7.2).
Figure 7.1 shows a plot of stellar mass—to-light ratio in B versus absolute mag-
nitude in B for field and Virgo dIs. There is little correlation of M,/Lg with Mp
for both samples of dIs; values are all clustered around M,/Lg ~ 1. The range of
M, /Lp observed in field and Virgo dIs is reproduced at ages between 10 and 20 Gyr

by a model with constant star formation (see Tables 7.5 and 7.6).
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Figure 7.1: Stellar mass-to-light ratio versus absolute magnitude in B for field and Virgo dls.
Filled circles indicate field dIs and crosses indicate Virgo dIs. For ages between 10 and 20 Gyr
in increments of 2 Gyr, open triangles show the locations of an Mp = —16 dwarf galaxy, whose
properties are determined from the evolutionary synthesis code of Bruzual and Charlot (BC96) and
are listed in Table 7.5. The open circle and open square show the position of dIs at Mp = —16 with
colours B — V = 0.405 and 0.438, respectively, for which M, are obtained from the two-component

method (see Table 7.6).
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Property of Two-Component BC96 Two-Component BC96
Test dI Method (10 Gyr) Method (14 Gyr)
&) 2 3) () (5)
Assigned Mp (mag) -16 -16 -16 -16
Assigned B — V (mag) +0.405 ¢ +0.405 ¢ +0.438 b 4+0.438 ¢
fold 0.434 e 0.469
(M./LB)old (Mo /Lo,.B) 1.524 e 1.545 .
log M. (Mo) 8.466 8.471 @ 8.498 8.586 °
(M./Lg) (Mo/Lo,B) 0.748 0.756 9 0.805 0.986 "

Table 7.6: Properties of a test dI: two-component formalism versus Bruzual and Charlot (1996)
code. The assigned value of Mp is motivated by the approximate mean value for Virgo dIs (see
Table 7.4). Columns (2) and (4) list the fraction of light in B from old stars, fod, the ratio of mass in
old stars to blue luminosity, the total stellar mass, and the stellar mass—to-light ratio in B computed
using the two-component algorithm in § 7.3. Columns (3) and (5) list the stellar mass and stellar
mass—to-light ratio in B generated by the evolutionary synthesis code (Bruzual and Charlot 1996).
NOTES: ¢ Values obtained from Table 7.5 at an age of 10 Gyr. b Values obtained from Table 7.5 at
an age of 14 Gyr.

7.4 Correlations

To explore the effects of the cluster environment on the evolution of dIs, the following
correlations are examined: O/H and Mp in § 7.4.2, B—V and Mp in § 7.4.3, the
effect of star formation on O/H and Mp in § 7.4.4, O/H and M, in § 7.4.5, O/H and
Migt/Lp in § 7.4.6, Myi/Lp and Mp in § 7.4.7, O/H and Mg in § 7.4.8, Mpg,s and
M, in § 7.4.9, and O/H and Myary in § 7.4.10. The correlation between O/H and p

is extensively discussed in § 7.5.

7.4.1 Fitting Procedure

A best—fit line for the correlation between two parameters with comparable errors is
obtained with the geometric mean functional relationship (Draper and Smith 1998),
which assumes similar dispersions in both observables. As correlations are sought
between parameters expressed in logarithms, a typical error is about 0.1 to 0.2 dex.

In particular, for the two key diagnostics (O/H vs. Mp and O/H vs. p), the errors
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for both dependent and independent variables are very similar (see Figures 7.2 and
7.14). An equal weighting of points is assigned for both variables in a given fit.
While maximum likelihood techniques are more appealing for asymptotic results,
these methods do not work as well when the datasets are small (Draper and Smith
1998).

The geometric mean functional relationship relies upon the minimization of the
sum of areas bounded by the shortest horizontal and vertical lines from each data

point to the best—fit line. For the desired relation Y versus X, the fit is described by
Y =y + mX. (7.52)

Initially, two linear least-squares fits are obtained : Y = bp+b X and X = ap+a; Y.

The desired slope, m, is obtained from the geometric mean of the slopes from the two

m= (b—l)m. (7.53)

ay

linear least—squares fits

The desired intercept, yo, is given by
yo = (Y) - m(X), (7.54)

where (X) and (V) are the average of X and Y values, respectively.

7.42 (O/H) vs. Mg

Skillman et al. (1989) and Richer and McCall (1995) showed that oxygen abundances
in dIs increase with increasing galaxy luminosity in B. Hidalgo-Gamez and Olofsson
(1998) claimed from their sample of dlIs that this relationship is weaker than previ-
ously thought. Nevertheless, the relationship continues to spiral galaxies at higher
luminosities (Garnett and Shields 1987; Roberts and Haynes 1994; Zaritsky et al.
1994). For nearby dSphs, Grebel and Guhathakurta (1999) have also observed a
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similar relationship between iron abundance and galaxy luminosity in V' (see also
Aaronson et al. 1978; Aaronson 1986). However, Richer et al. (1995, 1998) showed
that oxygen abundances for a number of field dSphs are about +0.3 dex higher than
in field dIs at similar luminosities in B and concluded that the predecessors to field
dSphs could not have been dIs.

Figure 7.2 shows the metallicity-luminosity diagram for the samples of field and
Virgo dIs. Using the geometric mean functional relationship, the fit to all field dIs is
given by

12 + log (O/H) = (5.59 % 0.54) + (—0.153 & 0.025) Mp. (7.55)

This fit is shown as a solid line in Figure 7.2. Equation (7.55) is consistent with the
relation determined by Richer and McCall (1995) for dwarfs brighter than Mp = —13.
From the fit, the root-mean-square deviation, or rms, in log(O/H) is computed to be
o = 0.175 dex. Two field dIs (Sextans B and NGC 6822) appear to be underluminous
for their metallicities, as was noted by Richer and McCall (1995). The dispersion in
log(O/H) about the fit described by Equation (7.55) does not increase significantly
for dwarfs fainter than Mg < —15. In fact, improved distances for Leo A and GR 8
(see Chapter 2) are responsible for the smaller dispersion at lower galaxy luminosities
relative to that of Richer and McCall (1995). Hereafter, Equation (7.55) will be
adopted as the metallicity-luminosity relation for all field dls.

Oxygen abundances for the sample of Virgo dls are consistent with those for the
sample of field dIs at comparable luminosities. A simultaneous fit to the 22 field and

11 Virgo dIs gives a result consistent with that expressed by Equation (7.55):
12 + log (O/H) = (5.43 £ 0.52) + (—0.164 = 0.024) Mp. (7.56)

To judge whether there are any differences between field and Virgo dIs, residuals

in oxygen abundance are plotted versus absolute magnitude in B in Figure 7.3 for
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Figure 7.2: Oxygen abundance versus absolute magnitude in B for field and Virgo dIs. Galaxy
luminosity increases to the right. The solid dots mark the field dIs. The arrow indicates a lower limit
to the oxygen abundance for NGC 1560. Oxygen abundances for the field dwarfs were determined
directly from [O III]A4363 measurements. The solid line is a fit to the field dIs (Equation 7.55)
using the geometric mean functional relation (Draper and Smith 1998). Crosses indicate Virgo dls.
[0 11I)A4363 detections for VCC 0848 and VCC 1554 are marked as crosses enclosed by open circles.
The error bars indicate typical uncertainties in the oxygen abundance and absolute magnitude.
The uncertainty is at most 0.1 dex for oxygen abundances which were determined directly from
[O I1I)\4363 measurements. A typical uncertainty of 0.2 mag in absolute magnitude accounts for
the various methods used to determine distances to field dIs and for possible uncertainties in the
distances to Virgo dIs arising from the “depth” of the Virgo Cluster (see Chapter 2). The oxygen
abundance adopted for the Sun is 12+log(O/H) = 8.87 (Grevesse et al. 1996).
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objects in the magnitude range encompassed by the Virgo dIs (=17 g Mp < —15).
Residuals in oxygen abundance are obtained by subtracting the observed abundances
from the fit to all dIs in Equation (7.56) to remove the trend of abundance with
luminosity within the specified magnitude interval. For the ten field dIs, the mean
and standard deviation of the residuals in oxygen abundance are —0.089 dex and
+0.15 dex, respectively. For the ten Virgo dIs, the mean and standard deviation of
the residuals in oxygen abundance are +0.048 dex and +0.17 dex, respectively. A
Student’s t-test (T = —1.90; P = 0.074) shows that the means of residuals for the
two samples are not significantly different and an F-test (F = 1.37; P = 0.649) shows

that the variances are indistinguishable.

74.3 B-V vs. Mp

Photometric properties (luminosity and colour) can reveal whether Virgo dIs exhibit
significant differences in star formation rates compared to field dls. Figure 7.4 shows
a plot of B — V colour versus absolute magnitude in B for the samples of field and
Virgo dIs. VCC 1249 (see Chapter 6) and VCC 1448 are labelled, because they are
the two most H I-poor dIs in the Virgo sample. A typical fading vector is shown. In
disk-like systems, B — V reddens by approximately +0.25 mag when Mp fades by
1 mag (McGaugh and Bothun 1994). There is no significant colour difference between
field and Virgo dIs, i.e., there has ‘be_gr_l no significant fading or brightening of Virgo
dwarfs with respect to field dwarfs. B — V colours do not vary with luminosity in
a systematic way, which suggests that if ages are invariant, a constant percentage of
the baryonic mass is involved in star formation. Models with constant star formation
(Table 7.5) show that different B — V' colours at a given luminosity reflect varying
proportions of recently formed stars of different ages. The topic of fading will be

re-addressed later in § 7.8.2. Because there is little difference in mean colour, there
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Figure 7.3: Oxygen abundance residuals versus absolute magnitude in B for field and Virgo dls
(-15 > Mp > -17). Filled circles indicate field dIs and crosses indicate Virgo dIs. The large
open circle indicates the position of VCC 0848, for which [O III]A4363 was detected. The horizontal
dotted line marks where the observed abundance is equal to the abundance obtained from the fit in
Equation (7.56). '
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Figure 7.4: B - V colour versus absolute magnitude in B for field and Virgo dIs. Filled circles
and crosses indicate field dIs and Virgo dls, respectively. VCC 1249 (see Chapter 6) and VCC 1448
are labelled, because they are the two most H I-poor dIs in the Virgo sample. A fading vector is

indicated by a dashed arrow to show that B — V reddens by about +0.25 mag for each magnitude
of fading (McGaugh and Bothun 1994).
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should be no systematic error in computing M,/Lg in the two-component method

for M,.

7.4.4 Effect of Star Formation on (O/H) vs. Mp Relation

A plot of the oxygen abundance versus the absolute magnitude in B of the old
component (Table 7.3) is examined to evaluate whether recent star formation has
a significant effect on the metallicity—luminosity relationship. This plot is shown in
Figure 7.5 for the samples of field and Virgo dIs. Oxygen abundances for Virgo dIs

are comparable to those in field dIs at similar luminosities. A fit to the field dIs gives
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Figure 7.5: Oxygen abundance versus absolute magnitude in B of the old disk component in field
and Virgo dIs. Open circles and open squares indicate field dIs and Virgo dls, respectively. The
arrow indicates a lower limit to the oxygen abundance for NGC 1560. The dashed line is a geometric
mean fit to the field dls.
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12 + log (O/H) = (5.64 = 0.54) + (—0.157 % 0.026) Mp o14. (7.57)

The rms in log(O/H) is 0 = 0.178 dex. Relative to the log(O/H)-Mp relation (Equa-
tion 7.55), the fit to the field dls is slightly shifted to fainter luminosities as expected.
The slope is essentially unchanged and the dispersion is not significantly different.
Figure 7.6 shows for field dIs alone a plot of the oxygen abundance versus the ab-
solute magnitude of the whole galaxy and the old component. The average value of
—2.51og foiq is +0.68 mag, which maps into a shift in oxygen abundance of about
0.11 dex, which is similar to the intrinsic uncertainty in oxygen abundances (see Fig-
ure 7.2). The fact that the slope of the fit does not change is further evidence of the
assertion that recent star-formation activity is proportionally comparable for all field
dIs. Indeed, the scatter may reflect a limit to the accuracy in (O/H) or it may reflect
the fact that gas must be accommodated to obtain a proper picture of evolution.
Skillman and Bender (1995) point out an important shortcoming of the metallicity—
luminosity diagnostic for dIs. If gas is the source from which stars and metals are
formed, the metallicity—luminosity relation does not allow for any effects on the gas
(e.g., stripping) to be shown, because the gas mass is not explicitly seen as an observ-
able in the diagram. Furthermore, theories of chemical evolution do not show such a
diagram to be fundamental. It stands to reason that both gas—normal and gas—poor
dwarfs could overlap, as appears to be the case in Figure 7.2. The metallicity—
luminosity diagram is by itself insufficient to determine whether the environment has

affected the evolution of dls.

7.45 (O/H) vs. M,

The metallicity-luminosity diagram can be regarded as a “zeroth-order” manifesta-

tion of a relationship between metallicity and stellar mass. The actual mass of stars
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Figure 7.6: Oxygen abundance versus Mg and Mo for field dIs. Filled and open circles mark
Mp and Mp g, respectively. A dotted line connects the pair of points for each galaxy. Arrows
indicate lower limits to the oxygen abundance for NGC 1560. The solid line is a geometric mean fit
to log(O/H) versus Mp for field dIs, as expressed by Equation (7.55). The dashed line is a geometric
mean fit to log(O/H) versus Mp qq for field dIs, as expressed by Equation (7.57). The lines have
similar slopes.
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in dlIs can be computed using the two-component method, which accommodates sep-
arate mass—-to-light ratios for the old and young stellar populations. A plot of the
oxygen abundance versus stellar mass for field and Virgo dls is shown in Figure 7.7.

Owing to the lack of any trend in B —V with luminosity and the rather small impact
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Figure 7.7: Oxygen abundance versus stellar mass (in M) for field and Virgo dls. The solid dots
indicate dls in the field. The arrow indicates a lower limit to the oxygen abundance for NGC 1560.
Crosses indicate Virgo dIs. [0 IT[}A4363 detections for VCC 0848 and VCC 1554 are marked as
crosses enclosed by open circles. The solid line is a geometric mean functional fit to the field dIs.

of star formation on the total light, this diagram mimics the metallicity—luminosity

diagram for the old disk component in dlIs shown in Figure 7.5. The fit is given by
12 + log (O/H) = (5.14 £ 0.60) + (0.339 £ 0.055) log M. (7.58)
and is shown as a solid line in Figure 7.7. The rms in log(O/H) is o = 0.177 dex.
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7.4.6 (O/H) VS. MHI/LB

A plot of metallicity against H I mass—to-light ratio (My;/Lp) can be useful because
the latter quantity is distance-independent and composed entirely of untransformed
observables, yet conveys information about the gas fraction. Zaritsky et al. (1994)
found a weak anti-correlation between oxygen abundance and the H I gas-to-light
ratio for their sample of spiral galaxies and the sample of dIs from Skillman et al.
(1989).

A plot of oxygen abundance versus My;/ L for the samples of field and Virgo dIs is
plotted in Figure 7.8. There is a weak inverse correlation between oxygen abundance
and My;/Lp for field dIs. The field dI NGC 1569 exhibits an anomalously low value
of Myi/Lg, which is likely due to an excess in Lp arising from its “post—starburst”
nature (see next section). A number of Virgo dIs appear well separated from field dls
with similar oxygen abundances, which shows that Virgo dIs have evolved differently.
This is in marked contrast to previous diagnostics of evolution based purely on stellar

light.

7.4.7 Mpu/Lp vs. Mp

A plot of the H I mass—to-light ratio against absolute blue magnitude for dIs is shown
in Figure 7.9. Although a spectrum was not obtained at CFHT, VCC 1448 is included
in the Virgo sample as an example of an extremely H I-poor dwarf, which is clearly
evident in the diagram.

For a variety of gas-rich galaxies, Staveley-Smith et al. (1992) obtained a fit of
My1/Lp x L, where n = —0.34+0.1. A fit to the field dIs using the geometric mean

relationship is shown as a solid line in Figure 7.9. It is given by
log .= (2.90 £ 1.90) + (0.19 £ 0.12) Mp, (7.59)
B
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Figure 7.8: Oxygen abundance versus My/Lp for field and Virgo dIs. The solid dots show dls
in the field. The arrow indicates a lower limit to the oxygen abundance for NGC 1560. NGC 1569
is labelled owing to its post-starburst nature (see text). Crosses mark Virgo dls. [O IIIJA4363
detections for VCC 0848 and VCC 1554 are marked as crosses enclosed by open circles. An upper
limit to the H I mass is marked for VCC 1200.
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which gives n = —0.475 & 0.3, consistent with the result found by Staveley-Smith
et al. (1992).

The dispersion in the field dIs is rather large, thanks in part to the field dI
NGC 1569, which appears anomalously “gas-deficient.” As noted in Chapter 2,
NGC 1569 appears to be a dwarf galaxy in a “post-starburst” phase of evolution
(e.g., Heckman et al. 1995; Greggio et al. 1998), so the gas deficiency may be an

illusion caused by an excess in B luminosity. Excluding NGC 1569, the fit becomes

M
log % = (2.29 = 1.55) + (0.148 = 0.098) M3, (7.60)

B
which gives n = —0.37 & 0.24. This fit is shown as a dashed line in Figure 7.9.
Although the quoted errors in the slope and the power-law index are large, this
latter result is also consistent with that found by Staveley-Smith et al. (1992). The
rms dispersion in log My;/Lg is o = 0.362 dex.

Figure 7.9 shows that a number of Virgo dIs are noticeably H I gas—deficient
compared to field dIs in the range —17 < Mp g —15. Additional discussion and

quantification of the gas deficiency in Virgo dls is discussed in § 7.5.2.

7.4.8 (O/H) vs. Mgy

A plot of the oxygen abundance versus gas mass for field and Virgo dls is shown
in Figure 7.10. As described previously in § 7.4.6 and 7.4.7, a number of Virgo dlIs
contain less gas compared to field dIs at similar abundances. Using the geometric

mean functional relationship, a fit to the field dIs gives
12 + log (O/H) = (4.56 % 0.67) + (0.401 £ 0.065) log Mgas. (7.61)

This equation is shown as a solid line in Figure 7.10. For field dIs, there is a rough

correlation between oxygen abundance and gas mass. However, the rms in the fit is
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Figure 7.10: Oxygen abundance versus gas mass for field and Virgo dIs. The filled circles indicate
dIs in the field. The arrow indicates a lower limit to the oxygen abundance for NGC 1560. The solid
line is a geometric mean functional fit to field dIs, as expressed by Equation (7.61). Crosses mark
Virgo dIs. [O III]\4363 detections for VCC 0848 and VCC 1554 are marked as crosses enclosed by
open circles. An upper limit to the gas mass is indicated for VCC 1200.
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o = 0.268 dex, which is larger than the dispersions obtained in the fits for oxygen
abundance versus luminosity (§ 7.4.2) and oxygen abundance versus stellar mass
(§ 7.4.5). A more fundamental relationship is that between the oxygen abundance
and the gas fraction, which is a natural outcome of models of chemical evolution (see

§ 7.5).

7.4.9 Mg vs. M,

A plot of the gas mass versus stellar mass for field and Virgo dIs is shown in Fig-
ure 7.11. A number of Virgo dIs clearly show severe gas deficiency compared to field
dls at a stellar mass of about 8 < log M, < 9. A geometric mean fit to the field dIs
gives

log Mgas = (1.4 £ 1.2) + (0.846 & 0.094) log M., (7.62)
which is shown as a solid line in Figure 7.11. From the fit, the rms in log Mg,s is
computed to be o = 0.316 dex. The excellent correlation for field dls proves there
must be a trend in gas mass fraction with stellar mass. The slope in Equation (7.62)
is consistent with the value found (0.88) to a fit of gas-rich low surface brightness
dwarf galaxies by Schombert et al. (2001). The latter authors suggested that dwarfs
are less efficient than large disk systems in converting gas into stars, because the
corresponding slope for disk systems is smaller than that for dwarfs. There is larger

M, at a givén My, for giant systems than for dwarf galaxies.

7.4.10 (O/H) VS. Mbary

The metallicity-luminosity relationship described in § 7.4.2 may be a manifestation
of a relationship between metallicity and total mass. For a variety of gas-rich dwarf
galaxies, the metallicity is found to increase with total dynamical mass (Lequeux

et al. 1979; Talent 1980; Kinman and Davidson 1981; Matteucci and Chiosi 1983;
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Figure 7.11: Gas mass versus stellar mass for field and Virgo dIs. The filled circles indicate
dls in the field. The solid line is a geometric mean functional fit to field dIs, as expressed by
Equation (7.62). The dashed line marks gas masses equal to stellar masses. Crosses indicate Virgo
dls. Although a spectrum was not obtained, VCC 1448 is included, because it is gas—poor. Upper
limits to the gas mass are marked for VCC 1200 and VCC 1448.
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Pagel 1986; Skillman et al. 1988). However, dynamical masses are notoriously difficult
to measure in dlIs, because random or turbulent motions can dominate over ordered
or rotational motions (Lo et al. 1993). Moreover, there are disagreements about the
manner in which the dynamical mass should be computed.

The most fundamental definition of total mass from the standpoint of chemical
evolution is the sum of the mass in gas and stars, i.e., the baryonic mass. A plot
of oxygen abundance against total baryonic mass for field and Virgo dIs is shown

in Figure 7.12. With the baryonic mass as the abscissa, this diagram resembles the
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Figure 7.12: Oxygen abundance versus total baryonic mass for field and Virgo dlIs. The filled circles
mark dIs in the field. An arrow indicates a lower limit to the oxygen abundance for NGC 1560.
Crosses mark Virgo dIs. [O II1]A4363 detections for VCC 0848 and VCC 1554 are marked as crosses
enclosed by open circles. The solid line is a geometric mean fit to the field dls.

metallicity-luminosity diagram (Figure 7.2), although the scatter is noticeably worse.

210



A fit to field dls is
12 4+ log (O/H) = (4.61 £ 0.85) + (0.384 + 0.086) log Myary, (7.63)

which is shown as a solid line in Figure 7.12. From the fit, the rms is o = 0.223 dex,
which is larger than the rms for the correlation with stellar mass, but smaller than
the rms for the correlation with gas mass.

A plot of linear oxygen abundance against the logarithm of total baryonic mass for

field and Virgo dIs is plotted in Figure 7.13. A fit to the field dIs using the geometric
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Figure 7.13: Linear oxygen abundance versus the logarithm of total baryonic mass for field and
Virgo dIs. Filled circles mark dIs in the field. The arrow indicates a lower limit to the oxygen
abundance for NGC 1560. Crosses mark Virgo dIs. [O III|A4363 detections for VCC 0848 and
VCC 1554 are marked as crosses enclosed by open circles. The solid line is a geometric mean fit to
the field dIs. The dashed line describes the best—fit line shifted upwards to form an upper envelope
to the locus defined by field dls.
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mean functional relationship gives
(O/H) x 10* = (—6.4 £ 2.3) + (0.85 £ 0.25) log Myary- (7.64)

This is shown as a solid line in Figure 7.13. From the fit, the rms in linear (O/H) is
o = 0.542 x 10~*. The dashed line describes the best—fit line shifted upwards to form
an “upper envelope” to the locus of points for field dIs. Extrapolating to zero oxygen
abundance, Equation 7.64 can be solved for the minimum baryonic mass required to
form metals: log Myary = 7.49 is obtained from the best—fit line, and log Mpary = 6.22
is obtained from the “upper envelope.” These masses are roughly similar to the
total luminous mass in stars and gas found in low-luminosity dEs/dSphs in the Local
Group (Mateo 1998). The results suggest that there are no galaxies with a stellar

component which are less massive than 1.7 x 10 M.

7.5 Chemical Abundances and Gas Fractions

Because there is little evidence for metallicity gradients within dIs (e.g., Kobulnicky
and Skillman 1996, 1997), theoretical analysis of the chemical evolution of dIs is
relatively straight forward. As Figures 7.8 to 7.11 have shown, a diagram which
relates the abundance of metals formed within a pool of gas to some measure of the
proportion of mass which is gaseous should be a good diagnostic of evolution. This
observational conclusion is in fact verified by models of evolution.

A brief description of the simplest model of chemical evolution, the “closed box”
model, is presented in § 7.5.1. A quantitative measure of gas—deficiency in dIs based
upon the closed box model is introduced in § 7.5.2. The effect of assuming a con-
stant value of M,/Lp on the validity of the closed box model is evaluated in § 7.5.3.

Abundances of nitrogen relative to oxygen are presented in § 7.5.4.
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751 The “Closed Box” Model of Chemical Evolution

The “closed box” model (Searle and Sargent 1972; Pagel and Patchett 1975; Audouze
and Tinsley 1976; Tinsley 1980; Pagel and Edmunds 1981; Edmunds 1990; Burkert
1993; Pagel 1997; Skillman 1998) serves as a useful guide to understanding the chem-
ical evolution of galaxies. The model is constructed as follows. At the start, a galaxy
is in gaseous form, from which stars form. Some stars die, polluting the interstellar
medium with newly formed metals. Subsequent generations of stars form out of the
enriched gas. Over time, the pool of stars and metals increases, as the pool of gas
decreases.

There are several key assumptions in the closed box model:

1. Initially, a galaxy consists only of gas and no stars or metals.
2. The galaxy evolves as a closed system with no mass inflow or outflow.

3. There are two kinds of stars: stars that die immediately, and stars that live
“forever.” This is also known as the instantaneous recycling approximation

(Searle and Sargent 1972).
4. The mixing of metals within the pool of gas is immediate.

5. The stellar initial mass function (IMF) does not change with time.

A variety of modifications can be made to the rate equations (see Edmunds 1990 and
references therein) to account for inflow and outflow.

Rate equations lead to the following relation between the fraction of the gas mass
in the form of a primary product of nucleosynthesis, Z (i.e., the metal abundance),

and the fraction of baryonic mass in gaseous form, p (the gas fraction):
Z =y In(1/p). (7.65)
The constant y is called the yield.
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A “primary” element is one formed directly from hydrogen, i.e., one which does
not require pre-existing metals to be synthesized. Thus, the production of a primary
element does not depend upon the initial composition of the star in which the element
is synthesized. A “secondary” element is synthesized from a primary element such as
carbon or oxygen, which is already present in the star as a “seed.” The yield, y, is
the ratio of the mass of newly formed metals to the mass of gas permanently locked
into stars. The yield is constant in the model because the IMF is invariant. The
assumptions above require that, at time t = 0, Z = Zy =0, M, = M,o =0, and
4 = po = 1. Note that there is no explicit dependence of the metal abundance on
time.

Oxygen is considered a “primary” element of nucleosynthesis, which is produced
mainly in massive stars and is returned to the interstellar medium when these short—
lived stars explode as Type II supernovae (see Woosley and Weaver 1986; Burrows
92000; van den Bergh 2000). Oxygen is the third most abundant element in the solar
neighbourhood (12+log(O/H) = 8.87; Grevesse et al. 1996), contributing approxi-
mately 45% to the total metal abundance (Peimbert and Serrano 1982). Thus, its
yield by mass, yo, is 0.45Zq, where Zg is the total metals abundance for the Sun.
Since Zg =~ 0.02 (Grevesse et al. 1996), yo is 9 X 1072 in the solar neighbourhood.

The metal abundance is best expressed as an elemental abundance in logarithmic

form. For oxygen, then,
log Zo = logyo + log In(1/p), (7.66)

where Zo is the fraction of the gas mass in the form of oxygen. Thus, the oxygen

abundance by number is given by
12 + log [n(0)/n(H)] = 12 +log(O/H)
= 12+ log(2.303y0/11.728) + log log(1/p).  (7.67)
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The factor 2.303 comes from the conversion from a natural logarithm to a logarithm
of base ten. The factor 11.728 comes from the conversion from an oxygen abundance
by mass to an oxygen abundance by number, assuming that the fraction of gas in
the form of hydrogen is X = 0.733 (solar value). The closed box model predicts a
slope of unity in a plot of oxygen abundance, 12+log(O/H), against inverse gas mass
fraction, as conveyed by log log(1/u). The oxygen yield, yo, can be derived from the
intercept.

To study chemical evolution, Lequeux et al. (1979), Matteucci and Chiosi (1983),
and Pagel (1986) plotted oxygen abundances against gas fractions for gas-rich dwarf
galaxies. Unfortunately, these diagrams were plagued by large dispersion, owing to
the use of dynamics to judge baryonic masses. In fact, dynamics may be controlled by
dark matter, which does not participate in nucleosynthesis. Also, samples included a
mix of dls and BCDs which appear to have had different evolutionary histories. In
order to bring some clarity to the subject, the focus here has exclusively been upon dIs,
and only those with excellent distance determinations and abundance measurements.
Also, care has been taken to use the total mass in the form of baryons to gauge gas
fractions.

A plot of oxygen abundance against inverse gas mass fraction for field and Virgo
dls is shown in Figure 7.14. An excellent correlation is seen for the field dIs. Using

the geometrical mean function relationship, a fit to all field dIs gives
12 + log (O/H) = (8.63 £0.40) + (1.02 £ 0.21) log log(1/p). (7.68)

The rms in log(O/H) is o = 0.183 dex.
IC 1613 appears to have an anomalously small gas mass fraction (log log (1/p)
~ —0.5) and/or a small abundance (12+log(O/H) ~ 7.7). The H I mass is unlikely

to be problematic, because the most recent 21-cm flux measurement obtained by
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Figure 7.14: Oxygen abundance versus gas mass fraction for field and Virgo dls. The abundance
increases upwards and gas mass fraction decreases to the right. The filled circles indicate dIs in
the field. The discrepant point representing the dwarf IC 1613 is labelled; it was excluded from the
fit (see text). NGC 1569 is also labelled (see discussion in § 7.4.7). The upward arrow indicates a
lower limit to the oxygen abundance for NGC 1560. The solid line is a geometric mean fit to the
field dIs and is given by Equation (7.69). The fit is consistent with the closed box model. The
dashed lines represent 1o deviations above and below the fit. Crosses mark Virgo dIs. {O I 4363
detections for VCC 0848 and VCC 1554 are marked as crosses enclosed by open circles. The error
bars at the upper left indicates typical uncertainties of 0.1 dex in oxygen abundance and 0.1 dex in
log log (1/u). The latter uncertainty is derived from an estimated 0.05 mag uncertainty in B -V,
which affects the derivation of M., and an estimated 20% uncertainty in H I gas mass (Huchtmeier
and Richter 1986 and Hoffman et al. 1987 for field and Virgo dIs, respectively).
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Hoffman et al. (1996) has been employed (see § 2.1). The measurement of the
oxygen abundance may be a problem though, because the most recent spectroscopic
observations are over two decades old (Talent 1980). Another problem may be the
reported B —V colour, especially given its low Galactic latitude. If it is too red for its
luminosity, there would be an overestimate of the mass of the underlying old stellar
population in the dI, and in turn an underestimate of the gas fraction.

Excluding IC 1613, the fit is
12 + log(O/H) = (8.64 £ 0.40) + (1.01 £ 0.17) log log(1/p) (7.69)

and the rms is reduced to 0.162 dex. Equation (7.69) is taken as the “best fit” and is
shown as a solid line in Figure 7.14. The dashed lines represent lo deviations above
and below the fit. The fitted slope is consistent with the prediction of the closed box
model (Equation 7.67). The key conclusion here is that the chemical evolution of
field dIs has been isolated.

Comparing the intercept in Equation (7.69) with Equation (7.67), the effective
oxygen yield by mass, yo, is

Yo = 2.22 x 1073, (7.70)

This result is consistent with that obtained from a fit to a mix of gas-rich dwarf
galaxies compiled by Pagel (1986), but is one-quarter of the value for the solar neigh-

bourhood. The oxygen yield by number is thus 1.90 x 1074

7.5.2 Gas—Deficiency Index (GDI) for dIs

In Figure 7.14, a number of Virgo dIs appear in the same region as the field dIs,
whereas others are noticeably gas-deficient for their oxygen abundance. In fact,
Figure 7.14 reveals that it is possible to construct an index which quantifies the gas

deficiency of a dI.
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To compare “gas-deficient” dIs with isolated dIs, a gas-deficiency index (GDI) is
defined by

(7.71)

Mos/ M,
GDI = log [((_Mgg_as//ﬂ'))ﬁ} :

where the subscript “p” refers to the prediction for an isolated dwarf. The gas mass

to stellar mass ratio, Mgas/M., can be written as

Mgs _ 4
= 72
M* 1 - u’ (7 )
where p is the gas fraction. Thus,
GDI = log <ﬁ’i : -1—_—“—) . (7.73)
po1—py

Here, u is the observed gas fraction, and u, is the gas fraction predicted from the
measured oxygen abundance using the closed box model (Equation 7.69). Deficiency
increases with increasingly positive GDIL.

Haynes and Giovanelli (1984) and Giovanelli and Haynes (1985) defined a defi-
ciency parameter, DEF, for disk galaxies, which compares the observed H I mass of
a galaxy, M, with the value expected for an isolated galaxy of the same morpho-
logical type, T°%, and optical linear diameter Dggf. Isolation was defined on the
basis of association with other galaxies (Karachentseva 1973). A galaxy of angular

diameter d had to lie at a projected distance of at least 20d from any other galaxy to

be considered isolated?. Their deficiency parameter is written as

DEF = (log M (T°%, D3%)) — log M. (7.74)

opt

A number of workers have computed DEF for very late-type spirals and irregulars
using the relationship inferred from Sc spirals, because “normal” H I content is well-

defined only for spirals of type Sa to Sc (see, e.g., Solanes et al. 2001). However, to

2This presumes gas flows stem only from interactions with other galaxies.
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determine and quantify evolutionary effects, gas—poor dls should be compared with
gas—normal dls.

The GDI defined above has the following advantages:

1. it is founded exclusively upon the properties of gas-rich dwarf galaxies and there
is no mixing of morphological types (e.g., Sc’s with Sd’s or with dls);

2. isolation is quantitatively defined via the closed box model;

3. the index is independent of absolutes, such as size; and

4. the index is distance-independent.

Table 7.7 lists GDIs for field and Virgo dIs. Histograms for the field and Virgo
samples are shown in Figure 7.15. Although the total number of dwarfs in each bin is
small, the field dwarfs are mostly clustered around GDI ~ 0, whereas there are several
Virgo dwarfs which are clearly gas—poor (GDI % 0.8). A Kolmogorov—Smirnov test
on the two distributions of GDI returned the statistic D = 0.576 with a significance
level P = 6.3 x 1073 (N = 22 field dIs; N = 12 Virgo dIs). Thus, the two data
sets are significantly different and are not drawn from the same population. Simple
test models of chemical evolution are presented below to show that the mechanism
responsible for the observed gas deficiency has acted relatively recently. Henceforth,

a gas—poor dI is defined as one for which GDI 2 0.8.

7.5.3 Sensitivity of u to M,/Lp, (M./Lp)ed, and (B — V)ou

Values of 1 depend on M,, which in turn comes from the two-component algorithm
of population synthesis. It is worthwhile to examine the ingredients of the algorithm
to determine the robustness of the conclusion that field dIs have evolved as closed

systems. Four models are considered. In each case, M, and u are computed, a best

219



dI Name 12+log(O/H) | Measured | Predicted GDI
(dex) 7 b
1) (2) (3) (4) (5)
Field dls
DDO 187 7.69 0.706 0.770 +0.143
GR 8 7.63 0.731 0.796 +0.156
Holmberg I 7.76 0.771 0.735 —0.083
IC 10 8.20 0.312 0.431 +0.224
IC 16132 7.71 0.484 0.760 4-0.529
IC 2574 8.09 0.690 0.520 -0.313
IC 4662 8.09 0.630 0.520 —0.196
Leo A 7.36 0.820 0.884 +0.223
LMC 8.35 0.279 0.306 +-0.055
NGC 1560 > 797 0.638 0.608 —0.055
NGC 1569° 8.19 0.185 0.440 +0.5637
NGC 2366 7.91 0.662 0.648 -0.027
NGC 3109 7.74 0.851 0.746 —0.290
NGC 4214 8.24 0.485 0.398 -0.154
NGC 5408 8.01 0.429 0.580 +0.265
NGC 55 8.34 0.380 0.314 —0.127
NGC 6822 8.25 0.540 0.390 ~0.264
Sextans A 7.55 0.762 0.827 +0.173
Sextans B 8.12 0.526 0.496 —0.051
SMC 8.03 0.590 0.566 ~0.044
UGC 6456 7.64 0.730 0.792 +0.148
WLM 7.78 0.652 0.725 +0.149
Virgo dis

VCC 0512 8.23 0.511 0.406 -0.183
VCC 0848 7.98 0.639 0.601 —0.071
VCC 0888 8.18 0.209 0.448 +0.487
VCC 1114 8.10 0.039 0.512 +1.409
VCC 1179 8.14 0.100 0.480 4-0.922
VCC 1200 7.80 0.061 0.712 4-1.585
VCC 1249 8.32 0.016 0.331 4-1.491
VCC 1448 8.30¢ 0.021 0.347 +1.386
VCC 1554 8.38 0.483 0.281 ~0.379
VCC 1585 8.07 0.721 0.535 -0.351
VCC 1789 8.24 0.154 0.398 +0.562
VCC 2037 8.21 0.197 0.423 +0.476
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Table 7.7: Gas-deficiency indices (GDIs) for field and Virgo dIs. Column (1) lists the name of the dI, column (2)
lists the measured oxygen abundance, column (3) lists the measured gas mass fraction, column (4) lists the predicted
gas mass fraction from Equation (7.69), and column (5) lists the gas deficiency index derived using Equation (7.73).
NOTES: ¢ IC 1613 : Oxygen abundance or M. may be anomalous. ® NGC 1569 : Post-starburst dwarf galaxy (e.g.,
Heckman et al. 1995; Greggio et al. 1998). ¢ VCC 1448 : A spectrum was not obtained for this dI. An estimate
for its “observed” oxygen abundance is obtained using the value of M, listed in Table 7.2 and the fit described by
Equation (7.58).
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Figure 7.15: Histograms of the gas deficiency index (GDI) for field and Virgo dIs. Bins are
0.2 dex wide. Gas deficiency increases to the right. The histogram for the 22 dIs in the field sample
is indicated with a dashed line. The histogram for the 12 dIs in the Virgo Cluster sample is indicated
with a solid line. Most of the field dIs are clustered around GDI =~ 0; seven Virgo dIs have similar
GDIs to the field dwarfs, whereas five (including VCC 1448) have GDI 3 0.8.
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fit to log(O/H) vs. log log (1/p) is performed using the geometric mean functional
relationship (Draper and Smith 1998), and the rms in oxygen abundance is obtained.

In applying the two—component algorithm, the mass—to-light ratio of the old com-
ponent is taken to vary as a power law with the luminosity of that component (Equa-
tion 7.48); the exponent is 0.175 (see § 7.3.8). In the first model, the mass-to-light
ratio for old stars is instead fixed at 3.11, which is the zero-point value in Equa-
tion (7.15) stemming from the properties of the Milky Way disk. In the second
model, the mass-to-light ratio for old stars is fixed at 1.50, which is the mean over
all field dIs. For the third model, the mass—to-light ratio of the old component varies
with the luminosity as a power law with exponent 0.175, but the B — V colour for
the old component is fixed at 0.74, which is the mean over all field dIs. In the fourth
model, the mass—to-light ratio of all stars is fixed at unity, which is motivated by the
models of Bruzual and Charlot (1996) and the absence of any trend in B — V' with
luminosity.

Table 7.8 lists the effects of adopting constant (M./Lg)o, (B— V)ow, and M, /Lp
on the relationship described by Equation (7.67). The data point corresponding to
IC 1613 is excluded from all models. All fits have slopes consistent with unity. The
smallest dispersion in the relationship between oxygen abundance and gas fraction is
obtained when the mass—to-light ratio in the old disk component has a power—law
dependence on the luminosity of the old disk (Equation 7.48), as employed in the
two-component algorithm. The conclusion that field dIs have evolved as isolated

systems does not depend critically upon the details of the population synthesis.

7.5.4 N/O Measurements: Field and Virgo dIs

After oxygen, nitrogen is the next most abundant chemical element. Based upon

observations of H II regions in spiral and dwarf galaxies, nitrogen appears to be both
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Model Note Geometric Mean Fit o (dex)
O () (3) (4)

(M./LB)od = 3.11 la] | Y= (855+0.43)+(1.38+0.41)X | 0.250
(Ma/LB)ota = 1.50 [b] | ¥=(8.71£045)+(1.19+0.38)X | 0.248
(B = V)oia = 0.74 (6 | ¥ =(8.56+0.40)+(0.92+0.14)X | 0.167

(M./Lg) =1 [d | ¥ =(865+044)+(1.16+0.32)X | 0.244

(Mu/LB)owd % (Lp,ala)®7 | [e] | ¥ =(8.64+£040)+(1.01£0.17)X | 0.162

Table 7.8: Effects of constant M,/Lp, (My/LB)ola, and (B ~ V)aa on the fit to log(O/H) vs.
log log(1/p). Column (1) lists the model, column (2) provides the label for the corresponding ex-
planatory note below, and column (3) lists the fit obtained from the geometric mean functional
relationship (Draper and Smith 1998) for the model in column (1), where Y represents the oxygen
abundance, 12+log(O/H), and X represents log log(1/x). Column (4) lists the rms in oxygen abun-
dance for field dIs. NOTES: [a]. For the old disk component, the mass-to-light ratio is fixed at 3.11,
which is the zero-point value obtained from the Milky Way disk (Equation 7.47). [b]. For the old
disk component, the mass—to-light ratio is fixed at 1.50, which is a mean over all field dIs. [c]. For
the old disk component, the B~V colour is fixed at 0.74, which is a mean over all field dIs. [d]. The
mass—to-light ratio for all stars is fixed at unity. [e]. This is the premise behind Equation (7.69),
additional to (B — V)oia dependent upon luminosity and surface brightness (Equation 7.11).

a primary and secondary product of nucleosynthesis. It remains uncertain, however,
whether nitrogen is produced mostly from short-lived massive stars or from longer—
lived intermediate-mass stars.

The closed-box model (§ 7.5.1) makes the following predictions for the primary
and secondary abundances of nitrogen (Edmunds and Pagel 1978; Pagel 1997). If
nitrogen is of “primary” origin, the model predicts that the nitrogen abundance varies
with the gas fraction in the same way as oxygen. In other words, the nitrogen—to-

oxygen abundance ratio, N/O, should be a constant, K,ie.,
log(N/O) ~ K. (7.75)

If nitrogen is of “secondary” origin, the model predicts that the nitrogen abundance

should increase with the square of the oxygen abundance. Thus,
log(N/O)  log(O/H). (7.76)
Measurements of the nitrogen—to-oxygen ratio have been used to differentiate
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between the different origins for nitrogen (see e.g., (Garnett 1990)). It has been
suggested that the N/O can be used as a “clock” to measure the time since the last
burst of star formation (e.g., Edmunds and Pagel 1978; Garnett 1990; Skillman et al.
1997; Henry et al. 2000). This would work if bursts of star formation were separated
by long quiescent periods and if the delivery of nitrogen into the interstellar gas were
delayed relative to oxygen.

In Figure 7.16, a plot of log(N/O) versus log(O/H) is shown for H II regions in
the sample of field dIs for which there are published data and in the sample of Virgo
dIs. The two sets of galaxies overlap, although some H II regions in Virgo dIs appear
to have somewhat elevated values of log(N/O) for their oxygen abundances.

A larger set of data for H II regions in a mixture of other dIs and BCDs (Garnett
1990; Kobulnicky and Skillman 1996; van Zee et al. 1997; Izotov and Thuan 1999)
is shown in Figure 7.17. Although the data are rather heterogeneous, they illustrate
that the range of log(N/O) values for the field and Virgo samples is not anomalous.

Figures 7.16 and 7.17 show that nitrogen in metal-poor dwarf galaxies is likely of
primary origin. The considerable scatter in N/O at a given O/H may be explained
by the time delay between the release of oxygen by massive stars and nitrogen by
intermediate-mass stars (Garnett 1990; Skillman et al. 1997; van Zee et al. 1998;
Henry et al. 2000). It is unlikely that gas flows have a bearing on the scatter, as
Henry et al. (2000) suggest, because Figure 7.14 and Equation (7.69) have shown

that field dIs are closed systems.
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Figure 7.16: Nitrogen—to-oxygen ratio versus oxygen abundance for H II regions in field and Virgo
dls. Filled circles indicate H II regions in the sample of field dIs. An upper limit to log(N/O) is shown
for IC 1613 (Talent 1980). Crosses indicate H II regions in Virgo dIs. [O III}A4363 detections for
H II regions VCC 0848-1 and VCC 1554~1 are marked as crosses enclosed by open circles. Upper
limits to log(N/O) are shown for H II regions VCC 0512-3 and VCC 1249-1, owing to the low
signal-to—noise ratios for [N I[]A6583. Two models for the production of nitrogen are shown (Vila-
Costas and Edmunds 1993): primary (Equation 7.75) plus secondary (Equation 7.76) production of
nitrogen is indicated with a solid line, whereas a purely secondary origin for nitrogen is indicated
with a dashed line. The solar value (Grevesse et al. 1996) is indicated with the “®” symbol. Typical
errors in log(O/H) and log(N/O) are shown.

225



1| ® Solar value Primary + secondary i
e Hlls: Field dIs /l
L | X Hils: Virgo dIs | o * /'
* Hlls: other /
-1 dis and BCDs . y, _

lo%(N/O)

12 + log(0/H)

Figure 7.17: Nitrogen—to-oxygen ratio versus oxygen abundance for star—forming dwarf galaxies.
Filled circles indicate H II regions in the sample of field dIs. An upper limit to log(N /O) is shown for
IC 1613 (Talent 1980). Crosses indicate H II regions in Virgo dls. [O IT[]A4363 detections for HII
regions VCC 0848-1 and VCC 1554~1 are marked as crosses enclosed by open circles. Upper limits
to log(N/O) are shown for H II regions VCC 0512-3 and VCC 1249-1, owing to the low signal-to-
noise ratios for [N I[]A6583. Stars show published data for H II regions in a variety of other dwarf
galaxies, including BCDs (Garnett 1990; Kobulnicky and Skiliman 1996; van Zee et al. 1997; Izotov
and Thuan 1999). Two models for the production of nitrogen are shown (Vila-Costas and Edmunds
1993): primary (Equation 7.75) plus secondary (Equation 7.76) production of nitrogen is indicated
with a solid line, whereas a purely secondary origin for nitrogen is indicated with a dashed line. The
solar value (Grevesse et al. 1996) is indicated with the “©” symbol. Typical errors in log(O/H) and
log(N/O) are shown.
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7.6 The History of Virgo dIs

7.6.1 The Staged Model of Chemical Evolution

The discussions of UGC 7636 in Chapter 6 and of the gas deficiency seen in Figures 7.8,
7.10, 7.14, and 7.15 revealed that a number of Virgo dIs have lost gas. Owing to the
intracluster gas in the Virgo Cluster, dwarfs should be stripped by ram-pressure on a
timescale shorter than 1 Gyr, which is the crossing time. In fact, models by Mori and
Burkert (2000) show that dwarf galaxies with total masses ~ 10° My are stripped
in about 0.2 Gyr for conditions typical of the Virgo Cluster (n ~ 1073 ¢cm™® and
v ~ 1000 km s™). The UGC 7636-STE1 system (Chapter 6) is the prototype for the
present discussion. The H I cloud is presently observed to be intact. If stripping had
occurred long ago, the cloud would have been consumed by the elliptical NGC 4472,
or, since the cloud is not gravitationally bound, it would have been disrupted. Further
discussion of these effects will be presented below. Moreover, no evidence ofan HI
trail from the cloud to the dI (Sancisi et al. 1987; Patterson and Thuan 1992; Henning
et al. 1993; McNamara et al. 1994) is seen, which rules out slow continuous stripping.

These observations indicate that

1. stripping has occurred,
2. stripping has occurred recently,
3. ram pressure is involved, and

4. the duration of the stripping event is short compared to the crossing timescale.

The following conjecture is made. A dI in the outskirts of the cluster forms the
bulk of its stars and metals in isolation, just as if it were in the field. As the dI begins
to fall into the dense, central regions of the cluster, the gas—normal dwarf is quickly

stripped of most of its gas. The stellar mass and oxygen abundance are assumed
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to remain constant while stripping is occurring. Stripping ceases, and whatever gas
remains in the dI continues to form stars and metals in isolation. The second isolated
phase of evolution would proceed from an “initial” state with nonzero metallicity
(Zy # 0) and gas fraction less than one (o # 1). Under these circumstances, the

closed-box model gives for a primary element

Z - Zy =y In(po/ ), (7.77)

For oxygen, the yield by mass, yo, given by Equation (7.70), was determined from

the “closed—box” fit to field dIs. Equation (7.77) can be transformed to give
12 + log(O/H) = 12 + log [ (2.303 yo/11.728) log(uo/p) + (O/H)g] . (7.78)

Setting (O/H)o = 0 and pg = 1 reproduces Equation (7.67), which is conjectured to
describe the first phase of isolated evolution. Equation (7.78) can be used to describe
the evolution of a dI after it is stripped.

The staged model can be used to judge the state of a dwarf prior to the onset of
stripping. This is accomplished with the aid of the correlations between (O/H) versus
© and (O/H) versus M, seen for field dIs. The model is illustrated with VCC 1249.
Figure 7.18 gives a plot of oxygen abundance versus the gas fraction. The solid line
indicates the “closed box” fit to field dls as expressed by Equation (7.69) and the
open star indicates the position of VCC 1249 today.

Figure 7.19 gives a plot of oxygen abundance versus stellar mass for field dls
in isolation. The fit to field dIs is expressed by Equation (7.58). The position of
VCC 1249 is again shown as an open star.

In both diagrams, the simplest evolutionary scenario is one where an isolated dI at
position A” experiences rapid stripping and moves to position C, where no subsequent

evolution occurs. Alternative staged evolutionary scenarios are also indicated in both
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Figure 7.18: Oxygen abundance versus gas fraction: evolutionary models for VCC 1249
(UGC 7636). The solid line is the fit to field dIs described by Equation (7.69). The open star
shows the observed present-day position of VCC 1249 (UGC 7636) in the diagram. The simplest
evolutionary scenario is shown as a dashed line. An isolated dI at position A” experiences rapid
stripping to position C. There is no subsequent evolution. Two alternative evolutionary scenarios
(ABC and A’B'C) are labelled and are shown as dotted lines. Two dwarfs at A and A’ have evolved
in isolation. Rapid stripping takes the two dwarfs to B and B’, respectively. Then, the remaining
gas in the dI evolves in the second isolated evolutionary phase, described by Equation (7.78), to C.
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geometric mean functional fit (Draper and Smith 1998) to field dIs described by Equation (7.58) is
shown as a solid line. The open star shows the position of VCC 1249 (UGC 7636) on the diagram.
Labels and dotted lines correspond to the evolutionary scenarios in Figure 7 .18; all scenarios termi-
nate at the position of the open star (labelled “C” in both diagrams). The stellar mass and oxygen
abundance are assumed to remain constant while stripping is occurring.
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diagrams. The location of field dls in Figures 7.18 and 7.19 define possible starting
positions, i.e., where a dI which has evolved in isolation may begin to be stripped.
For example, a galaxy at A (or A’) moves to B (B’) after stripping. If stripping is
rapid, the oxygen abundance and stellar mass remain constant. Once reaching B
(B’), gas loss ceases, and the remaining gas evolves in the second stage of “isolation.”
The galaxy moves to C along the displayed track(s). In Figure 7.19, the two tracks
(ABC and A’B’C) are almost vertical, because the amount of star formation required
to increase O/H adds little to the pre-existing stellar mass.

Analytical formulae describing the track ABC (or A'B’C) are derivable. The
following properties of a dwarf observed today at C are known: (O/H)c, Myc, Mgasc,
Myary,c, and pc. The following is a prescription to derive properties of the dwarf in
the past at A and B.

1. The oxygen abundance at A is fixed at the value it would have for a stellar mass

as if the dwarf evolved in isolation. The relation between oxygen abundance
and stellar mass for isolated dIs in the field (Equation 7.58) can be used to fix

the oxygen abundance, i.e.,
12 + log(O/H)a = a; + by log M, c, (7.79)

where M, ¢ is the present stellar mass at C, and a; and b; are the intercept and
the slope. The value of the oxygen abundance at A must be less than or equal
to the observed value at C.
2. If stripping is rapid, the oxygen abundance at B is set by the oxygen abundance
at A.
(O/H)s = (O/H)a (7.80)
3. Equation (7.78) describes the second isolated stage of evolution, i.e.,

(O/H)c = Kilog(us/nc) + (O/H)s (7.81)
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where

Ki = 2.303y0/11.728 (7.82)
= 4.36x10™ (7.83)
where yo is given by Equation (7.70). Thus, the gas fraction at B, ug, is

expressed by
1
log ug = log uc + X [(O/H)c - (O/H)s8]. (7.84)

. The total baryonic mass is conserved in the second isolated stage, i.e.,

Mbary,B = Mba.ry,C (785)
So,
UB Mgas B
—_— == 7.86
ho ~ Masc (786)
and the gas mass at B is
UB
Mga‘s,B = Mgas,c (_") . (7-87)
Kc

. Because baryons are conserved in the second isolated stage, the stellar mass at
B is
M*,B = Mbary,C - JV[gas,B- (788)

. If the stripping is rapid, the stellar mass is unchanged between A and B, i.e.,
M*,A = M*,B (789)

. The dwarf at A has evolved in isolation, following Equation (7.69), i.e., at every

stage of its life up to the time when stripping occurs

12 + log(O/H) = az + b log log(1/u), (7.90)
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where ay is a constant related to the intercept of the fit to field dIs, and b, is

the slope. Thus, the gas fraction at A, py, is given by
log(1/ua) = 100/ Ha-eat1Zl/tz (7.91)

8. Finally, the gas mass at A is

M = My ( 1 at ) . (7.92)
— KA

Thus, Mgas, M., and (O/H) can be determined for positions A and B from knowledge
of the properties of the dwarf at C.

Indeed, the gas fraction and the stellar mass of the original dwarf at A can be
determined entirely in terms of known quantities for the dwarf observed today at C.

From Equations (7.79) and (7.91), the following expression is obtained
¢ = log(1/pa) = 10(a1~az +br log M, c)/bz (7.93)
and the gas fraction at A is given by
pa =107¢ (7.94)

From Equations (7.84), (7.87), (7.88), and (7.89), the stellar mass at A is written

Mp = Myuyg— JesC jglogec-+((©/mo-nl/ki) (7.95)
¥ 1 uc
= Myaryc [1 - 10{loguc+[(0/H)c—n]/K1}] ’ (7.96)

where 1 = 10(@1-12+b1108M-¢) and g = Mgas,c/Mbary,c-

From B to C, evolution proceeds like a closed box. The change in stellar mass is
AM, = M,c — M, p. (7.97)

The time required to form AM, can be derived from an estimate for the star formation

rate (SFR). Unfortunately, the SFR is not known for the stripped Virgo dIs in the
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present sample. Instead, the SFR is judged from measurements of the SFR for other
dls in Virgo, but normalized to the H I mass. The advantage of normalizing by
My is that the scale of the galaxies is removed. Designating the mean value of the
normalized SFR by (SFR,), the SFR for any particular dwarf can be estimated from

its H I mass using

SFR = (SFR,) - Mur. (7.98)

Hence, the time which has elapsed since stripping (i.e., B to C) is given by
t. = AM,/SFR. (7.99)

Since both numerator and denominator in Equation (7.99) vary with the square of
the distance, the timescale is independent of distance.

The SFR. in Virgo dls ranges from 6.9 x 10~% Mg yr™! to 4.3 x 1072 M yr~!
(Heller et al. 1999). Normalized SFRs are computed by dividing each SFR by the
corresponding H I mass using H I fluxes obtained by Hoffman et al. (1987) and a

distance equal to 16.75 Mpc. The mean logarithmic SFR normalized by My is
log (SFR,,) = —9.24 4 0.49, (7.100)
where the error shown is the standard deviation. Thus, the mean value of SFR; is

(SFR,) = 5.79 x 1070 yr~. (7.101)

7.6.2 Staged Model for VCC 1249 (UGC 7636)

Two models have been constructed for VCC 1249 (see Figures 7.18 and 7.19). The
first has the galaxy begin at a position A lying exactly on the line relating O/H to M,
for field dwarfs. The second has the galaxy begin at position A’, i.e., 1o below the

relation. The (O/H) for the starting position can not be pinpointed to better than
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0.177 dex, which also sets how well M, can be determined. The second model allows
for an assessment of the degree to which scatter in O/H vs M, can affect conclusions.

Table 7.9 lists the relevant parameters for the models.

Position | log Mgas | log M. u log log (1/p) | 12+log(O/H) AM. te
(Mo) (Mo) (dex) (Mo) (Gyr)

(1) (2) (8) ©) (5) (6) (7 (8
C 7.178 8.975 0.016 +0.256 8.32 5.31 x 10% | 0.023-0.22
B 7.309 8.973 0.022 +0.223 8.18
A 8.889 8.973 0.452 -0.462 8.18 e vee
C 7.178 8.975 0.016 +0.256 8.32 1.17 x 107 | 0.051-0.49
B’ 7.428 8.970 0.028 +0.192 8.00
A’ 9.123 8.970 0.587 —0.636 8.00

Table 7.9: Staged evolutionary models for VCC 1249. The first model (ABC) starts at A lying
on the line describing (O/H) versus M, for field dIs in Figure 7.19. The second model (A’B’C)
starts with an oxygen abundance which is 1o below the fit. Column (1) indicates the position in
Figures 7.18 and 7.19, column (2) lists the logarithm of the gas mass, column (3) lists the logarithm
of the stellar mass, columns (4) and (5) list the gas mass fraction and “inverse” gas mass fraction,
column (6) lists the oxygen abundance, column (7) lists the mass of stars formed in going from
position B (or B) to C, and column (8) lists the range of possible times required to form those stars
between B (or B’) and C.

The H I mass for STE1 is 1.3 x 108 M (Patterson and Thuan 1992). Using

Equations (7.101) and (7.98), the star formation rate is
SFR = 0.0745 Mg yr'. (7.102)

Based on the rms in H I-normalized SFRs given by Equation (7.100), the possible
range in the SFR is
SFR = 0.024 to 0.23 Mg yr™". (7.103)

From Equation (7.99), the time since stripping for the first model is

t, = 0.02 to 0.2 Gyr. (7.104)

Because the path A'B’C in the second model is longer than ABC in the first model,

more stars must be formed, and the time since stripping is longer, between 0.05 and
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0.5 Gyr. In summary, if VCC 1249 is assumed to have been a “closed-box” dwarf at
the outset, the staged isolation model constrains the stripping event to have ended

less than 0.5 Gyr ago.

7.6.3 Evolution of an Average Gas—Poor dI in Virgo

A gas—poor dI is defined to be one with GDI > 0.8. There are five gas—poor dls
in the Virgo sample: VCC 1114, 1179, 1200, 1249, and 1448. Unfortunately, the
chemical evolution of VCC 1448 cannot be studied because no H II region spectrum
was obtained. The discussion here excludes VCC 1448. Because there are only
four gas—poor galaxies (i.e., small numbers), properties of an “average” gas-poor are
obtained to smooth out possibly large variations in properties from galaxy to galaxy.
Average properties for log Mg, log M., and 12+log(O/H) are listed in row C in
Table 7.10.

For the stellar mass at C (log M, = 8.763), Equation (7.79) yields an abundance
at A (and B) of 12+log(O/H) = 8.11. This is slightly higher than the observed
mean (8.09; Table 7.10). In other words, the abundance for a typical Virgo dI before
stripping occurred happens to be larger than the present-day abundance for the
stripped dwarf, which is not possible. The explanation for this problem lies in the
dispersion in the relations between oxygen abundance and gas fraction and oxygen
abundance and stellar mass for field dis. The dispersion in the metallicity-stellar
mass relation is a useful guide to the “phase space” that a dwarf could have once
occupied. Since o = 0.177 dex (§ 7.4.5), the lowest likely abundance at A and B is
12 + log (O/H) = 8.11 — 0.18 = 7.93. This value is now below the observed mean for
the four gas-poor dwarfs, as it should be.

Figures 7.20 and 7.21 illustrate the evolutionary path for an average gas—-poor

Virgo dI, presuming it began as an isolated dI at A, rapidly evolved to B as a result
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of sudden gas loss, then evolved to C as a closed system. The parameters describing
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Figure 7.20: Oxygen abundance versus gas fraction: evolutionary models for an average gas-poor
Virgo dI. The solid line is the fit to field dIs described by Equation (7.69). The open diamond
indicates the currently observed position of an average gas-poor Virgo dI. The dashed line between
A" and C shows the path for immediate stripping with no subsequent evolution. The dotted line
shows what happens if rapid stripping removes the gas (A to B) and the remaining gas in the dI
subsequently evolves as an isolated system (B to C) according to Equation (7.78).

positions A and B in the Figures are given in Table 7.10. Substituting the H I gas

mass at position C into Equation (7.98), the possible range in the SFR is
SFR = 0.005 to 0.048 Mg yr™". (7.105)

The range of times required to form AM, between B and C is between 0.1 and

1.2 Gyr. This can be regarded as a maximum, given that the initial value of (O/H)
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geometric mean functional fit (Draper and Smith 1998) to field dls, described by Equation (7.58),
is shown as a solid line. The open diamond indicates the position of an average gas—poor Virgo dl.
The dotted line indicates the evolutionary path from A to B to C seen in Figure 7.20. The stellar
mass and oxygen abundance are assumed to remain constant while stripping occurs.
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was probably larger than the value at A.

Position | log Mgas | log M. m log log (1/p) | 12+log(O/H) AM. ta
(Mo) (Mo) (dex) (Mo) (Gyr)
(1) (2) (3) (4) (5) (6) (") (8)
C 7.430 8.763 0.044 +0.131 8.09 5.80 x 108 | 0.12-1.2
B 7.516 8.759 0.054 +0.103 7.93
A 8.997 8.759 0.634 —0.704 7.93

Table 7.10: Staged evolutionary model for an average gas-poor dl in Virgo. Column (1) indicates
the position in Figure 7.20, column (2) lists the logarithm of the gas mass, column (3) lists the
logarithm of the stellar mass, columns (4) and (5) list the gas mass fraction and “inverse” gas mass
fraction, column (6) lists the oxygen abundance, column (7) lists the mass in stars formed from
position B to C, and column (8) lists the time required to form those stars.

7 7  Gas—Poor Dwarfs and the Intracluster Medium

Ram-pressure stripping by the gas in the intracluster medium (ICM) was discussed
previously in § 6.4.2 to explain the observations for UGC 7636. With the construction
of a gas—deficiency index for dIs and a clear indication that there are both gas—poor
and gas-normal dls in Virgo (§ 7.5.2), it is logical to seek a correlation between the
GDI and the density of intracluster gas.

Previously, Figure 2.3 showed the locations of the sample of dlIs within the Virgo
Cluster. Figure 7.22 illustrates the positions of gas-deficient dls within the cluster,
i.e., dIs with GDI 3 0.8. Notably, these dIs happen to be found in regions where the
number of H I-deficient spiral galaxies in the Virgo Cluster is largest (Solanes et al.
2001).

Figure 7.23 is a plot for Virgo dIs of the gas—deficiency index versus their velocity
with respect to the cluster. The relative velocity, |vrl, is defined as the difference
between the heliocentric radial velocity of a dI and the heliocentric radial velocity of

the entire Virgo Cluster (1050 km s~!; Binggeli et al. 1993). There is no apparent
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Figure 7.22: Locations of gas-deficient dIs within the Virgo Cluster. Five ellipticals are labelled
by their Messier numbers; the twelve dls are labelled by their number in the Virgo Cluster Catalog
(Binggeli et al. 1985). Open squares show the positions of gas-deficient dwarfs, i.e., dwarfs for which
GDI > 0.8. Filled squares mark locations of dlIs for which GDI < 0.8.

240




correlation of GDI with relative velocity.
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Figure 7.23: Gas-deficiency index (GDI) versus relative velocity for Virgo dls. The relative
velocity for each dI was computed as the difference between the heliocentric velocity of the dI and
the heliocentric velocity of the Virgo Cluster (ve, virge = 1050 km s~!; Binggeli et al. 1993). Open
squares represent gas-deficient Virgo dIs for which GDI » 0.8. Filled squares represent dlIs for which

GDI £ 0.8.

To look for a correlation with ICM density, X-ray surface brightnesses at the
positions of Virgo dIs were extracted from a map of the Virgo Cluster created by
Sabine Schindler (private communication). Figure 7.24 shows a plot of the gas-—
deficiency index versus the X-ray surface brightness, Sx, of the ICM (Schindler et al.
1999). There appears to be a threshold in X-ray surface brightness above which
gas-poor dwarfs lie. Thus, the gas deficiency appears to be related to the ICM gas
density.

The correlation seen in Figure 7.24 supports the contention that ram pressure
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Figure 7.24: Gas-deficiency index (GDI) of dIs versus X-ray surface brightness within the Virgo
Cluster. Open squares represent gas-deficient dwarfs for which GDI > 0.8. Filled squares represent
dIs for which GDI < 0.8. Note that the surface brightness for VCC 1585 may be contaminated by
the background cluster Abell 1560 at z = 0.244 (Bothun et al. 1994).
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plays a role in removal of gas from Virgo dIs. The ram pressure depends upon both
density and relative velocity. The projected gas density, picm, is proportional to the
square root of the X-ray surface brightness (Schindler et al. 1999). Thus, the ram
pressure, Pram, is (see § 6.4.2; Gunn and Gott 1972)

Piam = Piem 'U?el (7.106)
o (Sx)2 (voa1 — Vo,virgo) (7.107)
log Pam = constant + 0.5log Sx + 2log |vral, (7.108)

where v, is the velocity of the dwarf with respect to the cluster.

In Figure 7.25, the gas deficiency index is plotted against a measure of ICM ram-
pressure for the sample of Virgo dIs. Unfortunately, there is no clear correlation
with ram—pressure. The correlation with X-ray surface brightness has been muddled
by the relative velocities, likely because of the lack of information about transverse
components. Nevertheless, the correlation of the GDI with X-ray surface brightness
is compelling evidence that ram pressure plays a role in the evolution of dIs in the
Virgo Cluster.

The mere existence of a correlation between the GDI and X-ray surface brightness
supports the models in § 7.6.1, which showed that at most 1 Gyr has elapsed since
stripping occurred. Yet, dIs should have already made about ten passages through the
core of the Virgo Cluster since the Big Bang, since the time to cross the Virgo Cluster
is about 1.2 Gyr (Equation 2.1). This strongly suggests that dls are falling into the
central regions and encountering the dense ICM gas for the first time. Gallagher and
Hunter (1989) also claimed that most dIs have never passed through the cluster core,
on the basis that only a small fraction of present~day dIs currently exhibit any signs
of gas loss and that their B—V colours are not significantly redder than those of field
dls.
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Figure 7.25: Gas—deficiency index (GDI) of Virgo dls versus ram-pressure. The intracluster ram-
pressure is gauged from Equation (7.108). Open squares represent gas—deficient dwarfs for which

0.5 log S, + 2 log v,

GDI » 0.8. Filled squares represent dIs for which GDI < 0.8.
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7.8 The Evolution of a Gas—Poor dI in Virgo

Ram-pressure stripping has been shown to be the most likely mechanism responsible
for producing present-day gas-poor dls in the Virgo Cluster. Here, comments are
made regarding the recent evolution of a gas-poor dI in Virgo, the possible fate of
the stripped gas, and the eventual fate of the gas—poor dwarf.

The present level of chemical enrichment of gas—poor dIs in Virgo likely was
achieved well before the dIs were stripped, as the mass of the underlying popula-
tion of old stars is considerable. For an average field and Virgo dI (Table 7.4), the
masses in old stars are log M, 44 = 8.81 and 8.79, respectively. Based upon typical
star formation rates for gas-rich dIs in Virgo (e.g., Heller et al. 1999), and assuming
that most of the stars formed at a rate which has been constant on average (e.g., van
Zee 2001), the time required to form the old population is at least 10 Gyr. Thus, the
bulk of the stars within Virgo dIs formed well in the past, likely when the galaxies
were in the outer regions of the cluster.

It appears that dls are passing through the dense regions of the ICM on radial
orbits (Dressler 1986; Giraud 1986). The dIs are unlikely to be in circular orbits
in the cluster for two reasons. First, if their orbital radii were large, they would
never encounter the dense ICM gas, and there would be no gas—deficient dIs, which
is contrary to the observations. Second, if the orbital radii were small, the dIs would
always encounter the dense ICM gas, and would have been stripped long ago. Yet,
the models presented above reveal that dwarfs were stripped less than 1 Gyr ago.

Further evidence that dls are falling into the cluster for the first time comes from
analysis of the consequences of encounters. The process of dynamical friction may
lead to the demise of a dwarf galaxy, if it passes near a supergiant elliptical galaxy

such as M 49 or M 87. With a sufficiently close approach, the dwarf is subjected to
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dynamical friction and is eventually “digested” by the giant. The time a giant needs
to digest the dwarf is given by the relaxation timescale and, to within factors of unity
(Shu 1986), it is given by

e
relax ™ 3G2m M In(rv?/Gm)’

(7.109)

where r is the separation between .the dI and the elliptical, v is the absolute value
of the relative velocity between the two galaxies, G is the gravitational constant,
and m and M are the masses of the dI and the elliptical, respectively. Consider an
interaction between VCC 1249 (UGC 7636) and M 49. With r o~ 10 kpc, v = 700
km s~!, m ~ 9 x 108 Mg, and M =~ 4.6 x 10'2 My (Forman et al. 1985), then
teelax ~ 0.2 Gyr, which is about a factor of six smaller than the cluster crossing time
(Equation 2.1; 1.2 Gyr). So, VCC 1249 and the H I cloud STE1 should have been
digested long ago if the dI had made an earlier pass by M 49.

The cluster can also exert tides on dls. Merritt (1984) showed that galaxies which
come within the core redius, R,, of a cluster and whose radii exceed some tidal radius,
rr, would be truncated significantly by cluster tides. The tidal radius is given roughly
by

rr = R.o4/0q, (7.110)

where o, and o are the velocity dispersions of the galaxy and of the cluster, respec-

tively. For the Virgo Cluster (Table 2.4), the core radius is R, ~ 500 kpc and the

velocity dispersion is g = 760 km s™'. Thus, the tidal radius is given by

o
~ Tk S — 7.111
T pe (10 km s"1> ( )

Assuming that velocity dispersions of dwarfs lie in the range between 10 and 20 km s~

(Mateo 1998), dIs should be unaffected by the potential of the Virgo Cluster. In fact,

based upon surface brightness profiles, Binggeli et al. (1984) have shown that tidal
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stripping of high— and low-luminosity elliptical and spheroidal galaxies in the central

regions of the Virgo Cluster occurs on a timescale exceeding 10*! yr.

7.8.1 Fate of the Stripped Gas

Given that gas is stripped from dIs, it is important to examine what happens to
it. It is especially relevant to determine whether the gas remains bound to itself
(e.g., STEL), and whether the gas can survive being immersed within the intracluster
medium.

Hills (1980) derived analytical approximations which describe the effect of mass
loss on the evolution of a stellar system. These expressions can in turn be used to
evaluate whether the stripped gas remains bound. For dwarf galaxies, the character-
istic size, R, is about 1 to 3 kpc and the velocity dispersion, o, is about 10 km s™*

(see Mateo 1998). Thus, the dynamical time scale is

ip = R/O‘ (7112)
. lto3kpc
~ 10kms™!
~ 0.1t00.3 Gyr. (7.113)

If 50% or more of the mass of a virialized system is lost on a timescale comparable
to or shorter than a dynamical time, the remaining system is no longer bound and
dissociates. The minimum fractional mass which must be lost for dissociation to

occur is given by
AM Rloss
M, 2Ry’

where My is the mass prior to mass loss, Ry is the radius achieved after virialization,

(7.114)

and Ry is the radius of the system when the mass loss occurs.
Properties of UGC 7636 and the H I cloud STE1 can be used to evaluate whether
the HI gas will remain bound to itself. The H I mass of STEL is 1.3 x 108 Mg
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(Patterson and Thuan 1992), the mass of the residual H Iin UGC 7636 is 1.1 x 10" M
(Hoffman et al. 1987), and the mass of stars in UGC 7636 is 9.5 x 10® M, (Table 7.2).
The total mass is My = 1.1 x 10° Mg. Assuming AM to be the mass of STEL, the
left-hand side of Equation (7.114) is 0.12.

From the virial theorem, an estimate of Ry is given by

G My

Ry > 2(302 +vZ,)

(7.115)

Substituting for the values of My, o = 10 km s, and vy &~ 30 km s™* (see Chapter 6),
Ry is 1.97 kpc. For the dI UGC 7636 to dissociate, Riess < 0.48 kpe. Presently, the
effective radius in B of UGC 7636 is 4.3 kpc (see Chapter 6). Although the dI has
most likely responded to the tidal influence of NGC 4472 by expanding, UGC 7636
was probably larger than 0.5 kpc before mass loss occurred. The dI remains bound.

About 10% of the original mass of UGC 7636 was lost. This can be turned around
for the gas cloud STEL. As 90% of the gravitational mass “supporting” STE1 was
removed, the gas cannot remain bound in the cloud.

How long the stripped gas survives within the intracluster medium depends on
the properties of the “cold” gas and the “hot” plasma. Consider a spherical cloud
of hydrogen gas imbedded in a hot ICM of density nicm and temperature TicMm-
Electrons conduct heat from the hot, fully ionized gas in the ambient medium and
the cold gas in the cloud (Cowie and McKee 1977; Cowie and Songaila 1977). Energy

exchange between electrons occurs over a mean free path, Ang (in cm), given by
Amip = 10* Ty /nucwm, (7.116)

where Ty is in units of K and nicy is in cm™3. In the Virgo Cluster, Ticm ~ 10° K
and nicy ~ 1073 em™3, 50 Amgp ~ 300 pe. Since Amgp is much smaller than the radius

of the Virgo Cluster, the gas in the cloud thermally evaporates. The evaporation
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timescale, tevap (in years), is given by

—5/2 InA
tevap = (33 X 1020) TNeloud R<2:loud TIC?\//Iz —3‘.6—, (7117)

where ncoud is the mean hydrogen density of the cloud in cm™3, Reouq is the radius

of the cloud in parsecs, Ticym is in K, and the Coulomb logarithm, In A, is given by
InA = 29.7 + Inn2l? (Tyem/10° K) (7.118)

where nicy is in cm~2 (Cowie and McKee 1977). Ionization can be neglected because
the intracluster medium is very hot (kTicm > 13.6 €V). The HI mass of STElL
is 1.3 x 108 Mg (Patterson and Thuan 1992). The radius is assumed to be 60"
(McNamara et al. 1994), or about 4800 pc at the distance of the Virgo Cluster. Thus,
assuming spherical symmetry, the mean hydrogen density of STE1 is approximately
0.01 to 0.02 cm™3. The evaporation timescale is about 1 Gyr, which is very similar
to the crossing time for the Virgo Cluster (1.2 Gyr from Equation 2.1).

During its next orbit, it can be expected that the cloud of stripped gas will dissi-
pate and evaporate. That STE1 ought to dissipate on a time comparable to tp and
that STE1 is observed still to be intact lend additional weight to the conclusion that

stripping occurred very recently.

7.8.2 Fading: The Fate of a Gas—Poor dI

Since gas—poor dls are recognizable, it is logical to ask what they will become after
fading, and whether examples of such objects exist in the present-day. The fading of
a gas—poor dI can be computed in the following manner. Assuming that there is little
or no gas remaining to form any more stars (e.g., VCC 1249, VCC 1448), the present
population of young stars will fade to become a “new” population of old stars in the

future. Thus, the mass of old stars in the future will be augmented by an amount

future __
AM ,Old -_ ]\/I*,yng

*
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(M./Lp)da " ALpgd = (Ms/LB)yng(1 — foua,5)Ls. (7.119)

The second line is obtained from Equations (7.6) and (7.8). The luminosity of the
faded “young” population is added onto the luminosity of the present-day population

of old stars to yield the total luminosity in the future:

total — now future
LBga = LBoa+ALgayg
(M*/ LB)yng

(M /LB fllléure (1 - fOId,B) . (7120)
* ol

= Lp|foqs+

The mass—to-light ratio of “future” old stars is assumed to be the same as the present

value forold stars in each Virgo dwarf, i.e.,
(M./Lg)§a"™ = (M./Lg)oa- (7.121)

With the mass—to-light ratio for the young component from Equation (7.13), the

total luminosity in B of the old component can be written as

0.153
total __ L A _ . )
LB ola B | fola,B + ——(M*/La)old(l fold,B) (7.122)
The amount of fading in magnitudes is
AMpgading = —2.5log(LE%y/Lp) (7.123)
0.153

= —2.5log [fold,B + (1- fold,B)} - (7.124)

(M./L)oa
Since foa,z = 0.5 (see Table 7.3) and (M./Lg)oa = 3.11, a typical gas—poor dI
in Virgo will fade by about 0.6 to 0.7 mag. This is expected to occur in about 1 Gyr
(Bothun 1982).
In attempting to ascertain what the dIs will become, comparisons are made with
other gas—poor dwarf galaxies in the Virgo Cluster, i.e., dEs, nucleated dwarf ellipti-

cals (dE,Ns), “transition” dwarfs (dI/dEs), and dIs with H I fluxes comparable to or
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smaller than that of VCC 1249 (gas—poor dwarfs; Hoffman et al. 1987; Binggeli and
Cameron 1993). Comparisons are also made with a set of late-type dwarfs measured
by Patterson and Thuan (1996). They found that dIs are segregated into two groups.
Scale lengths of dIs in the first group (Type I) are similar to those of dEs/dSphs.
Scale lengths of dIs in the second group (Type II) are similar to those of BCDs and
about two times smaller those for dIs of Type I.

Fading vectors for gas—poor Virgo dls are shown in Figures 7.26 and 7.27, where
the exponential scale length and effective surface brightness are plotted against Mp.
The scale length can be converted into an effective radius via Equation (7.33) and
the effective surface brightness is computed using Equation (7.50). On the whole, the
scale lengths for gas—poor Virgo dIs are similar to dIs of Type I. They are indistin-
guishable from those of dEs, dE,Ns, dI/dEs, and other gas-poor dwarfs at comparable
luminosities.

In Figure 7.26, the scale lengths for VCC 1249 and VCC 1448 are about a factor of
two larger than for the other gas—poor dIs. VCC 1249 and VCC 1448 are situated very
close in projection to the supergiant elliptical galaxies M 49 and M 87, respectively
(see Figure 7.22). Tidal effects from the neighbouring ellipticals have likely caused
the stellar components of VCC 1249 and VCC 1448 to expand.

The effective surface brightness in B is plotted against the absolute magnitude in
Figure 7.27. The dIs with GDI % 0.8 lie in the upper envelope of the locus defined
by dEs/dSphs and other gas-poor dwarfs identified solely by their low H I content
(Hoffman et al. 1987).

Figures 7.26 and 7.27 show that there are structural differences between dEs and
dE,Ns. While scale lengths of dEs and dE,Ns are similar at comparable luminosities,
dEs appear to be fainter than dE,Ns at a given surface brightness. The five dls

identified here to be gas—poor appear to be structurally similar to dE,Ns. However,
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Figure 7.26: Exponential scale length, 7o, versus absolute magnitude in B for gas-poor Virgo
dwarfs. Galaxy luminosity increases to the left. Adopting the nomenclature in Patterson and
Thuan (1996), four regions of scale length-luminosity phase space are marked by dotted lines.
“Sp/S0s” represents the region spanned by spiral and lenticular galaxies and “LSBGs” represents
the region spanned by low surface brightness galaxies. Open squares indicate “gas—poor” Virgo dIs
(GDI > 0.8); in particular, VCC 1249 and VCC 1448 are labelled. The scale lengths of gas-poor
dls in the present Virgo sample are consistent with dls of type “I” defined by Patterson and Thuan
(1996) (see text). Fading vectors for the five gas-poor dls are shown as horizontal dashed lines.
The fading model assumes that little or no gas remains to form new stars and that the scale length
remains constant as present-day young stars fade. Open circles and filled circles indicate dEs and
nucleated dEs (dE,Ns), respectively. Transition dwarfs (dI/dEs) and H I-poor dIs from Hoffman
et al. (1987) are indicated as upside-down Ys. All values of the exponential scale length are taken
from Binggeli and Cameron (1993), except for VCC 1249 (Patterson and Thuan 1996).
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Figure 7.27: Effective surface brightness, p.s,s, versus absolute magnitude in B for gas—poor Virgo
dwarfs. Open squares indicate “gas—poor” Virgo dIs (GDI > 0.8). In particular, VCC 1249 and
VCC 1448 are labelled. Fading vectors are shown as dashed lines. The fading model assumes that
the scale length remains constant as the remaining young stellar component fades. Open circles and
filled circles indicate dEs and nucleated dEs, respectively. Transition dwarfs (dI/dEs) and H I-poor
dIs from Hoffman et al. (1987) are indicated as upside-down Ys. All effective surface brightness
values are taken from Binggeli and Cameron (1993).
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dIs do not have prominent nuclei; it remains unclear how non-nucleated dIs can form
compact nuclei. The progenitors of nucleated Virgo dEs were not likely to have been
dls.

In conclusion, gas—poor Virgo dIs will evolve to become bright dE/dSph-~like ob-
jects with scale lengths comparable to present-day dEs/dSphs. There does not appear
to be an existing population of successors to present-day gas-poor dIs, lending further
credence to the idea that Virgo dIs are only now falling into the cluser.

For a presently—observed gas—poor dI in the Virgo Cluster, a possible evolutionary
track is shown in Figure 7.28. Throughout most of its life in the periphery of the
cluster, the dwarf forms the bulk of its stars and metals. As it falls into the cluster
for the first time, ICM ram pressure quickly strips the interstellar gas, perhaps aided
by tidal effects from passage close to a giant galaxy. Tidal interactions and the loss of
gas cause the stellar component to expand in size. In the stripped gas, star formation
may occur, due to the compression of neutral gas by the intracluster medium (e.g.,
Mori and Burkert 2000). The cold neutral gas will eventually be “evaporated” by the
hot intracluster medium and/or eventually dissipate. With little gas remaining, the

gas—poor dI eventually fades to become an object resembling a present—day dE.

7.9 Final Remarks

7.9.1 Distance Variations

Based upon a revised calibration of Cepheids and a distance modulus for the LMC of
(18.50 £ 0.10) mag, Freedman et al. (2001) state 30.81 mag as the distance modulus
for the Virgo Cluster. Correcting to a distance modulus of 18.58 mag adopted for
the LMC (§ 2.1.2), the Freedman et al. value for the Virgo Cluster distance modulus

becomes 30.89 mag. This is 0.23 mag smaller than the value adopted in this thesis
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Figure 7.28: Suggested evolutionary path of a gas-poor dI in the Virgo Cluster.
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(31.12 mag; § 2.2.2). Furthermore, if the distance to NGC 4258 obtained from masers
is adopted as an independent zero-point (Herrnstein et al. 1999), the distance mod-
ulus for the LMC would be 18.38, placing the Virgo Cluster 0.43 mag closer than the
distance adopted here. The total effect would be a systematic increase of 0.2 mag in
Mg for field dIs and 0.43 mag in Mp for Virgo dIs listed in Table 7.2.

The distance revisions do not greatly affect the metallicity-luminosity diagram
(Figure 7.2) or the metallicity-stellar mass diagram (Figure 7.7), because the shifts
are much smaller than the dispersion of Virgo dIs around the fit to field dwarfs.
More importantly, the revisions do not affect the metallicity-gas fraction diagram
(Figure 7.14), because the gas fraction is independent of distance.

Conclusions stemming from evolutionary diagrams for an average gas—poor dl in
Virgo (Figures 7.20 and 7.21) should not be strongly affected by revisions to distances.
If the distance modulus for Virgo dIs is systematically lower, the “starting position”
of an isolated dI on the evolutionary diagrams is shifted to lower M,. Thus, AM,
is reduced. At the same time though, the estimated SFR goes down by an identical
factor, i.e., SFR in Equation 7.98). Consequently, estimates of the time since stripping

(Equation 7.99) do not depend upon the distance.

7.9.2 Dispersion in M,—u Relationship

Since chemical evolution requires measures of stellar and gaseous masses, a diagram
of stellar mass against gas mass fraction is constructed to examine the effect of uncer-
tainties. It is useful to examine how much of the dispersion in stellar mass observed
in the metallicity—stellar mass relation arises from measurement errors and how much
from some true physical dispersion in stellar mass.

Stellar mass, log M,, is plotted versus the gas fraction, loglog(1/u) for field and
Virgo dls in Figure 7.29. Typical errors in log M, and loglog(1/u) are displayed.
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These were obtained by combining the effects of a shift in distance modulus (0.2 mag
for field dIs, 0.43 mag for Virgo dls) and 0.05 mag of uncertainty in B — V colour.
For field dls, errors are 0.1 dex in log M, and 0.04 dex in loglog(1/u). For Virgo dIs,
errors are 0.2 dex in log M, and 0.04 dex in loglog(1/u). Because the gas fraction
is independent of distance, the error in the gas fraction stems solely from the colour
error.

Clearly, the dispersion of data points (~ 1 dex) in both the horizontal and vertical
directions is much larger than the errors shown. At a given gas mass fraction, there is a
wide range of stellar masses, which suggests that the time-averaged rate of conversion

of gas into stars varies among individual dlIs.
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Figure 7.29: Stellar mass versus gas mass fraction for field and Virgo dIs. Filled circles and
crosses represent field dIs and Virgo dls, respectively. Upper limits to the H I gas mass are shown
for VCC 1200 and VCC 1448. VCC 1448 is included, although no spectrum was measured. Error
bars are displayed to indicate the effects of a 0.2 mag shift in distance modulus and 0.05 mag
uncertainty in B — V colour for field dIs, and the effects of a 0.43 mag shift in distance modulus and
0.05 mag uncertainty in B — V colour for Virgo dls.
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Chapter 8

Conclusions

“We do not ask for what purpose the birds do sing, for their song is
pleasure since they were created for singing. Similarly, we ought not ask
why the human mind troubles to fathom the secrets of the heavens. The
diversity of the phenomena of Nature is so great, and the treasures hidden
in the heavens so rich precisely in order that the human mind shall never

be lacking in fresh nourishment.” Johannes Kepler

Key results of this thesis are summarized in § 8.1 and perspectives on future

research are discussed in § 8.2.

8.1 Summary of Results

The primary conclusion of this thesis is that a number of dwarf irregular galaxies
in the Virgo Cluster have entered into dense regions of the cluster for the first time
and have been rapidly stripped of their gaseous content via ram-pressure without
significant effect on their luminosities and metallicities. The path to this conclusion

is summarized below.

1. Dwarf irregular galaxies (dIs) are chosen for study over spirals or blue
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compact dwarfs because dIs have very little dust, lack spiral arms, ex-
hibit negligible metallicity gradients with radius, and contain H II regions

whose light does not overwhelm their underlying stellar populations,

A sample of dIs in the field was created as a control group to study
the evolution of dIs in clusters. Adopting the list constructed by Richer
and McCall (1995), the sample was augmented with updates to distance
determinations and oxygen abundance measurements from the literature.
DDO 187 was also added to the sample. Oxygen abundances for five
field dIs were updated from unpublished spectroscopy acquired at Steward
Observatory and at the Mexican National Observatory.

A sample of dIs in the Virgo Cluster was constructed to examine the im-
pact of the cluster environment on galaxy evolution. The dwarfs had
to contain bright H II regions, they had to be spread among higher-
density central regions and lower-density outer regions of the cluster,
their luminosities had to lie within a narrow magnitude range between
—15 > Mp > —17, and their H I masses had to vary by two orders of
magnitude.

Optical spectroscopic data were obtained for eleven Virgo dIs at KPNO
and CFHT. Because [O III]A\4363 was detected in VCC 0848 and VCC 1554,
oxygen abundances could be directly determined. Oxygen abundances for
the remaining dIs were derived using the bright-line method.

The “bright-line” method (R,3; also known as the empirical calibration)
was used to compute oxygen abundances for objects for which [O III]A4363
was not detected. The line ratio I([N IIJA6583)/I([O II]A3727) was used
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as a discriminant to break the degeneracy intrinsic to the method. Com-
paring with direct determinations, oxygen abundances obtained from the
bright-line method were found to be accurate to ~ 0.2 dex, with no ob-

vious systematic differences.

For H II regions in Virgo dIs, equivalent widths of underlying Balmer
absorption were directly measured via fits to HB line profiles. Resolv-
ing a long-standing problem, the equivalent width of the absorption was
found to be between 3 and 7 A, as expected for a typical OB association.
However, the equivalent width of the underlying absorption effective in
suppressing emission was found to be 1.59 + 0.56 A, consistent with pre-
vious measurements.

Stellar masses for field and Virgo dIs were derived using a two—component
method (McCall, unpublished), which supposes that dIs consist only of a
“young” component and an “old” component. The resulting stellar mass—
to-light ratios in B ranged from 0.4 to 1.8, with most near unity. Stellar
masses computed with the two—component method agreed with predic-
tions of full-scale population syntheses for systems which have formed

stars at a constant rate (Bruzual and Charlot 1996).

As found previously, a strong correlation between (O/H) and Mp exists
for field dIs. Oxygen abundances of Virgo dIs were found to be comparable
with field dIs at similar luminosities. The fit to field dIs in the metallicity-
luminosity diagram was consistent with that found by Richer and McCall
(1995). When the luminosity of the young component was removed, the
slope was not significantly altered. However, the My1/Lp content for a

number of Virgo dIs was considerably smaller than field dIs with similar
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10.

11.

12.

oxygen abundances, suggesting that their evolution has been affected by
their environment.

Extrapolating to zero oxygen abundance, the range in minimum baryonic
mass required to form metals is log Myary(Mg) =~ 6.2 to 7.5. This is

roughly similar to galaxies with the lowest masses known.

A strong correlation between oxygen abundance and the gas fraction, de-
fined as the ratio of gas mass to the total baryonic mass, was found for
field dIs, revealing that they have evolved as isolated systems. This result
did not depend critically upon the details of the population synthesis em-
ployed. The effective oxygen yield by mass was about one—quarter of that
found in the solar neighbourhood. A number of Virgo dIs were noticeably

gas—deficient compared to field dIs at a similar oxygen abundance.

Using the observed relation between oxygen abundance and gas fraction
for field dls, it was possible to define a gas-deficiency index for dwarfs:
GDI = log[(pp/1) - (1 — p)/(1 — pp)], where p and p, are, respectively,
the observed gas fraction and the gas fraction predicted using the cor-
relation for field dIs. A comparison of indices for field and Virgo dwarfs
directly led to the quantitative identification of five gas-poor Virgo dIs. A
Kolmogorov—-Smirnov test showed that the field and Virgo samples could

not have been drawn from the same distribution.

The Virgo dwarf galaxy UGC 7636 (VCC 1249) was presented as a case
study for the impact of the Virgo intracluster environment on dI evolution
(Lee, Richer, and McCall 2000). An H II region, LR1, was serendipitously

discovered residing within the H I cloud STE1, which is located between
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13.

14.

15.

the dI and the giant elliptical M 49 (NGC 4472). A spectrum was ob-
tained and an oxygen abundance was derived. The oxygen abundance
was consistent with what was expected for a galaxy with the luminosity
of UGC 7636. Intracluster ram—pressure and tidal forces from M 49 are
believed to explain the absence of H I gas and the unusually large expo-
nential scale length for the stellar disk of UGC 7636. Based upon the
oxygen abundance for LR1 and the H I mass of STEI, the H I cloud must

have once been the interstellar medium of the dwarf galaxy.

The existence of STE1 in proximity to UGC 7636 suggests that UGC 7636
was stripped recently and that the duration of the event was relatively
short. This motivated the construction of “staged” models to evaluate
the past evolution of gas-deficient dIs. The models revealed that so little
time has elapsed since stripping that there has been little evolution of the
stripped dI remnant. Gas loss ceased < 1 Gyr ago, which is comparable

to the crossing timescale in the Virgo Cluster.

The gas deficiency was found to be correlated with X-ray surface bright-
ness, but not with relative velocity or ram—pressure. The first correlation
is compelling evidence that gas loss was a consequence of ram pressure.
The lack of any strong correlation with the ram pressure itself is likely due
to inadequate account of transverse motions. The results suggest that dls
are traversing the dense regions of the cluster for the first time.

If star formation completely stopped, stripped gas—poor dIs would fade by
about 0.6 mag in B and redden by about 0.2 mag in B—V in about 1 Gyr.
While gas-poor dIs have been found to be structurally similar to nucleated

dEs/dSphs, the former do not have prominent nuclei. The progenitors of
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nucleated dEs were not likely to have been dIs. Instead, gas—poor dIs will

likely fade into systems resembling present-day dEs/dSphs.

8.2 Future Projects

The following investigations would be valuable:

1. expansion of the spectroscopic sample of Virgo dwarfs to include a larger range
in luminosity;

2. expansion of the sample of dwarf galaxies to include BCDs;

3. deep Ho imaging of the Virgo Cluster to search for intracluster H II regions
(e.g., LR1 with UGC 7636), which may be missed by planetary nebulae surveys
(Méndez et al. 1997; Ciardullo et al. 1998; Feldmeier et al. 1998);

4. a survey of dwarf galaxies in the Fornax Cluster; and

5. near-infrared imaging of dIs and BCDs.

By adding more galaxies to the sample studied, the first two investigations would
augment the results obtained in this thesis in a statistical sense. Each of the afore-
mentioned points is discussed below. Also, the Chandra AXAF observatory should
be used to observe in detail the area immediately surrounding LR1 and STE1 to look
for evidence of evaporation of the H I gas by the intracluster medium (e.g., Stevens
et al. 1999).

The eleven dIs in the present Virgo sample are distributed in the central and outer
regions of the cluster. All but one of the eleven lie within a two—magnitude interval of
M. Because many other Virgo Cluster dwarf galaxies contain H II regions (Gallagher
and Hunter 1989; Heller et al. 1999), a study of additional dwarfs is warranted to
expand the coverage in luminosity and to better evaluate the effectiveness of ram

pressure stripping as a function of luminosity.
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A larger number of dwarfs with a wide range of gas masses and measured oxygen
abundances is needed to verify that GDI = 0.8 is sufficient to define a “threshold” for
gas deficiency in dwarfs. The results for gas—poor dIs motivate study of the BCDs in
the Virgo Cluster. The central H II regions in BCDs should be sufficiently bright for
[O III)A4363 to be detected.

The discovery of LR1 (as well as recent discoveries of intracluster stars and plan-
etary nebulae) in the Virgo Cluster provides real impetus to search for additional
intracluster H II regions. Deep Ho imaging should be directed to fields surrounding
gas—poor Virgo dwarfs. If LR1 and STE1 are typical consequences of a recent passage
through the intracluster medium, there may be additional signatures of recent star
formation. It is very unlikely that the LR1-STE1-UGC 7636 system is the only one
to be found within the Virgo Cluster.

The Fornax Cluster is approximately at the same distance as the Virgo Clus-
ter (Madore et al. 1999), but exhibits far different properties from Virgo (Ferguson
1989Db). Fornax is denser, smaller, and appears more “relaxed” (not much substruc-
ture). Compared to Virgo, Fornax has a larger central galaxy number density, a
smaller core radius, and a smaller cluster velocity dispersion (Ferguson 1989b; Fer-
guson 1989a). Also, the X-ray luminosity, which measures the strength of the intra-
cluster medium, is about two orders of magnitude lower in Fornax compared to Virgo
(Killeen and Bicknell 1988; Edge and Stewart 1991; Bohringer et al. 1994; Jones et al.
1997). It would be timely to investigate whether the fraction of stripped systems is
lower than in Virgo. Optical spectra in addition to optical and near-infrared pho-
tometry of dwarf galaxies should be obtained. Comparing the properties of dwarfs
in Fornax and Virgo could highlight intercluster differences which lead to further
insights into the effect of the intracluster environment on dwarfs. Because there are

few giant galaxies and a more rarefied intracluster medium in Fornax, dwarf galaxies
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are less likely to be stripped as they pass through the central regions of the cluster.

Total magnitudes for galaxies in B are perturbed by the young component, al-
though Papaderos et al. (1996) and Patterson and Thuan (1996) claim that the con-
tribution by H II regions is at most 0.75 mag in B. Near—infrared imaging is advanta-
geous because the spectral energy distribution of old stars peaks in the near—infrared
and the contribution of hot young stars is lessened. Thus, the contribution of light
from recent bursts of star formation to the overall galaxy luminosity at near—infrared
wavelengths is expected to be much smaller than at blue wavelengths. Certainly,
Kunth and Ostlin (2000; their § 5.1.2) and Ostlin (2000) have shown that BCDs
(e.g., I Zw 18) should contain old stars that dominate the underlying stellar mass.
Thus, galaxy luminosities at near-infrared wavelengths should be truer measures of
the underlying stellar mass.

Observing programs are already planned to obtain near-infrared images of dls
in the Local Group and dIs and BCDs in the Virgo Cluster. Global parameters
(e.g., Mg, M,) will be derived to construct diagnostics (metallicity versus luminosity,
metallicity versus gas fraction) in the near—infrared to examine whether the dispersion

in these relationships will be lessened.

“El viento de la noche gira en el cielo y canta.
El viento de la noche gira en el cielo.

Oir la noche inmensa, mas inmensa sin ella.

Y el verso cae al alma como al pasto el rocio.”

“Puedo Escribir” — Pablo Neruda

“Fais que ton réve soit plus long que la nuit."
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