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ABSTRACT

The study of galaxy formation and evolution utilizes empirical scaling relations

as a tool to better understand complex physical processes that occur below the

resolution of observations. New observations of galaxy populations can provide tests

of the range of validity for known scaling relations. We test the following scaling

relations using IFU spectroscopy of galaxies at opposite ends of the stellar-mass

spectrum.

Brightest cluster galaxies undergo, on average, more mergers than a typical early-

type galaxy. They also lie at the center of their host cluster’s gravitational potential

well, meaning there is no preferred alignment for mergers. As such, we would ex-

pect to find that BCGs should have preferentially lower angular momentum when

compared to a population of early-type galaxies. We have spatially mapped the kine-

matic properties of 10 nearby brightest cluster galaxies (BCGs) in the mass range

1010.5M� < Mdyn < 1011.9M�. We find that 30% (3/10) of the BCGs are fast rotators

as defined by the ATLAS3D criteria. This is significantly lower than the ATLAS3D

population as a whole, however our sample is biased towards higher dynamical-mass

galaxies. When controlling for dynamical-mass, we find that above Mdyn ∼ 1011.5M�,

both samples show the same ratio of slow rotators. This suggests that the relation be-

tween galaxy angular momentum and dynamical mass is independent of the number

of mergers a galaxy has undergone.

Dwarf irregular galaxies are the local universe analogs of the young high-redshift

galaxies that eventually merge to form BCGs. The mass-metallicity scaling relation

(MZR) says that galaxies with higher stellar-mass have preferentially higher gas

metallicity. Mergers have been suggested as a potential cause of the scatter in the
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mass-metallicity relation as pristine gas is driven into a galaxy, diluting the metal

content. Two different three-dimensional extensions of MZR, as a function of either

HI-gas mass (FMRHI) or star formation rate (FMRSFR), have been suggested to

account for the scatter in the MZR. We use our IFU data to study the FMRSFR

and FMRHI across the stellar mass range 106.6 to 108.8 M�. The lowest 1σ scatter

of binned means is for the FMRHI (0.01 dex), significantly lower than that of the

MZR (0.05 dex). This leads us to conclude that inflows of pristine HI-gas is the best

candidate for a physically motivated fundamental metallicity relation.

Using the same sample of dwarf irregular galaxies, we investigate the relationship

between Hα luminosity surface density (ΣHα) and Balmer optical depth (τb) using

the added spatial information provided by IFU spectroscopy. We find a positive

correlation between ΣHα and τb in 8 of 11 galaxies. Our spaxels have physical scales

ranging from 30 to 80 pc, demonstrating that the correlation between these two

variables continues to hold down to spatial scales as low as 30 pc. The positive

correlation between ΣHα and τb is consistent even within the lowest mass galaxies.

Although brightest cluster galaxies are often considered special populations, we

find that they are generally consistent with scaling relations derived for intermediate-

mass early-type galaxies. Similarly dwarf irregular galaxies that span a stellar mass

range 106.6−108.8 M� are consistent with the mass-metallicity relation derived for star

forming galaxies in the stellar mass range 108− 1011M�. From this we can conclude

that these scaling relations are based on fundamental physics that act across an

extraordinary range of galaxy mass scales.
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1. INTRODUCTION

1.1 The Curious Behavior of Baryons in Galaxies

The study of galaxy formation and evolution can be thought of as the study of the

behavior of the smallest particles on the largest scales. The formation and evolution

of galaxies is dependent upon a variety of physical processes governing the behavior

of baryons. The influences upon baryons include radiative transfer, morphology,

environment, gravity, hydrodynamics, metallicity, mass of the host dark matter halo

and feedback from stellar winds, supernovae, and active galactic nuclei. If we wish

to understand how galaxies form and evolve, we must understand the movement and

interactions of baryons within galaxies.

The size and sheer number of individual baryons within a galaxy makes it im-

possible to study or even computationally model each individual baryon. Therefore,

we often rely upon empirical scaling relations which are the observable result of a

combination of underlying physical processes. A well known example would be the

mass-metallicity relation (Lequeux et al., 1979). In the simplest terms, the mass-

metallicity relation states that as the stellar mass of a galaxy increases, the abun-

dance of heavy elements in the interstellar medium (ISM) will also increase (Figure

1.1). Underlying this observed relation are the complexities inherent in the forma-

tion of stars and heavy elements (e.g. gas cooling, nuclear fusion, fluid motion, etc.).

Absent of interpretation, these scaling laws alone are of limited value, however by

comparing them to physical models and simulations, we can begin to understand the

basic underlying physics that are driving the observed phenomena. Alternatively,

scaling laws provide much needed checks on theoretical models which are much more

probable if they properly reproduce known scaling relations.
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Figure 1.1: Mass-Metallicity Relation. Relation between stellar mass and gas-phase
oxygen abundance for ∼4,000 star-forming galaxies in the SDSS. The large orange
rectangles represent the mean metallicity in bins of 0.25 dex (in mass). The green
line shows a 4th degree polynomial fit to the data. Only bins that include at least
50 data points are included in the plot and the polynomial fit.
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Throughout this work, we will study several empirical relations, such as the angu-

lar momentum and stellar mass relation (Chapter 2), the stellar mass and metallicity

relation (Chapter 3), and the star formation and dust relation (Chapter 4). Many

scaling relations are initially developed using “typical” galaxies which are the most

abundant, easily observed, and well-behaved galaxies. However, it is important to

study how these relationships fare in the most extreme conditions, to see if they

hold across the entire spectrum of galaxies, or if they break down, in which case the

scaling relationships must be modified to accommodate the new observations. We

will focus our attention on two distinct galaxy populations, brightest cluster galax-

ies (BCGs) which are some of the most massive galaxies in the universe, and dwarf

irregular galaxies, which are very low stellar-mass galaxies.

1.2 A Brief Introduction to IFU Spectroscopy

To obtain observations on both populations, we will utilize integral field unit

(IFU) spectroscopy. Astronomical spectra are incredibly information dense, and can

be used to measure a wide variety of parameters such as: distance, age, chemical

composition, kinematics, gas and dust content, stellar mass, and star-formation rate

of a galaxy given the appropriate spectral range and resolution. The added benefit

of IFU spectroscopy is that it obtains a two-dimensional spatial map of the observed

properties for both populations of galaxies. This allows us to spectrally observe

the entire surface of a galaxy using a single pointing, whereas other observational

techniques would either have to sacrifice information or use an inordinate amount of

telescope time.

The first IFU spectrograph (TIGER) saw first light in 1987 (Bacon et al., 1988).

Since then, IFU spectroscopy has matured such that large scale astronomical sur-

veys are being performed primarily with IFU data. SAURON (Bacon et al., 2001)
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and ATLAS3D (Cappellari et al., 2011) were two of the first large-scale IFU sur-

veys, targeting 48 and 260 galaxies respectively. Their initial observations focused

on the kinematics of early-type galaxies, in which they reported that a surprising

percentage (86%) were fast rotating (Emsellem et al., 2011), and established the ac-

cepted demarcation between fast and slowly rotating galaxies (Figure 1.2). Utilizing

hydrodynamical simulations compared to the ATLAS3D sample, Naab et al. (2014)

classified all central galaxies into 6 archetypical classes based on their morphology,

kinematics and formation histories.

Three large-scale IFU surveys are currently in progress, SAMI (Bryant et al.,

2015), MANGA (Bundy et al., 2015), and CALIFA (Sánchez et al., 2012). For

a comparison of the key parameters of SAMI, MANGA, CALIFA and ATLAS3D

see Table 1 of Sánchez (2015). These four surveys are all complimentary in that

ATLAS3D has the highest spatial resolution (1′′), SAMI samples the widest mass

range (M∗ > 108.2M�), MANGA has the largest number of objects (10,000), and

CALIFA has the largest spatial field of view (∼ 1.3 arcmin2). However, none of

them specifically target BCGs which are rare in the universe and likely to constitute

only a small portion of any sample (e.g. only 1 BCG is in the ATLAS3D sample).

Dwarf galaxies will also be largely absent in these surveys due to the difficulties

inherent in observing low-luminosity galaxies. Even with the relatively low mass

selection of SAMI, they will still only be able to detect the largest and closest of the

dwarf galaxy population.

We choose to specifically target these galaxies because they are generally under-

represented in galaxy surveys. For instance, ATLAS3D has only 1 BCG in their

sample of 260 early-type galaxies, so by adding complimentary observations of 10

additional galaxies, we will overwhelmingly increase the sample size of BCG kine-

matics being studied with IFU spectroscopy. BCGs are a population of interest
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because of their unique formation history and extremely large masses. Despite their

large mass, they are often difficult to observe because of their low surface-brightness

at large radii. Due to the rarity of BCGs, a large volume of space is necessary to

observe a representative samples of BCGs.

A similar problem exists for dwarf irregular galaxies, they are low surface-brightness

due to their diffuseness and low stellar-mass. Large scale surveys are likely to target

the easiest to observe galaxies, which are also more likely to guarantee high signal-to-

noise observations without an inordinate amount of observing time. Dwarf irregular

galaxies are uniquely gas rich and metal poor, making them an interesting population

because they represent the Local Universe analogs of young, high-redshift galaxies.

We will be discussing two distinct but related types of spectra, absorption-line

spectra and emission-line spectra. An absorption spectrum from a galaxy contains

information regarding the stellar component of a galaxy, whereas an emission line

spectrum reflects the properties of the ionized gas component of a galaxy. At the

distance of most galaxies we are unable to resolve individual stars within each galaxy

using even the highest spatial resolution IFU spectroscopy. Therefore, we measure

the aggregate effects of multiple stars within each spatial pixel. This effect allows

us to use these scaling relations, which often rely upon the aggregate effects of large

number statistics.

1.3 Brightest Cluster Galaxy Angular Momentum and Mass

Brightest Cluster Galaxies exist in an extreme merger environment which allows

them to grow to be some of the most massive galaxies in the universe. They are

typically located in the center of their cluster, near the bottom of the cluster’s grav-

itational potential well (von der Linden et al., 2007). As a result of their location,

BCGs are expected to undergo more mergers than a typical galaxy (De Lucia and

6



Blaizot, 2007). The hierarchical structure formation model predicts that BCGs were

not formed at their current mass, however they started out smaller and have under-

gone many mergers throughout time to grow to their present size. Semi-analytical

models of BCGs have suggested that these mergers are primarily minor mergers

(with a difference in masses < 1:3) with on average one major merger (mass ratio >

1:3) throughout their formation history (De Lucia and Blaizot, 2007; De Lucia et al.,

2012).

Specific features of BCGs, such as their large radii and low surface brightnesses

compared to normal elliptical galaxies, are consistent with the products of major

dissipationless mergers (e.g. Oegerle and Hoessel 1991; Brough et al. 2005; von der

Linden et al. 2007; Lauer et al. 2007; Tran et al. 2008). The fact that multiple

minor dry mergers have been shown to remove angular momentum from a galaxy

when the mergers are isotropically distributed, combined with the fact that BCGs in

simulations undergo a higher than average number of dry merger events, leads us to

hypothesize that BCGs are likely to have a lower average angular momentum when

compared to standard elliptical galaxies.

Using IFU spectroscopy, we can spatially map out the line-of-sight velocity and

velocity dispersion across the surface of a sample of Brightest Cluster Galaxies, and

we do not require a-priori knowledge of the rotation axis as would be needed for long-

slit observations. We can use this spatial mapping of the kinematics to determine

the angular momentum of a galaxy and the dynamical mass. We can compare our

sample of BCGs to the larger sample of ATLAS3D early-type galaxies to test whether

our population is significantly offset from the general population. If a significant

difference is observed, that would be evidence that isotropic mergers are at least

partially responsible for removing angular momentum from galaxies. If on the other

hand, there is no apparent difference, then that would suggest that despite their
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similarities as a population, BCGs have a diverse formation history, and the number

of mergers does not primarily determine the angular momentum.

1.4 The Mass-Metallicity Relation

Dwarf irregular galaxies can be used to understand how galaxies behave at the

beginning of their lifetimes, whereas BCGs represent the later stages of galaxy evo-

lution. The timescales that galaxies evolve on, billions of years, make it impossible

for humans to study a single galaxy evolving, so instead we must study snapshots

of evolution across all galaxies. Dwarf irregular galaxies are likely to be the Local

Universe analogs of the galaxies that eventually merge together to form BCGs.

We use IFU spectroscopy to observe a sample of dwarf galaxies selected from

the ALFALFA blind HI survey (Haynes et al., 2011). Using emission-line fluxes

measured with IFU spectroscopy, we can measure the metal content of the gas in the

ISM across the whole surface of the galaxy, instead of just the central core as would

be obtained from a single fiber observations which would be biased by metallicity

gradients within galaxies.

We use IFU spectroscopy to study the chemical abundances of the gas within

the dwarf irregular galaxies and observe how the abundances vary as a function of

stellar mass. This scaling relation is also known as the mass-metallicity relation

(MZR). The MZR is known to exhibit scatter greater than would be expected by the

uncertainties on the individual data points (Tremonti et al., 2004; Lara-López et al.,

2010; Mannucci et al., 2010).

To explain this apparently enhanced scatter, it has been suggested that the MZR

has a dependence on star formation rate (Lara-López et al., 2010; Mannucci et al.,

2010; Andrews and Martini, 2013), which could alternatively be explained as a de-

pendence on HI-gas content (Bothwell et al., 2013; Lara-López et al., 2013). This
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three-dimensional extension of the mass-metallicity relation is known as the funda-

mental metallicity relation (FMR). Studies on the FMR thus far, either as a function

of star formation rate (FMRSFR) or HI mass (FMRHI), have focused on the SDSS

sample of spectroscopically observed galaxies (Lara-López et al., 2010; Mannucci

et al., 2010; Bothwell et al., 2013). As such these galaxies are biased towards the

intermediate to high stellar-mass galaxies that dominate the SDSS spectroscopic

sample. We can test whether or not the low-mass dwarf irregular galaxy population

are consistent with the intermediate stellar-mass population FMR scaling law.

Several hypotheses have been proposed for the mechanisms that guide the FMR,

e.g. pristine gas inflows diluting metal abundances (Finlator and Davé, 2008; Davé

et al., 2010), or the winds created in young star forming regions blowing out the

metal and gas content. These two processes are tightly linked, in that a pristine gas

inflow that dilutes the metals is also the fuel for star formation, so a large inflow rate

of pristine gas is also likely to result in a high star-formation rate. Therefore, it is

difficult to disentangle the relative influences of each phenomenon.

Using the dwarf irregular galaxy population we can test whether the FMRSFR

and FMRHI scaling relations continue to be valid for low stellar-mass galaxies. If one

relation were found to be a significantly better fit for the dwarf galaxy population,

that would be an indicator that it is more closely related to the underlying physical

mechanism driving the FMR, and would help decouple the degeneracy described

above by favoring one physical property as the primary driver.

1.5 The Hα-Balmer Optical Depth Relation

Young star forming galaxies such as the dwarf galaxy population used to study

the mass-metallicity relation have more gas, which is typically linked to more dust in

the ISM. One cannot ignore the influence of dust when studying even young metal
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poor galaxies such as the dwarf irregular galaxies. There is recent evidence of an

empirical scaling relation between the star formation rate and the dust mass in the

ISM of galaxies (Reddy et al., 2015). The star formation rate is a component of

studying the FMR, so it is important that we understand the influence of dust on

star formation rate (SFR) measurements to ensure that our SFR estimations are

accurate.

A spatial correlation between SFR and enhanced reddening in ionized regions has

been observed in samples of larger spiral and elliptical galaxies (Kreckel et al., 2013;

Roche et al., 2015). This is often assumed to be the result of dusty birth-clouds that

surround young, star-forming regions. It is not yet known at which spatial scales this

relationship begins to break down. IFU spectroscopy is vital to testing for a spatial

correlation between dust and star forming regions, without it we would be unable to

observe the entire surface of a star forming region with a single pointing.

Using the same sample of dwarf irregular galaxies used for the fundamental metal-

licity relation, we can investigate the spatial mapping of the Hα emission and the

Balmer optical depth, a tracer of dust content, in a sample of 11 dwarf irregular

galaxies selected from the ALFALFA survey. We test to see if regions as small as (30

pc)2 exhibit a correlation between higher Hα luminosity and enhanced reddening.

If the correlation between these values does continue to hold, that would suggest

that we can still treat the observations in those regions the same as the integrated

light of the galaxy itself, and that small number statistics have not yet begun to

dominate the observations. If, however, the relationship does begin to break down,

that would suggest that observations no longer follow the empirical scaling relation

of the aggregate population and the physical effects of individual stars have begun

to dominate.

Throughout this dissertation, we will focus on using the incredible amount of

10



information provided by IFU spectroscopy to study various empirical scaling laws.

In Chapter 2, we will first use IFU spectroscopy to examine the relationship between

angular momentum and dynamical mass in the most massive galaxies in the universe,

and test to see if they behave differently when compared to other massive galaxies

not located near the center of their cluster. In Chapter 3, we will transition to

studying very low stellar-mass dwarf irregular galaxies, again using IFU spectroscopy

to study galaxies that are very faint and difficult to detect. We will examine whether

or not very low mass galaxies are consistent with the established mass-metallicity

relationship, and test to see whether HI-gas mass or SFR is more favored for the

fundamental metallicity relation in low stellar-mass galaxies. Finally, in Chapter

4, we will use the spatial information provided by IFU spectroscopy to examine the

connection between Hα emission indicative of star formation, and the Balmer optical

depth, which traces dust content. We will test if the relationship continues to hold

to small spatial scales, nearing the sizes of gas cores that form individual stars. In

each chapter, we assume a Hubble constant of H0 = 70 km s−1 Mpc−1 and ΩM =

0.3, ΩΛ = 0.7.
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2. ANGULAR MOMENTA, DYNAMICAL MASSES, AND MERGERS OF

BRIGHTEST CLUSTER GALAXIES∗

2.1 Synopsis

Using the VIMOS Integral Field Unit (IFU) spectrograph on the Very Large

Telescope (VLT), we have spatially mapped the kinematic properties of 10 nearby

Brightest Cluster Galaxies (BCGs) and 4 BCG companion galaxies located within

a redshift of z = 0.1. In the hierarchical formation model, these massive galaxies

(1010.5M� < Mdyn < 1011.9M�) are expected to undergo more mergers than lower

mass galaxies, and simulations show that dry minor mergers can remove angular

momentum. We test whether BCGs have low angular momenta by using the λRe

parameter developed by the SAURON and ATLAS3D teams and combine our kine-

matics with Sloan Digital Sky Survey (SDSS) photometry to analyze the BCGs’

merger status. We find that 30% (3/10) of the BCGs and 100% of the companion

galaxies (4/4) are fast rotators as defined by the ATLAS3D criteria. Our fastest

rotating BCG has a λRe = 0.35 ± 0.05. We increase the number of BCGs analyzed

from 1 in the combined SAURON and ATLAS3D surveys to 11 BCGs total and find

that above Mdyn ∼ 11.5M�, virtually all galaxies regardless of environment are slow

rotators. To search for signs of recent merging, we analyze the photometry of each

system and use the G − M20 selection criteria to identify mergers. We find that

40±20% of our BCGs are currently undergoing or have recently undergone a merger

(within 0.2 Gyrs). Surprisingly, we find no correlation between galaxies with high

angular momentum and morphological signatures of merging.

∗Reprinted with permission from “Angular Momenta, Dynamical Masses, and Mergers of Brightest
Cluster Galaxies” by Jimmy et al., 2013. The Astrophysical Journal, Volume 778, Issue 2, article
id. 171, 12 pp., Copyright 2013 by the American Astronomical Society.

12



2.2 Background Information

Galaxies are expected to grow hierarchically in a ΛCDM universe. In this frame-

work, clouds of dark matter cool down and begin to collapse, forming the structure

upon which galaxies and clusters are formed (Peebles, 1969; Doroshkevich, 1970;

White, 1984). Simulations of mergers of dark-matter halos have shown that major

mergers (progenitor mass ratios of 1:1 or 2:1) increase the angular momentum of the

combined dark-matter halo (Vitvitska et al., 2002). Other studies have shown that

minor mergers either slightly increase or simply preserve the angular momentum of

a dark-matter halo (D’Onghia and Burkert, 2004). Without taking into account the

interactions of baryons, merger events (whether major or minor) appear to increase

a dark-matter halo’s specific angular momentum.

When accounting for baryons, the connection between mergers and angular mo-

mentum changes slightly. Although the effects of baryons within 1 effective radius

(Re) are uncertain (van den Bosch et al. 2002, de Jong et al. 2004), we can ex-

amine merger simulations that include baryons to see how merging galaxies behave

on a large scale. Spiral galaxies, which have a high initial angular momentum,

have cold stellar discs that are fragile and easily destroyed in mergers (Naab et al.,

2006). When these initially discy high angular momentum galaxies merge together,

they form early-type galaxies that were expected to be dispersion-supported and not

rotation-supported. However Emsellem et al. (2007) showed that early-type galaxies

can still exhibit a high angular momentum, and in fact the majority of them do (86%

in Emsellem et al. 2011). The mechanism by which these early-type galaxies have

retained or regained their angular momentum is still uncertain.

One possible explanation for the high angular momentum observed in early-type

galaxies comes from simulations of gas-rich mergers. In the early universe (z > 2),
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before feedback mechanisms have had a significant impact on galaxy composition,

galaxy mergers are expected to be gas-rich (Tacconi et al., 2010). Simulations of

mergers of equal-mass, gas-rich galaxies (wet major mergers) have been shown to

produce high angular momentum galaxies (Naab et al., 2006). The dissipational

effect of gas appears to be an important factor in forming a high angular momentum

merger remnant (Bender et al. 1992, Kormendy and Bender 1996, Faber et al. 1997,

Naab et al. 2006).

However gas-rich mergers are only expected at intermediate/high redshifts. From

z = 2 until the present, as feedback mechanisms remove gas from the galaxies,

mergers are expected to be increasingly gas-poor and dissipationless. In the case of

major gas-poor (dry) mergers, Bois et al. (2011) have shown that major dry mergers

are capable of forming galaxies with a variety of angular momenta, depending upon

the initial orbital parameters. They find little dependence of a merger remnants

angular momentum on the progenitor galaxy’s gas fraction. For a galaxy to transform

from an initially fast rotating galaxy into a slowly rotating galaxy, said galaxy has to

accrete at least half of its mass via dry minor mergers (Bournaud et al. 2007, Jesseit

et al. 2009, Bois et al. 2010, Bois et al. 2011). The environment in which a galaxy

exists will determine the frequency of major and minor galaxy mergers.

2.2.1 Merger History of Brightest Cluster Galaxies

Brightest Cluster Galaxies (BCGs) exist in an extreme environment. They are

typically located in the center of their cluster, near the bottom of the cluster’s poten-

tial well. As a result of their location, BCGs are expected to undergo more mergers

than a typical galaxy. The increased frequency of merging events in BCGs should

make them sensitive to the relation between galaxy mergers and angular momentum.

The large number of merging events is also likely the cause of the high mass and
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early-type classification observed in a typical BCG. Observations by Lidman et al.

(2012) have shown that BCGs have grown in mass since z = 1.6 and on average,

have grow by a factor of 1.8 ± 0.3 from z = 0.9 to z = 0.2. Similarly, simulations

of galaxy growth via mergers by De Lucia and Blaizot (2007) have shown that only

half the mass of a BCG is in place by z = 0.5. The same simulations found that

the majority of stars within a BCG formed very early, with 50% of the stars being

formed before z = 5 (De Lucia and Blaizot, 2007). In this scenario, BCGs would

have accumulated half of their mass in the time frame from z = 0.5 to z = 0 via

gas-poor mergers.

The fact that multiple minor dry mergers have been shown to remove angular

momentum from a galaxy when the mergers are isotropically distributed, combined

with the fact that BCGs in simulations undergo a higher than average number of dry

merger events, leads us to hypothesize that BCGs are likely to have a lower average

angular momentum when compared to standard elliptical galaxies. In other studies

BCGs have been shown to be remarkably uniform and exhibit special characteristics

when compared to elliptical galaxies not at the center of their cluster. von der

Linden et al. (2007), showed that a typical BCG is more likely to host a radio-loud

AGN, is larger in size, and has higher velocity dispersion on average than a typical

elliptical galaxy in the same mass range. These currently observed differences are

likely the result of the combination of two effects: BCGs’ large stellar masses and

BCGs’ location at the bottom of their host clusters’ potential well, although it is

uncertain which effect dominates.

Specific features of BCGs, such as their large radii and low surface brightnesses

compared to normal elliptical galaxies are consistent with the products of major

dissipationless mergers (e.g. Oegerle and Hoessel 1991; Brough et al. 2005; von der

Linden et al. 2007; Lauer et al. 2007; Tran et al. 2008). Their sizes and velocity
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dispersions may have also evolved faster than less-massive early-type galaxies since

z ∼ 0.3 (Bernardi 2009 although, c.f. Stott et al. 2011). These two factors cause the

Faber-Jackson relation between luminosity and velocity dispersion to be flatter for

BCGs. Similar studies of the Fundamental Plane (FP) have found differing slopes

between populations of BCGs and elliptical galaxies (Desroches et al., 2007). The

differing slope of the Faber-Jackson relationship and the Fundamental Plane for

BCGs compared to ellipticals supports the scenario where BCGs form mainly via

dissipationless mergers (Boylan-Kolchin et al., 2006).

2.2.2 Signatures of Recent Merging in BCGs at z < 0.1

By combining spectroscopic information with photometric information, we ex-

amine the recent merger history of a sample of 10 BCGs. Integral Field Unit (IFU)

spectroscopy allows us to observe the kinematic properties of galaxies in two dimen-

sions, showing whether they are largely rotation-supported or dispersion-supported.

The SAURON team have developed the λR parameter, which utilizes the increased

spatial information from IFU spectroscopy to quantify the observed stellar angular

momentum in galaxies (Emsellem et al., 2007). They used this parameter to quan-

tify the angular momentum of 48 early-type galaxies. This work was followed by the

ATLAS3D team, which performed a similar analysis on 260 galaxies (Emsellem et al.,

2011). In both studies they classified galaxies as either Fast Rotators (FR) or Slow

Rotators (SR) based on their λR value within 1 effective radius (Re).

The λR parameter provides a quantitative method to compare the stellar kine-

matics of BCGs to those of other early-type galaxies, however the SAURON sample

has only 4 galaxies with Mdyn > 1011.5M� and only includes one BCG (M87). The

ATLAS3D survey studies an additional 10 galaxies with Mdyn > 1011.5M�. Above

1011.5M� only 23% of galaxies from the ATLAS3D survey are classified as fast rota-
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tors (Emsellem et al., 2011). The mass limit of 1011.5M� may be important as Peng

et al. (2010) have shown that above M∗ = 1011.5M� the majority of galaxies have

undergone a major merger after their star formation was quenched. If dry mergers

preferentially remove angular momentum, then we would expect to see fewer BCGs

above 1011.5M� with a high λR value.

In order to determine the recent merger history of our galaxies, we use a combi-

nation of Source Extractor (SExtractor) (Bertin and Arnouts, 1996), GALFIT (Peng

et al., 2002), and PyMorph (Vikram et al., 2010) to produce photometric models of

these galaxies. We then subtract our models from the original image to identify tidal

tails, multiple cores, and excess intra-cluster light, which would all be signs of merg-

ing that can be identified visually. A more quantitative detection of merging comes

from the G−M20 (Gini coefficient minus the 2nd order moment of the brightest 20%

of pixels) value for each galaxy. According to simulations, these parameters would

tell us if there was a dry merger within the last 0.2 Gyrs (Lotz et al., 2011). After

0.2 Gyrs merger information will have been erased by dynamical friction, meaning

this selection criterion is only able to inform us of very recent or currently ongoing

mergers.

It is our goal to measure λR, dynamical mass, and recent merger history for our

sample of BCGs and compare our kinematic results to the SAURON and ATLAS3D

results for early-type galaxies. We present targeted observations of BCG stellar

kinematics and photometrics for 7 BCGs with close companions and 3 BCGs with

no close companion. In our initial selection, we specifically chose BCGs with close

companions to determine if the companions also have high λR. We also determine if

morphological signatures of merging are correlated with λRe measurements.
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2.3 Observations

2.3.1 Spectroscopic Measurements

In von der Linden et al. (2007), a sample of 625 BCGs (z < 0.1) were selected

from the C4 cluster catalogue (Miller et al., 2005) of the Third Data Release of the

Sloan Digital Sky Survey (SDSS; York et al. 2000). In Brough et al. (2011) BCGs

with companions within ∼ 10′′ (18 kpc at z ∼ 0.1) were chosen from the von der

Linden sample. We are using the same 4 galaxies from Brough et al. (2011) as well

as 7 new galaxies chosen by the same criteria as Brough et al. (2011). The redshifts

of these objects are in the range 0.04 < z < 0.1. As a matter of shorthand, we will

drop the SDSS-C4-DR3 prefix from all target BCG names, and simply use the last

4 digits that are unique to each cluster. In total, our initial sample size is 7 BCGs

with companions and 4 BCGs without companions within ∼ 10′′. One target, BCG

1067, will be omitted from analysis because it had excessively noisy observations and

we were unable to obtain results on that BCG above our signal-to-noise cut of 10.

The first set of BCGs were observed with VIMOS (Le Fèvre et al., 2003) on the

VLT from April to August of 2008 (Program ID 381.B-0728) and the second set were

observed, also with VIMOS, from April to July of 2011 (Program ID 087.B-0366).

VIMOS was used in IFU mode with the high-resolution blue grism and a spatial

sampling of 0.67′′/pixel (BCGs 1153 and 1067 were observed with a spatial sampling

of 0.33′′/pixel). This gives a field-of-view (FOV) of 27′′ x 27′′ (13′′ x 13′′ for 1153 and

1067). The VIMOS HR Blue grism (pre March 15th 2012 version) has a spectral

range of 4150 - 6200 Å and a spectral resolution of 0.51 Å/pixel. Observations were

made during dark time, with an average seeing of 0.9′′. Average seeing for individual

galaxies can be seen in Table 2.1.
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Table 2.1: Observing Properties of BCGs and Companions

Galaxy RA Dec Seeing (′′) Integration Number of Observation Date Cluster Velocity
(SDSS-C4-DR3) (J2000) (J2000) ± 0.01 Time (s) exposures Dispersion σ (km s−1)

1027 12:47:43.4 -00:09:07 1.0 6900 6 04-05-08 & 06-03-08 1020
1042 15:15:18.0 +04:22:54 0.8 6000 6 05-04-11 & 05-30-11 857
1048 13:42:09.6 +02:13:38 1.0 6000 6 04-08-11 & 07-30-11 828
1050 13:44:25.8 +02:06:36 0.8 3450 3 04-27-08 514
1066 13:31:10.8 -01:43:49 0.8 3450 3 05-12-08 814
1153 16:04:13.7 +00:03:13 0.8 6800 6 04-05-08 & 06-04-08 295
1261 12:25:33.4 +09:23:29 0.8 6000 6 04-30-11 520
2001 23:24:18.0 +14:38:00 0.9 3450 3 08-09-08 695
2039 22:31:43.2 -08:24:32 1.2 10000 10 06-04011 & 06-05-11 505

06-29-11 & 06-30-11
2086 23:22:56.4 -10:02:44 1.2 3450 3 08-02-08 599

Seeing is the average over all exposures for each galaxy. BCGs 1027, 1050, 1066, and 2086 were also analyzed in Brough et al. (2011).
Cluster velocity dispersion is form von der Linden et al. (2007)
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2.3.1.1 IFU Data Reduction

Initial IFU data reduction is achieved using the VIMOS Pipeline (Izzo et al.,

2004). A VIMOS field-of-view is split into four quadrants, and initially each quadrant

is reduced separately by the VIMOS Pipeline. The VIMOS Pipeline makes the

necessary calibration files (master bias, arc spectrum, flat field, fiber identification,

etc.). The VIMOS Pipeline also extracts the science spectrum in each fiber from the

raw science frames.

The science spectra are then fed into IDL routines, where we first mask the

bad fibers so that they do not interfere with the data reduction process. For each

quadrant, a sky background spectrum is calculated by taking the median over the

spaxels (spatial pixels) that do not contain a significant contribution of light from

the target galaxy. Sky spaxels are selected by plotting the intensity in every spaxel,

and looking for a sustained minimum in the intensities across several adjacent fibers.

We perform a Gaussian fit to the 5577 Å [OI] skyline. This fit is used to normalize

the transmission in each spaxel across the whole quadrant. Since the strength of

the skyline should be the same in all spaxels, each individual spectra is scaled so

that its skyline flux matches the median skyline flux across all spaxels. We then

subtract the Gaussian fit from the spectra to remove the skylines. Once this has

been completed for each quadrant, we combine the four quadrants into one data

cube, and then renormalize transmission across the whole cube using the strength

of the skylines once again (skyline information was preserved from the earlier step).

This provides us with a data cube containing two dimensional spatial information,

with the spectrum being the third dimension.

Each BCG observation consists of multiple dithered exposures, so we stack the

multiple exposures with a 5σ clipped mean. With our stacked data cube, we then
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perform a signal-to-noise cut, where we discard any spaxel with an overall S/N ratio

less than 5. We use the 2-dimensional adaptive spatial binning code of Cappellari

and Copin (2003) to re-bin pixels to a minimum S/N ratio of 10 per pixel. This

takes the fibers that are below the final S/N cutoff and finds fibers near them to bin

together so they reach our required S/N ratio.

2.3.1.2 Stellar Kinematics

The stellar kinematics (velocity, V, and line-of-sight velocity dispersion, σ) of the

galaxy are computed from the binned spectra using a penalized pixel fitting scheme,

(pPXF; Cappellari and Emsellem 2004) and the MILES (Medium-resolution Isaac

Newton Telescope Library of Empirical Spectra; Sánchez-Blázquez et al. 2006) evolu-

tionary stellar population templates. This method determines the stellar kinematics

by fitting templates to the absorption line features in the spectra. We choose 10

templates of stars in the range of G6 to M1 (luminosity classes III, IV, and V) from

the MILES library and convolve them using the quadratic difference between the

resolution of the library and the observations. The pPXF fits are performed in the

region around the observed G-band and Calcium H and K absorption features (4200

- 4900 Å). The MILES templates cover a similar wavelength range to VIMOS and

have a similar spectral sampling (FWHM = 1.8 Å).

Velocity dispersion for a galaxy as a whole is found by co-adding all fibers within

the effective radius of a galaxy into one bin, and performing a pPXF fit on the binned

spectrum as in Cappellari et al. (2006). As an alternative method for calculating

the velocity dispersion of the whole galaxy, we also tried calculating the luminosity

weighted mean of each individual bin’s velocity dispersion. These results were often

not in agreement with the effective spectrum method. However, by integrating (pre-

liminary) inclination information as described in Eq. 29 of Cappellari et al. (2013),
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Figure 2.1: Example pPXF Fit to Spectrum. The spectrum pictured here is the
result of co-adding every spaxel within the effective radius of the BCG 1050. The
black line is the science spectrum, and the red line is the best fit produced by pPXF.
The green line is the residual from the best fit.
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the two velocity dispersion measuring methods appear to be in agreement. We choose

to use the effective spectrum method instead of the weighted mean method because

of the higher S/N ratio afforded by binning many spaxels together. The effective

spectrum method also simulates an observation with a single aperture of radius Re.

We perform 100 Monte Carlo realizations on each observation to estimate the

uncertainty in our results. This process involves adding random noise on the order

of the background noise to each binned spectrum, and performing the pPXF fit again

on the noisy data. We repeat this process 100 times, then take a weighted mean of

all the fits with the random noise added. The standard deviation of all the fits is our

uncertainty for our velocity and velocity dispersion results. Typical uncertainties of

both values are on the order of 20 km/s. Errors on Mdyn and λR are propagated

from these errors using standard Taylor series error propagation techniques.

The IDL code described above to reduce our data is publicly available1.

2.3.2 Photometric Measurements

Photometric observations are taken from SDSS Data Release 3. For our analysis

we use only the r-band images of each galaxy. Each galaxy is modeled twice, once

using a combination of Source Extractor (Bertin and Arnouts, 1996) and GALFIT

(Peng et al., 2002) with a single component de Vaucouleurs profile, and a second

time using PyMorph (Vikram et al., 2010) to obtain the Gini and M20 coefficients.

The de Vaucouleurs profile is used to find the effective radius of each galaxy.

Effective radius measurements are found by first feeding the SDSS r-band image

into Source Extractor to obtain a catalog of all sources identified in the image. We

use the objects catalog to determine the centers of the galaxies we wish to model

in GALFIT. We also invert the segmentation map produced by Source Extractor

1http://galaxies.physics.tamu.edu/index.php/Jimmy#Code
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(non-zero pixels are set to zero, and pixels that were originally zero are set to one)

to generate the bad pixel mask that will be used with GALFIT. The default values

and keyword searches were used as inputs to Source Extractor except the following:

MAG ZEROPOINT = 25.61, BACK SIZE = 256, and PIXEL SCALE = 0.396. The

original SDSS r-band images are then fed into GALFIT using the position, magni-

tude, effective radius, axis ratio, and position angle found by Source Extractor as

initial assumptions. We model each galaxy using a single component de Vaucouleurs

profile in GALFIT. We generate our Point Spread Function (PSF) by using a 2-4

gaussian fit in GALFIT to model a point source near each galaxy. Residual maps are

inspected by eye to determine if the fit appears to be reasonable, and if not, initial

parameters are adjusted until a reasonable fit is found.

PyMorph combines Source Extractor, GALFIT, and other added analysis rou-

tines in a python wrapper in order to automate the photometric analysis process. It

is used to determine the merger properties of our sample of galaxies. We use it to

make two component models for each galaxy. We then perform a visual inspection

of the residual image to check for the goodness of the fit.

PyMorph also reports the Concentration, Asymmetry, Clumpiness, Gini Coeffi-

cient, and M20 for each galaxy that is modeled. We use the relation between the

Gini Coefficient and M20 to search for recent mergers. The Gini coefficient mea-

sures uniformity of the distribution of a galaxys light (Abraham et al., 2003) and

M20 measures the distribution of the brightest 20% of pixels. The relation between

these two properties tells us if there are irregularities in the galaxy’s light distribu-

tion, signaling some type of violent interaction. We can rule out the possibility that

anomalies in these parameters are due to projection effects because we can measure

the redshift of each galaxy to confirm that they are indeed located near each other

in physical space.
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2.4 Results

2.4.1 Kinematic Maps

We begin our spectroscopic analysis with the velocity maps seen in Figures 2.2

& 2.3. Our first goal is to search for visual signs of galaxy rotation. Figure 2.2

shows the velocity maps of the galaxies without companion measurements. This

sample contains three of our control galaxies, BCGs 1042, 1050, and 1153, which

were selected to not have any companions within 10′′. The S/N on the companion

galaxies of BCGs 2001, 2039, and 2086 was below 10 after binning, meaning we were

unable to achieve accurate measurements of the companion’s kinematic properties.

By visual inspection of Figure 2.2, we see that 5 of the BCGs (1042, 1050, 2001,

2039, and 2086) appear to have little to no rotation. They have a uniform velocity

across the entire BCG and the velocities measured in each spaxel of the BCG are very

near 0 km/s. These observations are consistent with a dispersion-supported early-

type galaxy. Two of the BCGs (1153 and 1261) in Figure 2.2 appear to have velocity

gradients across their surface, with BCG 1261 being the most obvious example.

Figure 2.3 shows velocity maps of the BCGs that have bright enough companions

to measure the companion’s kinematic properties. In each collapsed IFU field-of-

view, the BCG is labeled with the letter A, and then brightest companion is labeled

B, and so on. BCG 1048 appears to have one side very red-shifted and the opposite

side very blue-shifted, suggesting rotation. Note also that all the companions in

Figure 2.3 appear to exhibit rotation.

The velocity dispersion map (Figure 2.4) shows very high dispersions in BCG

1048, suggesting a possible ongoing interaction. We also see in Figure 2.4 a peak in

the dispersion near the center of BCG 1261. This peak could be the result of seeing

both the positive and negative velocities on either side of the axis of rotation in the
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Figure 2.2: IFU Velocity Maps of BCGs Without Companions. Left: Collapsed IFU
images showing the full VIMOS FOV with the 12′′ x 12′′ boundary of the velocity
maps highlighted in blue. Right: Velocity maps of BCGs scaled to 12′′ x 12′′. Only
spaxels with a S/N > 10 are shown. BCGs 1050 (SR), 1042 (SR), and 1153 (FR) were
chosen as control galaxies with no companions within 10′′. Slow rotating galaxies
(1042, 1050, 2001, 2039, 2086) exhibit very little change in velocity across the galaxy,
suggesting that these are either completely face-on or dispersion-supported galaxies.
In the fast rotating galaxies (1261, 1153) there is a velocity gradient across the major
axis, showing evidence of rotation.
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Figure 2.3: IFU Velocity Maps of BCGs With Companions. Left: Collapsed IFU
images showing the full VIMOS FOV with the 12′′ x 12′′ boundary of the velocity
maps highlighted in blue. Right: Velocity maps of BCGs scaled to 12′′ x 12′′. BCGs
are labeled with the letter A, the brightest companion is labeled B, and so on. BCG
1048, as well as the companions of the BCGs in clusters 1027, 1048, and 1066 all
show signs of rotation. Both companions of 1066 and 1027 were shown to be bound
to their BCG neighbor in Brough et al. (2011) However neither outer companions
are gravitationally bound to BCG 1048. Bound systems are indicated with a star in
collapsed IFU images. Velocities shown for each galaxy are relative to the individual
galaxy’s redshift, and not absolute across the whole system.
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Figure 2.4: IFU Velocity Dispersion Maps of BCGs and Companions. BCGs are
labeled with the letter A, the brightest companion is labeled B, and so on. Bound
systems are indicated with a star. In BCG 1261 there is a rise in the dispersion
in the center of the BCG, suggesting that the velocity gradient seen in the velocity
maps is due to rotation.
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Figure 2.5: Angular Momentum Profile of BCGs. Our sample of galaxies are plotted
with thick orange and green lines. The SAURON sample is plotted in grey. We
choose not to plot the full ATLAS3D sample of 260 galaxies in order to keep the
plot legible. Fast rotators are plotted as solid lines and slow rotators are plotted as
dashed lines. Fast rotators have a convex profile, and slow rotators have a concave
profile.

same fiber, enhancing the observed dispersion.

2.4.2 Angular Momenta (λR)

In order to quantify the rotation seen in some of the BCGs mentioned above,

we use the λR parameter developed by the SAURON team (Emsellem et al., 2007).

This parameter acts as a proxy for angular momentum, and is defined as

λR ≡
〈R|V |〉

〈R
√
V 2 + σ2〉

(2.1)
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where R is the distance of the spaxel to the galaxy center, V is the velocity of the

spaxel, and σ is the velocity dispersion. The numerator acts as a surrogate for the

angular momentum, and the denominator acts as a mass normalization. The brackets

in the numerator and the denominator denote a luminosity weighted average.

The λR profile for each BCG and companion galaxy, plotted along with the

SAURON results, can be seen in Figure 2.5. A higher λR value indicates higher

angular momentum. As expected angular momentum tends to increase with radius,

especially in galaxies classified as fast rotators. Galaxies that fit into the Fast Rotator

(FR) category appear to have a convex profile as λR increases with radius, whereas

most Slow Rotator (SR) galaxies have a concave profile. Most of our BCGs appear

to have profiles consistent with the slow rotator category.

λRe is the measured angular momentum at the effective radius. In cases where

S/N of our measurements drops below 10 before we reach 1Re, we assume that value

of λRe is the furthest measured λR in that galaxy. This likely gives a minimum value

for λRe because λRe tends to increase with radius within 1Re as observed in the

SAURON results in Figure 2.5.

The SAURON survey was followed by the ATLAS3D survey, which refined the

definition of a fast rotating galaxy to take into account the ellipticity of the galaxy,

which the original SAURON definition does not. According to the ATLAS3D defini-

tion, the threshold for a fast rotator is

λRe > (0.31± 0.01)×
√
εe (2.2)

(Emsellem et al., 2011), where εe is the ellipticity at the effective radius (Re). Epsilon

is measured by the IDL routine find galaxy.pro written by Michele Cappellari and
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available as part of the mge fit sectors package2.

The λRe vs. εe plot in Figure 2.6 shows our quantitative determination of galaxy

rotation. Using the ATLAS3D definition, all galaxies above the blue line are classified

as fast rotators. We find that 3 BCGs and all 4 companions are fast rotators. Seven

of our BCGs are within 1 standard deviation of the dividing line, causing us to doubt

their classification. For them we consider their λR profiles to see if they are concave

or convex in order to make our determinations. By the curve criteria, we consider

6 of these ambiguous galaxies to be slow rotators. Giving us a final total of 3 fast

rotating BCGs (30%) and 4 fast rotating companion galaxies (100%).

2.4.3 Dynamical Mass

Next we examine the relation between a galaxy’s dynamical mass and its λRe

measurement. We determine the dynamical mass of the galaxy by using the equation

provided by Cappellari et al. (2006):

Mdyn =
5Reσ

2
e

G
(2.3)

Re is the effective radius, σe is the aperture corrected velocity dispersion at the ef-

fective radius, and G is the gravitational constant. The factor of five is a parameter

that scales between the virial and Schwarzschild M/L estimates. According to the-

ory it should be 5.953, however those calculations assume perfect one-component

isotropic spherical systems, whereas 5 is found to be a good fit for observed galax-

ies (Cappellari et al., 2006). In order to compensate for the fact that most of our

velocity dispersions reported are measured at R < Re, we have applied the aperture

correction from Eq. 1 of Cappellari et al. (2006) to our velocity dispersion results.

Dynamical mass results for each galaxy are listed in Table 2.2. In Figure 2.7 we

2http://www-astro.physics.ox.ac.uk/∼mxc/idl/
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Figure 2.6: Angular Momentum vs. Ellipticity at the Effective Radius. SAURON
galaxies are plotted as triangles, ATLAS3D galaxies are plotted as crosses, BCGs
from this study are plotted as squares, and Companion galaxies from this study are
plotted as plus symbols. The blue line indicates the division between fast rotating
and slow rotating galaxies. We find that three BCGs (1048, 1153, 1261) and four
companions (1027, 1066, 1048) are classified as fast rotators.
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Figure 2.7: Angular Momentum vs. Dynamical Mass. SAURON galaxies are plot-
ted as triangles, ATLAS3D galaxies are plotted as crosses, BCGs from this study are
plotted as squares, and Companion galaxies from this study are plotted as plus sym-
bols. The galaxies presented here are amongst the most massive studied. An upper
mass limit to fast rotating galaxies can be seen in all samples around approximately
Mdyn = 1011.5M�.
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have plotted λRe as a function of dynamical mass. We also plot dynamical masses

from the SAURON survey (Emsellem et al., 2007) and derived dynamical masses

from the reported ATLAS3D velocity dispersions (Cappellari et al., 2013). Figure 2.7

shows that the majority of the galaxies reported in this study fall on the high mass

end of the ATLAS3D survey sample. Eight galaxies in our sample have dynamical

masses above 1011.5M�. In the SAURON and ATLAS3D results there appears to

be a ceiling at approximately Mdyn = 1011.5M� at which point galaxies were much

less likely to be classified as fast rotators (3/13 (23%) in Emsellem et al. (2011)).

In agreement with the findings of the ATLAS3D survey, we find that only 25% of

galaxies in our sample above 1011.5M� are classified as fast rotating.
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Table 2.2: Kinematic Properties of BCGs and Companions

Galaxy Re (′′) Redshift σe (km s−1) Log(M) (Log(M�)) εe λRe FR/SR
± 0.01 ± 0.0001 ± 0.01 ± 0.01

1027 BCG* 6.98 0.0900 227 ± 7 11.79 0.08 0.12 ± 0.08 SR
1027 Comp* 4.39 0.0909 190 ± 6 11.17 0.08 0.24 ± 0.06 FR
1042 BCG 7.22 0.0947 227 ± 7 11.83 0.05 0.08 ± 0.06 SR
1048 (A4)1 BCG* 5.17 (3.40)1 0.0774 319 ± 7 11.59 0.33 0.46 ± 0.06 FR
1048 Comp 1.08 0.0801 167 ± 3 10.51 0.20 0.34 ± 0.05 FR
1048 Comp 1.24 0.0746 124 ± 3 10.54 0.12 0.21 ± 0.06 FR
1050 BCG 8.43 0.0722 291 ± 11 11.78 0.14 0.07 ± 0.07 SR
1066 BCG* 5.07 0.0838 186 ± 9 11.62 0.35 0.12 ± 0.05 SR
1066 Comp* 11.25 0.0836 176 ± 13 11.55 0.37 0.60 ± 0.04 FR
1153 BCG 2.39 0.0591 226 ± 7 11.14 0.28 0.21 ± 0.08 FR
1261 BCG 5.76 0.0371 271 ± 1 11.32 0.29 0.35 ± 0.05 FR
2001 BCG 5.84 0.0415 200 ± 4 11.38 0.09 0.13 ± 0.07 SR
2039 BCG 8.82 0.0829 248 ± 6 11.86 0.06 0.10 ± 0.07 SR
2086 BCG* 4.83 0.0839 203 ± 7 11.60 0.08 0.09 ± 0.06 SR

Kinematic results from a combination of IDL routines. Re is derived from photometric results, but listed here as it is
relevant to many values calculated in this table. (*) Galaxies with an asterisk next to their name are gravitationally
bound to their neighboring galaxy.
1 The effective radius reported in parenthesis for BCG 1048 is for component A4 only, and not the entire BCG.
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2.4.4 Photometry

In order to perform our analysis of the spectroscopic data, we have to also examine

the photometric data in order to determine the effective radius of each galaxy. The

single component de Vaucouleurs models produced by GALFIT and residual images

can be seen in Figure 2.8. In Figure 2.8 one can also see the tidal tails (BCG

1027) and multiple cores (BCG 1048) which motivated us to search for a quantifiable

way to measure recent and ongoing mergers. We find that a single de Vaucouleurs

profile is unable to properly model BCG 1048, and the residual image shows multiple

hidden cores. To properly model BCG 1048, we instead use 4 spatially separated de

Vaucouleurs profiles. We report both the single de Vaucouleurs results as well as the

results for component A4, brightest of the 4 profiles, in parenthesis in Tables 2.2 and

2.3.

2.4.4.1 G−M20 Analysis

The G−M20 analysis searches for irregularities in the distribution of light which

correlate to morphological signatures of merging. Our G−M20 analysis is performed

using PyMorph. For a galaxy to be classified as a merger candidate it must have

G > −0.14M20 + 0.33 (2.4)

(Lotz et al., 2008). As can be seen in Table 2.3, BCG 1048 (FR) is confirmed to be

a merger case by the G −M20 selection criteria, as is BCG 2086 (SR). The other

merging candidates are companions to BCGs 1027 (SR), 1066 (SR), and 2086 (SR).

BCG 1261, our fastest rotating galaxy, shows no signs of merging in the G−M20

classification. According to Lotz et al. (2011), for our gas-poor galaxies, this suggests

no recent mergers within the last 0.2 Gyrs by the G−M20 classification. That would
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Figure 2.8: Single Component de Vaucouleurs Fits to BCG Photometry. Photometric
SDSS r-band images of each galaxy is shown on the left hand side for each set. The
middle image is the best fitting de Vaucouleurs model produced by GALFIT, and
the right hand side of each set shows the residuals after the GALFIT model has been
subtracted from each galaxy. Each image is 60′′ x 60′′. BCG 1048 (FR) is shown
modeled by 4 de Vaucouleurs profiles labeled A1-A4 with the center of each profile
indicated by the red circles. Excess light can be seen between components A3 and
A4. Excess light can also be seen in the outskirts of BCGs 1027 (SR), 1048 (FR),
1066 (SR), and 2001 (SR), suggesting on-going or very recent merger event.
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Table 2.3: Photometric Properties of BCGs and Companions

Galaxy Re (′′) Integrated Magnitude G M20 Merging?
± 0.01 ± 0.01 ± 0.01 ± 0.01

1027 BCG* 6.98 16.11 0.568 -1.80 n
1027 Comp* 4.39 17.38 0.574 -1.69 y
1042 BCG 7.22 16.47 0.602 -2.26 n
1048 (A4)1 BCG* 5.17 (3.40)1 16.47 (17.07)1 0.609 -1.85 y
1048 Comp 1.08 18.10 0.593 -2.11 n
1048 Comp 1.24 17.60 0.604 -2.03 n
1050 BCG 8.43 15.31 0.616 -2.40 n
1066 BCG* 4.95 16.95 0.617 -2.21 n
1066 Comp* 11.95 17.05 0.613 -1.83 y
1153 BCG 2.39 17.22 0.626 -2.35 n
1261 BCG 5.76 17.36 0.576 -2.38 n
2001 BCG 5.84 15.75 0.527 -2.20 n
2039 BCG 8.82 15.63 0.559 -2.17 n
2086 BCG* 4.83 16.95 0.652 -1.37 y

Photometric results from Source Extractor, GALFIT, and PyMorph. The effective radius
and integrated magnitude come from the de Vaucouleurs fits, where as the Gini and M20

values come from PyMorph. (*) Galaxies with an asterisk next to their name are gravita-
tionally bound to their neighboring galaxy.
1The effective radius reported in parenthesis for BCG 1048 is for component A4 only, and
not the entire BCG.

suggest that any mergers with this z = 0.04 galaxy would have had to happen before

z = 0.06.

Therefore, 40% (4/10) of the systems in our sample show morphological signs of

current or very recent mergers. Based on the original unbiased sample of 625 BCGs

from von der Linden et al. (2007), we find a lower limit of 0.64± 0.32% of BCGs are

currently undergoing or have undergone a merger within the last 0.2 Gyrs. Although

this subsample is biased towards merging galaxies and not representative of the entire

BCG sample, we consider it significant that it is consistent with simulations of BCGs

from De Lucia and Blaizot (2007) that showed a 1.47% merger rate within the same

0.2 Gyrs time period (assuming a constant merger rate from z = 0.5 to z = 0) as

well as observational results from Liu et al. (2009) that showed a 0.63% BCG major
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merger rate within 0.2 Gyrs (assuming a constant merger rate from z = 0.12 to

z = 0.03).

2.4.5 Boundedness

By utilizing the information from both the photometric and the kinematic results,

we are able to determine whether the companion galaxies are likely to be bound to

the BCG. The criteria for being gravitationally bound is

VrRp ≤ 2GMsin2α cosα (2.5)

(Beers et al., 1982). Vr is the radial velocity offset between the two galaxies, Rp is

the projected radial separation between the two galaxies, M is the dynamical mass,

G is the gravitational constant, and α is the angular separation between the two

galaxies. By integrating over all possible values of α, we can find the probability

that a companion galaxy will be gravitationally bound to the BCG.

The same analysis was performed by Brough et al. (2011) for BCGs 1027, 1066,

and 2086, in which they found that systems 1027 and 1066 were likely to be bound,

but 2086 was not. In performing our analysis, we find that indeed the companion

to BCG 1027 has a 65% chance of being bound, the companion to BCG 1066 has

a 94% chance of being bound, and the companion to BCG 2086 has a 56% chance

of being bound. We also find in addition that the two outer companions to BCG

1048 (1048 B and 1048 C) never cross the threshold outlined in Equation 2.5 and are

therefore unlikely to be bound to BCG 1048 A. As seen in Figure 2.8, BCG 1048 A

is comprised of 4 components, the most massive being 1048 A2, A3, and A4 which

together make up the galaxy which we call BCG 1048. We find that component 1048

A3 has an 80% chance of being bound to 1048 A4.
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2.5 Discussion

Since the formation history of BCGs is not completely understood, and is in some

places contradictory, this research provides vital clues to solving this mystery. If

BCGs form via mostly dry minor mergers where up to half of their mass is accreted

isotropically, then most of the initial angular momentum will be removed and we

would not expect to see very massive BCGs with high values of λRe. If however

there are many major merger events with similar orbital parameters to cause a higher

angular momentum in the newly formed galaxy despite the lack of gas, then large

scale rotation could still be present today. A third possibility is that there is no

connection between merger history and a galaxy’s classification as a fast or slow

rotator, in which case we would have to look for an outside cause to remove angular

momentum.

2.5.1 Mergers and Rotation

From the combination of kinematic and photometric results, it appears that BCGs

have diverse recent merging histories. This is unexpected considering their similari-

ties in luminosities and stellar population. BCGs 1261, 1048, and 1153 are our high-

est λRe BCGs and it appears that their high λRe values come from different sources.

Simulations show that very gas-rich major mergers (Cox et al. 2006, Robertson et al.

2006) and certain gas-poor major mergers (Bois et al., 2011) produce fast rotating

galaxies. Since we do not see any evidence for gas emission lines in any of the galax-

ies in our sample, we assume that they are still gas-poor. Below we will discuss

specific examples of the various combinations of merging and angular momentum,

demonstrating that there is little correlation between the two observables (Figure

2.9).
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Figure 2.9: Merger Status and Angular Momentum at the Effective Radius. BCGs
are plotted as squares, and companions are plotted as crosses. Plot symbols are
scaled according to galaxy mass, with a larger symbol indicating a higher dynamical
mass. Plot symbols are also color coded, with orange indicating a fast rotating
galaxy, and green indicating a slow rotating galaxy. Galaxies plotted on the negative
side of the x-axis are classified as not merging by the G −M20 criteria, galaxies on
the positive side of the x-axis are classified as merging. There appears to be no
correlation between Merging and λRe.
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2.5.1.1 Fast Rotators with No Mergers

BCGs 1261 & 1153 are both fast rotators with no evidence of recent mergers. The

photometry for these fast rotating galaxies as measured by G−M20 indicates a quiet

recent merger history, i.e. no major dry merger events within the last ∼ 0.2 Gyrs

(Lotz et al., 2011), and no currently occurring mergers. With our limited timescale

we do not have enough information to determine how these fast rotating but very

massive BCGs formed. An analysis of these merger quiet fast rotating BCGs’ stellar

population would determine whether or not these BCGs are indeed dominated by

old stellar populations.

2.5.1.2 Fast Rotators with Mergers

The counterpoint to our fast rotating, quiet history BCGs is BCG 1048 (FR),

which is currently undergoing a minor merger. The multiple cores (A1-A4) present

in BCG 1048 (Figure 2.8) suggest an ongoing dry minor merger event, which is

coincident with the high λRe value we measure. This is further supported by the

G-M20 selection of BCG 1048 A1-4 as a merging system and the high likelihood that

the system is bound. It is uncertain whether or not the high λRe value observed in

BCG 1048 is the result of actual stellar rotation, or merely the result of having a

slightly blue shifted core located near a slightly redshifted core as we do not see the

same clear velocity gradient as observed in BCG 1261 (FR).

In order to properly model BCG 1048 (FR) in GALFIT, we require 4 spatially

separated components. By summing the light coming from each model component

and assuming that the M/L ratio is the same across the entire BCG, we find evidence

for a minor 1:8 merger taking place between A3 and A4. The other two inner

companions, A1 and A2, have mass ratios of approximately 1:8 (A2) and 1:30 (A1)

as compared to the central brightest core (A4). We also find that neither of the outer
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companion galaxies cross the threshold to be bound to the central merging BCG

system for any value of α, and they are unlikely to merge in the future. Despite

the fact that the two outermost companions will not merge, the excess light between

components A2, A3, and A4 in the central core still shows that this system is actively

merging and accreting matter.

For close merging galaxies such as BCG 1048, it is reasonable to question whether

the observed kinematic properties, such as velocity dispersion, are artificially inflated

by the ongoing merger. Considering this complication, it is likely that determina-

tions of λRe for merging systems would not be a robust quantity, and that it may

change throughout the merging process. The measured ellipticity is also likely to be

affected during the merging process, causing the BCG to appear to be more ellipti-

cal because we are observing two galaxies superimposed upon each other. However

artificially inflating the ellipticity would only serve to increase the threshold for it

to be considered a fast rotating galaxy, and would not accidentally classify a slow

rotating galaxy as a fast rotating galaxy.

2.5.1.3 Slow Rotators without Mergers

Our slow rotating galaxies have a similarly mixed merging history. We see that

BCGs 1042, 1050, 2001, and 2039 are slow rotators with no evidence of a recent

merging event in the G−M20 classification, although BCGs 2001 (SR) and 2039 (SR)

show a significant amount of enhanced intra-cluster light. As our results are limited

to within 1Re, we are uncertain if it is just the core that is slowly rotating, or if the

outer halo is similarly slowly rotating. IFU measurements of the extended discs seen

in BCGs 2001 (SR) and 2039 (SR) could help confirm the results of Bournaud et al.

(2004) in which they found that mergers tend to redistribute angular momentum to

the outer regions of a galaxy.
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2.5.1.4 Slow Rotators with Mergers

BCGs 1027, 1066, and 2086 are slow rotating galaxies currently undergoing a

minor merging event according to the G−M20 criteria. All three companions were

found to have a more than 50% chance of being bound to the BCG, adding evidence

to the possibility of a minor merger in the future. Although we do not have enough

spaxels with S/N over 10 to determine the rotation of the companion galaxy to

BCG 2086, both BCGs 1027 and 1066 are slow rotating BCGs with a fast rotating

companions. BCG 1027 (FR) exhibits tidal tails in the residual photometry, a slight

velocity gradient seen in the BCG, and more extreme rotation seen in the companion.

The companion to BCG 1066 (SR) is also a fast rotating galaxy, and appears under

visual inspection of the residuals to have two cores, much like the case of BCG 1048

(FR).

2.5.2 Companion Rotation

Companions of BCGs 1066, 1027, and 1048 show clear signs of rotation, both

visually and in their λR results. Every BCG companion that we have sufficient data

to measure λR is a fast rotating galaxy. Although we have a limited number of spaxels

to measure the rotation in BCG 1066, the analysis presented in Brough et al. (2011)

provides more spaxels, showing that both companions of 1066 and 1027 are fast

rotators. Our data indicates that all elliptical galaxies near BCGs are fast rotators,

however we have an admittedly small sample size of only 4 companion galaxies to

make that determination.

2.5.3 Angular Momentum and Dynamical Mass

The presence of fast rotating BCGs in our sample was quite unexpected con-

sidering our initial assumption that BCGs should be mostly dispersion supported.
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Although, when comparing our measurements of λRe and Mdyn in BCGs to the

SAURON and ATLAS3D samples of early-type galaxies (Figure 2.7), we find that

our sample is generally consistent with their results. There appears to be a limit

around Mdyn = 1011.5M� above which there are virtually no galaxies with a high

angular momentum, independent of whether they are BCGs or not. The two galax-

ies that we do find slightly above this limit are both within 1σ, and both currently

in the process of merging, causing some doubt that they are actually as massive as

measured.

In observing these very massive galaxies, in extreme environments, at distances

further than what had been measured before, our results suggest that λRe would be

influenced more by a galaxy’s dynamical mass than its location within a cluster, and

that this is consistent across samples of galaxies that were selected using differing

criteria. The SAURON and ATLAS3D surveys focused on early-type galaxies in

general and measured only one BCG, whereas we examined a sample of 10 BCGs

at higher redshift. Larger galaxies likely formed as a result of more mergers than

smaller galaxies, therefore they have a higher likelihood of losing their initial angular

momentum. Peng et al. (2010) have also shown that above M∗ = 1011M� there is

a change in the ratio of galaxy mass assembled via post quenched galaxy mergers,

also suggesting that these dry merging events could be responsible for removing the

angular momentum.

Conversely, Martizzi et al. (2012) have used simulations to show that AGN are

a possible mechanism for removing angular momentum from large galaxies. Having

shown in our sample examples of dry mergers that exhibit a high λRe measurement,

it is possible that a different process, such as AGN, are responsible for turning fast

rotating galaxies into slow rotators. It would be interesting and relatively straightfor-

ward to test for the presence of the Mdyn = 1011.5M� limit for fast rotators observed
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within these samples using such simulations, and to see if the presence of AGN in

simulations has any effect on the reproducibility of this limit.

In a further study using higher resolution photometry, we would like to measure

which galaxies are cuspy and which are cored as in Lauer (2012). It is possible that

AGN are responsible for both building the core, as well as removing angular mo-

mentum at the same time. Initial results suggest that our sample of galaxies follow

the same relationship seen in the ATLAS3D sample, in that all cored galaxies are

slow rotators, but not all slow rotators are cored. However higher resolution pho-

tometry than the SDSS imaging is needed in order to properly make the cuspy/cored

determination.

Also in Lauer (2012) they discuss the possibility that the division between fast

and slow rotators should be set at a constant λRe/2 = 0.25. Using this alternative

selection criteria, we would find 2 fast rotating BCGs (20%), and 2 fast rotating

companion galaxies (50%). Under this higher threshold, the main message of our

results would change little. The majority of the BCGs that we studied would be

slow rotating, however we would still find fast rotating BCGs. Similarly, 25% of the

galaxies we studied above Mdyn = 1011.5M� would continue to be fast rotators.

Another possible issue to consider is that in some cases, such as BCG 1048 and the

companion to BCG 1066, the galaxies contain multiple cores from ongoing mergers,

which could cause the λRe measurements to be artificially inflated. This would

also artificially increase our measurements of Mdyn. It is also possible that our

measurements for λRe for these galaxies will shift as they become dynamically relaxed

post-merger. An examination of λRe values pre-merger, peri-merger, and post-merger

in simulations may shed light on how much of an effect dry mergers would have on

λRe results. In our analysis, we consider these merging systems, such as BCG 1048

and Companion 1066 to be one galaxy because they are currently in the process of
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merging.

2.5.4 Cluster Rotation

Another factor to consider would be the angular momentum of the cluster as

a whole. If the angular momentum of a BCG at the kinematic center of a cluster

coincides with the average angular momentum of the entire cluster, then infalling

galaxies merging with the BCG would likely contribute to the angular momentum

of the BCG instead of subtracting from it. It would be interesting to study the

angular momentum of the whole cluster of our best example of a fast rotating BCGs,

such as 1261, to see if the angular momentum of the cluster aligns with the angular

momentum of the BCG. Such measurements would require new observations with

a much wider field-of-view. An instrument such as SAMI (Croom et al., 2012)

with deployable fiber bundles would allow us to collect IFU observations of spatially

separated objects across a much wider field of view, e.g. to observations beyond 1Re

for many of the galaxies in our sample.

We have observed that BCGs are surprisingly diverse in their photometric and

kinematic properties. We intend to continue our study of these BCGs by conducting

an analysis of their stellar populations in order to further understand their merger

history.

2.6 Conclusion

In this study we present 2D kinematic and photometric maps of Brightest Cluster

Galaxies, ranging in redshift from z = 0.04 to z = 0.09 (Figures 2.2, 2.3, and 2.8).

BCGs are expected to undergo more dry minor mergers than a typical elliptical

galaxy, and dry minor mergers have been shown in simulations to decrease a galaxy’s

angular momentum (Bournaud et al. 2007, Jesseit et al. 2009, Bois et al. 2010, Bois

et al. 2011). As the result of many dry minor mergers, we do not expect BCGs to
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be fast rotating galaxies (as defined by ATLAS3D; Emsellem et al. 2011). We use

our sample of 10 BCGs (selected from the SDSS-C4-DR3 catalogue (Miller et al.,

2005) of BCGs with companions within 10′′) and their companions to search for a

connection between angular momentum, dynamical mass, and very recent merger

history.

Using observations from the VIMOS IFU spectrograph (Le Fèvre et al., 2003)

on the VLT we calculate the λR values that act as a proxy for angular momentum

(Emsellem et al., 2007) (Figure 2.5). We measure λRe, λR at 1Re, and find λRe values

ranging from 0.07±0.07 to 0.60±0.04 out of a possible range 0.0 to 1.0 (Figure 2.6).

We have shown that 30% (3/10) of BCGs show signs of galaxy scale rotation and

fit the ATLAS3D definition of a fast rotating galaxy and the other 70% of our BCGs

are slow rotating galaxies. We find the rather surprising result that 100% (4/4) of

our companion galaxies are fast rotating.

Using velocity dispersion (Figure 2.4) derived from Equation 2.3, we calculate

Mdyn for our sample of galaxies, finding dynamical masses up to Mdyn = 1011.9M�.

BCGs are some of the most massive galaxies in the universe, and the BCGs in

our sample are among the most massive galaxies to have their angular momentum

calculated using λR (Figure 2.7).

While we do find a small number of fast rotating BCGs (Figure 2.7), we find fewer

fast rotating galaxies above Mdyn = 1011.5M�, consistent with the previous limit for

fast rotating galaxies in the SAURON and ATLAS3D sample (Emsellem et al. 2007,

Cappellari et al. 2013). There appears to be an upper limit to how massive a galaxy

can be while still maintaining a high angular momentum. The consistency between

our results and that of the ATLAS3D survey suggests that a galaxy’s mass may

be more significant than its position inside a cluster halo in determining angular

momentum.
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Next we examine the ongoing and recent merging history of the galaxies in our

sample using the G−M20 merger selection criteria (Lotz et al., 2008). We see that

40% (4/10) of systems in our sample are currently undergoing or have undergone a

merger within the last 0.2 Gyrs (Figure 2.9). Although our sample selection is biased

towards BCGs that have companions, based on the original unbiased sample of 625

BCGs (von der Linden et al., 2007), we find that at least 0.64± 0.32% of BCGs are

undergoing a merger, consistent with observations of BCGs by Liu et al. (2009). We

use these merging results to examine the connection between λRe and G−M20.

We find no correlation between λRe and G −M20. We find in 1 BCG that the

minor merger event is likely responsible for the high λRe value observed in the BCG

and its companions. Conversely we find 2 BCGs that are fast rotating without any

recent or ongoing merger events. In the slow rotating BCG category we find 3 mergers

connected to a slow rotating BCG, and 4 examples of slow rotating BCGs without

any mergers.

These diverse characteristics suggest that there is no strong connection between

recent dry mergers and the λRe classification as a fast or slow rotator. It is possible

that complications from an unrelaxed dynamical system have skewed λRe measure-

ments in merging systems, or that the removal of angular momentum is due to some

other physical process (such as AGN; Martizzi et al. 2012) and not predominately

due to mergers. Increased resolution photometry would allow us to measure the cores

of these galaxies to see if they are either cusp or cored in order to test the hypothesis

of Lauer (2012).

These surprising results provide clues as to the formation history of Brightest

Cluster Galaxies. It would be beneficial to have an increased sample of BCGs to

add to our results, especially BCGs with companions, and more measurements of

the companions to determine the probability of a bound BCG companion being a
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fast rotator. A larger sample size would also allow us to investigate the possible limit

above which fast rotating galaxies do not exist. Further studies of the ages of the

stellar population of seemingly merger quiet galaxies would assist us in understand-

ing their merger histories beyond 0.2 Gyrs. Our observations lead us to conclude

that there is much diversity in the measurements of a BCG’s angular momentum,

dynamical mass, and merger history (Figure 2.9).
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3. THE GAS PHASE MASS METALLICITY RELATION FOR DWARF

GALAXIES: DEPENDENCE ON STAR FORMATION RATE AND HI-GAS

MASS∗

3.1 Synopsis

Using a sample of dwarf galaxies observed using the VIMOS IFU on the VLT,

we investigate the mass-metallicity relation (MZR) as a function of star formation

rate (FMRSFR) as well as HI-gas mass (FMRHI). We combine our IFU data with

a subsample of galaxies from the ALFALFA HI survey crossmatched to the Sloan

Digital Sky Survey to study the FMRSFR and FMRHI across the stellar mass range

106.6 to 108.8 M�, with metallicities as low as 12+log(O/H) = 7.67. We find the 1σ

scatter of binned means in the MZR to be 0.05 dex. The 1σ scatter of binned means

in the FMRSFR (0.02 dex) is significantly lower than that of the MZR. The FMRSFR is

not consistent between the IFU observed galaxies and the ALFALFA/SDSS galaxies

for SFRs lower than 10−2.4 M� yr−1, however this could be the result of limitations

of our measurements in that regime. The lowest scatter of binned means (0.01 dex)

is found in the FMRHI. We also find that the FMRHI is consistent between the

IFU observed dwarf galaxies and the ALFALFA/SDSS crossmatched sample. We

introduce the fundamental metallicity luminosity counterpart to the FMR, again

characterized in terms of SFR (FMLSFR) and HI-gas mass (FMLHI). We find that

the FMLHI relation is consistent between the IFU observed dwarf galaxy sample and

the larger ALFALFA/SDSS sample. However the 1σ scatter for the FMLHI relation

is not improved over the FMRHI scenario. This leads us to conclude that the FMRHI

∗Reprinted with permission from “The Gas Phase Mass Metallicity Relation for Dwarf Galaxies:
Dependence on Star Formation Rate and HI-Gas Mass” by Jimmy et al., 2015. The Astrophysical
Journal, Volume 812, Issue 2, article id. 98, 21 pp., Copyright 2015 by the American Astronomical
Society.
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is the best candidate for a physically motivated fundamental metallicity relation.

3.2 Introduction

The mass-metallicity relation (MZR) is an important tool for understanding the

underlying processes of galaxy formation. A galaxy’s metal content provides insights

into the history of star formation within a galaxy. Lequeux et al. (1979) and Kinman

and Davidson (1981) first reported on the correlation between galaxy stellar-mass and

gas-phase metallicity. Later studies confirmed the relation using the Sloan Digital

Sky Survey (SDSS) for large number statistics (Tremonti et al., 2004; Kewley and

Ellison, 2008; Michel-Dansac et al., 2008; Salim et al., 2014). Other studies have

focused on the redshift evolution of the MZR (Savaglio et al., 2005; Erb et al., 2006;

Cowie and Barger, 2008; Liu et al., 2008; Maiolino et al., 2008; Panter et al., 2008;

Rodrigues et al., 2008; Hayashi et al., 2009; Mannucci et al., 2009; Pérez-Montero

et al., 2009; Cresci et al., 2012).

The luminosity-metallicity relation (LZR) has also been proposed as a relation

of merit (Skillman et al., 1989; Garnett, 2002; Pérez-González et al., 2003; Pilyugin

et al., 2004; Lee et al., 2006). The advantage of the LZR is that reliable luminosity

measurements are generally easier to obtain than reliable stellar mass estimations.

The disadvantage of the LZR is that it is dependent upon the bandpass being used,

and could be affected by dust extinction (Salzer et al., 2005). The LZR is observed

to hold over a range of 10 magnitudes in galaxy optical luminosity (Zaritsky et al.,

1994; Tremonti et al., 2004; Lee et al., 2006). The MZR and the LZR reveal that

some physical mechanism must be driving a correlation between stars, metals, and

gas flows across a vast range of scales. However, the exact physical mechanism(s)

responsible for forming this relation are still uncertain.

Recent studies have investigated the mass-metallicity relation with a particular
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focus on low stellar-mass or low-luminosity systems (Berg et al., 2012; Nicholls et al.,

2014; Haurberg et al., 2015; McQuinn et al., 2015; James et al., 2015), which is the

population of galaxies of interest to this work. The MZR is known to exhibit scatter

greater than would be expected by the uncertainties on the individual data points

(Tremonti et al., 2004; Lara-López et al., 2010; Mannucci et al., 2010).

To explain this apparently enhanced scatter, it has been suggested that the MZR

has a dependence on Star Formation Rate (SFR; Lara-López et al., 2010; Mannucci

et al., 2010; Andrews and Martini, 2013), which could alternatively be explained as a

dependence on HI-gas content (Bothwell et al., 2013; Lara-López et al., 2013). This

3 dimensional extension of the mass-metallicity relation is known as the fundamental

metallicity relation (FMR). The FMR has been shown to be consistent, with little

evolution, up to a redshift of 2.5 (Lara-López et al., 2010; Mannucci et al., 2010). It

is currently uncertain as to which observable (HI-gas mass or SFR) better explains

the scatter in the MZR, or if some other unknown parameter is responsible.

Several hypotheses have been proposed for the mechanisms that guide the FMR,

such as pristine gas inflows diluting metal abundances (Finlator and Davé, 2008;

Davé et al., 2010). Inflows of pristine gas would cause a galaxy to exhibit lower gas-

phase metallicity than would be predicted by the FMR. Recent evidence suggests

that infall of pristine gas is the more dominant component at high redshift (Agertz

et al., 2009; Bournaud and Elmegreen, 2009; Brooks et al., 2009; Dekel et al., 2009)

As argued in Mannucci et al. (2010) infalling pristine gas must eventually ignite

star formation, which will create strong supernova winds that will expel metals. Gas

outflows expelling metal-rich gas into the interstellar medium provide an alternative

explanation for the observed gas-phase metallicity being lower than the MZR predic-

tion (Edmunds, 1990; Lehnert and Heckman, 1996; Garnett, 2002; Tremonti et al.,

2004; Kobayashi et al., 2007; Scannapieco et al., 2008; Spitoni et al., 2008).
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Studies on the FMR thus far, either as a function of SFR (FMRSFR) or HI-

gas mass (FMRHI), have focused on the SDSS sample of spectroscopically observed

galaxies (Lara-López et al., 2010; Mannucci et al., 2010; Bothwell et al., 2013). As

such these galaxies are biased towards the intermediate to high stellar-mass galaxies

that dominate the SDSS spectroscopic sample. However it is important to understand

the low-mass galaxy population as well and to test whether or not they fall onto the

same FMR.

Dwarf galaxies are the most common type of galaxies in the Universe, comprising

∼ 85% of the objects in the volume within 10 Mpc (Karachentsev et al., 2004). Even

though they are not as widely studied as their more massive counterparts, they may

hold the answers to several fundamental questions concerning the processes of galaxy

formation and evolution.

The data presented here consists of integral field unit (IFU) observations of a

sample of 11 dwarf galaxies selected from the ALFALFA survey. ALFALFA is a

blind HI survey of the local universe (cz <18,000 km s−1; Haynes et al. 2011). The

IFU observations were taken using the VIMOS IFU spectrograph on the Very Large

Telescope (VLT).

To compliment the IFU observed dwarf galaxy dataset, we utilize a larger AL-

FALFA/SDSS cross-matched sample of spectroscopically observed galaxies. In addi-

tion we also include samples from the literature of low-mass/low-luminosity galaxies

such as the Berg et al. (2012), long-slit spectroscopic observations of low-luminosity

galaxies, the SHIELD survey of ALFALFA dwarf galaxies (Haurberg et al., 2015;

McQuinn et al., 2015) and the James et al. (2015) long-slit morphologically selected

survey of dwarf irregular galaxies.
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Figure 3.1: SDSS Images of Dwarf Galaxies. SDSS Images of Dwarf Galaxies. SDSS
r-band images of the 11 galaxies presented in this study, demonstrating the need for
IFU spectroscopy. The red circle indicates the location of the 3′′ SDSS fiber which
would be used to obtain spectral information without IFU observations. The SDSS
fiber often misses a considerable amount of light from the clumpy star-forming regions
of these nearby dwarf galaxies. Shown in blue is the Petrosian radius as determined
by the SDSS automated data reduction procedure. The SDSS photometry pipeline
visibly overestimates or underestimates the flux in galaxies from this sample. Each
thumbnail image is the size of the full VIMOS low resolution multiplexed field-of-
view (54′′x54′′ ). The green boxes indicate the subset of this field-of-view that our
IFU analysis focuses on.
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3.3 Sample

The IFU observed dwarf galaxy sample includes nearby (D < 20Mpc), low HI-

gas mass (MHI < 108.2), low surface brightness dwarf galaxies, selected to study the

mass-metallicity relation on the low stellar-mass end. Due to the nature of observing

nearby dwarf galaxies, IFU spectroscopy is vital to capture the properties of the

entire galaxy. As can be seen in Figure 3.1, for the galaxies in our sample that

have Sloan Digital Sky Survey (SDSS) fiber observations, the single SDSS fiber only

captures a small portion of the galaxy’s flux, and the fiber may miss bright star

forming regions (e.g. Richards et al. 2014), this would cause star formation rate

estimations of nearby dwarf galaxies such as these to be inaccurate.

IFU observations also have the advantage of not requiring additional photometric

observations to identify bright HII regions to target. Performing such observations

using long-slit spectroscopy would require a-priori knowledge of the positions of HII

regions which can be obtained from narrow-band Hα images, introducing an optical

bias in the otherwise HI-selected sample. The most metal poor galaxies are also

likely to have the faintest HII regions, making them barely detectable in narrow-band

images. Integrating over a larger surface area allows us to target fainter galaxies.

Because the dwarf galaxies that we are trying to observe are so faint, only 6 galaxies

in this sample have reliable SDSS spectroscopy. A purely SDSS based study, or

a long-slit spectroscopy study are both likely to preferentially exclude the faintest

dwarf galaxies.

3.3.1 Spectroscopic Observations

Spectroscopic data of 28 dwarf galaxies were initially taken using the VIMOS (Le

Fèvre et al., 2003) IFU spectrograph on the Very Large Telescope (VLT) located

at Paranal Observatory. Of the 28 observed galaxies, 11 have Hα emission lines
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greater than our amplitude over noise (AoN) cut of 5 for more than 20 spaxels and

therefore are included in this study. Integration times for the remaining 17 galaxies

were insufficient to reach our target depth. The data was obtained starting on April

11, 2008 and ending on May 19, 2010 under program IDs 081.B-0649(A) and 083.B-

0662(A). Data was obtained using the VIMOS Low Resolution Blue Grism which

has a wavelength range of 4000-6700 Å and a spectral resolution of 5.3 Å pixel−1 (R

∼ 1000).

Using the LR Blue grism provides the full 54′′x54′′ field of view possible with

VIMOS which allows us to obtain in a single pointing spectra across the complete

stellar disk of each galaxy. Each object was observed using a 3 dither pattern, with

each dither being integrated for 20 minutes. Average seeing across all observations

is 1.05” FWHM.

The LR blue grism provides both a wider spectral range, and a wider field of

view when compared to the HR blue grism. The LR grism wavelength range allows

for simultaneous observations of the emission lines from Hβ (λ = 4861) to [NII] (λ

= 6583). The major drawback to using the low-resolution spectra (∼5.3 Å pixel−1)

is that we are unable to measure gas kinematics from the emission lines and the

instrumental dispersion causes the Hα and [NII] λλ = 6549,6583 Å emission lines to

blend together.

The spectroscopic data obtained with the VIMOS IFU is reduced from its raw

form using the Reflex environment for ESO pipelines (Freudling et al., 2013). The

standard VIMOS template is used within the Reflex environment to produce the

master bias and calibration frames containing the fiber traces and wavelength solu-

tion. Many of the raw data and calibration frames contain a bright artifact across

the surface of the chip, identified to be an internal reflection within the instrument.

This contamination interferes with the wavelength calibration routine within Reflex
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because it is often misidentified as a skyline, causing the spectrum to be shifted

incorrectly. In order to compensate, we disable the skyline shift in the calibration

steps. The wavelength solution provided by the ESO pipeline proved to be accurate

without using the skyline shift. We also use the flux standardization routine within

the Reflex VIMOS pipeline. We then apply the calibrations frames to the science

frames to produce the fully reduced Row-Stacked Spectra (RSS).

The final output of the Reflex pipeline is four quadrants per observation. We in-

put these individual RSS quadrants into routines written in IDL and Python1. These

routines fit Gaussian curves to the skylines and subtract the sky background while

retaining the flux information from each skyline to normalize the transmission of each

spaxel across the entire field of view. After the normalization and sky subtraction

steps are completed, the two dimensional RSS are converted into three dimensional

data cubes. These data cubes consist of two spatial dimensions with the wavelength

axis being the third dimension. Further details of the process these scripts follow

can be found in Jimmy et al. (2013).

Once the data cubes have been built, the individual dithers (typically 3 per

galaxy) are stacked using a 5σ clipped mean. We use the AoN to select for spaxels

containing sufficient emission line flux for oxygen abundance estimations. AoN is

defined as the amplitude of the emission line divided by the noise after the linear

offset is subtracted. An AoN threshold of 5 is used to identify spaxels which contain

emission lines for gas-phase metallicity analysis. Only spaxels which pass the AoN

cut in all of the three following lines are included in the integrated spectrum for

oxygen abundance estimations: Hβ λ = 4861, [OIII], λ =5007, Hα λ = 6563. We do

not require [NII] λ = 6583 to be separately detected because it is blended with Hα

(Figure 4.1).

1Available publically: http://jimmy.pink/#code
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All spaxels which pass our AoN cut are then fed into Python based Gaussian

fitting routines to measure the emission line flux ratios for gas-phase metallicity

estimations. To obtain the integrated spectrum used to derive oxygen abundances,

we sum the spectra from each spaxel that passes the AoN cut to produce a single

spectrum that we perform this analysis upon. We chose to write our own routines

instead of using a publicly available program such as GANDALF (Sarzi et al., 2006).

Because GANDALF fits the stellar continuum and emission lines simultaneously,

GANDALF is unable to fit robustly the weak stellar continuum in the dwarf galaxies.

Using an AoN cut is necessary because a significant fraction of the spaxels in

the data cubes are excessively noisy, and including them in the integrated spec-

trum would significantly reduce the signal-to-noise ratio. Unfortunately the AoN

cut causes us to discard a number of spaxels containing Hα flux, resulting in an

underestimate of the SFR. In order to ensure that we capture all of the Hα flux, we

use the segmentation images described in Section 3.3.2 to select spaxels belonging to

a galaxy. We rescale and rotate the segmentation map to match the VIMOS data

cube using the IDL routine HASTROM.PRO3. The integrated spectra obtained us-

ing the segmentation map selection is used to measure Hα flux for the purposes of

determining the SFR for each galaxy.

3.3.1.1 Emission Line Fitting

The basic procedure that our Python based Gaussian fitting routines follows is

as such: First a linear fit to the spectrum continuum is performed using the op-

timize curve routine to fit a line using a least squares optimization. The fitting

window around each emission line is approximately 400 Å (∼75 pixels) with nearby

emission, sky lines, and internal reflections regions being masked out. After the con-

3Available as part of the IDL Astronomy User’s Library
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Figure 3.2: Example Spectra Showing Blending of Emission Lines. Demonstrating
the blending within the [NII] and Hα emission lines due to the instrumental resolution
(5.3 Å). Our Python based Gaussian fitting routines are able to deconvolve the three
emission lines into their constituent parts, as can be seen by the three Gaussian
curves plotted in red, green, and blue. The flux in the blue [NII] 6549 Å emission
line is negligible. Details of our ability to recover the three emission line fluxes can be
found in Appendix A. Our oxygen abundance estimations rely upon measurements
of the Hα and [NII] emission lines.
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tinuum has been subtracted, the [NII] and Hα emission lines are fit using gaussfitter2

to fit 3 Gaussian curves simultaneously. This allows us to separate the individual

components of the 3 blended emission lines.

The output measurements of gaussfitter are not heavily dependent upon initial

input parameters assumed, therefore we provide it an initial input intensity of 0.5

erg cm−2s−1, an initial input peak position of the redshift corrected expected peak

for each line, and an initial input dispersion of 7.5 Å, equal to the instrumental

dispersion of the observations. No line flux ratios are assumed within our fits. The

gaussfitter bounds are set up such that each Gaussian fit is limited to a maximum

10% variation from its expected peak position and FWHM. Because the instrumental

dispersion dominates the width of the emission lines, we do not expect line widths

to vary widely across spaxels.

We do not include a fit to the Balmer absorption in our procedures. Our observa-

tions are insufficient to reliably estimate the stellar continuum for accurate absorption

measurements. However it is likely that Balmer absorption effects are negligible and

well within our uncertainties (Rosa-González et al., 2002). Further details about the

emission line flux fitting code and our ability to recover the blended emission lines

can be found in Appendix A.

Uncertainties on our flux measurements are estimated using a Monte Carlo Markov

chain (MCMC) technique with 1000 iterations. For each iteration, random noise is

added to the spectrum on the order of the residuals to the linear fit. Then the

emission line fluxes are remeasured. The 1σ width of the Gaussian distribution of

flux values provided by 1000 iterations provides the uncertainties in our line fluxes.

These uncertainties are then propagated using standard Taylor series error propaga-

tion methods in order to determine the uncertainties in our derived quantities.

We perform the linear and Gaussian fits on the blue and the red end of the
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spectrum separately, with the blue end containing the Hβ and [OIII] lines, and the

red end containing the Hα and [NII] lines. The results of our fitting routine on the

red end of an integrated spectrum can be seen in Figure 4.1.

3.3.2 Photometric Observations

To obtain stellar mass estimations for our galaxies, we utilize the stellar mass

estimation procedure outlined in West et al. (2010). Doing so requires accurate

photometric observations from the Sloan Digital Sky Survey (SDSS; Eisenstein et al.

2011) Data Release 12 (Alam et al., 2015) which is the final data release of SDSS-

III. The automated SDSS photometric pipeline (Lupton et al., 2002) is optimized

for small, well resolved objects and is known to be unreliable for clumpy and diffuse

objects such as dwarf galaxies, mostly due to the SDSS algorithm’s aggressive parent-

child splitting routines. As can be seen in Figure 3.1, Petrosian flux measurements

could possibly be an inaccurate representation of the flux of our galaxies. West et al.

(2010) found that roughly 25% of SDSS galaxies have less than 90% of their flux

contained in the brightest child. Therefore, to obtain more accurate stellar mass

estimations, we have chosen to run Source Extractor (Bertin and Arnouts, 1996)

manually on each of the SDSS bandpass image frames for each of the 11 galaxies

within our IFU sample.

To ensure that the SDSS images are aligned properly, we first use HASTROM.PRO

to align each individual bandpass fits image to the r-band image coordinates. We

stack all 5 photometric bands to create a higher signal/noise detection image. We

run Source Extractor in dual image mode with the detection image and each of the

individual frames. The default values and keyword searches are used as inputs to

Source Extractor except the following: MAG ZEROPOINT = 22.5, BACK SIZE

2written by Adam Ginsburg http://www.adamgginsburg.com/pygaussfit.htm

62



= 256, and PIXEL SCALE = 0.396. Additionally for every galaxy we begin with

the following parameters: DEBLEND NTHRESH, DETECT THRESH, ANALY-

SIS THRESH set to 1.0, and then adjust them accordingly to ensure that each dwarf

galaxy is detected as a single source in the segmentation map, and that the full flux

is being captured when viewing the residuals map. This segmentation map is also

used to select the spaxels to be summed for SFR estimation.

3.3.3 Stellar Masses

Stellar masses are estimated according to the color-derived M/L ratio of West

et al. (2010). The West et al. (2010) stellar mass estimation is a modification of the

work done by Bell et al. (2003). The Bell et al. (2003) mass estimation assumes a

“Diet Salpeter” IMF, however the West et al. (2010) estimation modifies the Bell

et al. (2003) estimation to a Kroupa IMF. This stellar mass estimation technique has

been shown to be accurate within 20% of the actual stellar mass (Bell et al., 2003).

Photometric data for the IFU observed dwarf galaxies are derived from the Source

Extractor measurements of the SDSS g, r, and i filters as detailed in Section 3.3.2.

With proper SDSS photometric measurements obtained, we utilize the West et al.

(2010) stellar mass to light estimation:

log(M∗/Li) = −0.222 + 0.864(g − r) + log(0.71) (3.1)

Assuming a solar i-band absolute magnitude of 4.57 (Sparke and Gallagher, 2000),

we then convert the i-band photometry into stellar mass estimations using the con-

version outlined in West et al. (2010) along with the M/L ratio defined in Equation

3.1.

M∗ = (M∗/Li)× 10−((Mi−4.57)/2.51) (3.2)
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Because these stellar mass estimations rely upon i-band absolute magnitudes, we

require accurate distance estimations. For the local universe dwarf IFU observed

galaxies, we cannot rely upon the redshift to provide accurate distances due to grav-

itational interactions within the local universe. Therefore, we utilize the distance

estimations from the ALFALFA catalog for all galaxies below a redshift of 6,000

km s−1 (z <0.02) where the errors on the distance estimates become comparable

to those of Hubble flow estimations (Haynes et al., 2011). The ALFALFA catalog

distances are calculated using the local universe peculiar velocity model of Masters

et al. (2004) derived from the SFI++ catalog of galaxies (Springob et al., 2007) and

published literature values are adopted as appropriate. See Haynes et al. (2011) for a

full explanation of the model used. Above a redshift of 6,000 km s−1 we calculate the

luminosity distance (DL) from the SDSS redshift assuming the motions of galaxies

are dominated by the Hubble flow.

Using this method, stellar masses for each of the 11 galaxies presented here are

calculated to be in the range 6.58 ≤ log(M∗) ≤ 8.78. The full list of stellar masses

can be found in Table 3.1. Uncertainties in our stellar masses are derived from

propagating the Source Extractor provided photometric uncertainties through the

standard Taylor series technique.
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Table 3.1: Integrated Properties of Dwarf Galaxies

Galaxy RA Dec Distancea HI-gas Massa Stellar Mass Luminosity Metallicity SFR
AGC# hh:mm:ss.s ±hh:mm:ss Mpc (± 2.43) log(M�) log(M�) B Band mag 12+log(O/H) log(M� yr−1)

AGC191702 09:08:36.5 +05:17:32 8.7 ± 2.43 7.74 ± 0.18 6.67 ± 0.61 -12.09 ± 0.63 7.94 ± 0.13 -2.76 ± 0.34
AGC202218 10:28:55.8 +09:51:47 19.6 ± 2.43 7.75 ± 0.50 8.12 ± 0.38 -14.95 ± 0.28 8.22 ± 0.11 -1.72 ± 0.29
AGC212838 11:34:53.4 +11:01:10 10.3 ± 2.43 7.60 ± 0.19 6.94 ± 0.56 -12.68 ± 0.53 8.05 ± 0.14 -2.73 ± 0.32
AGC220755 12:32:47.0 +07:47:58 16.4 ± 2.43 7.18 ± 1.20 7.76 ± 0.43 -13.94 ± 0.33 8.49 ± 0.16 -2.51 ± 0.64
AGC220837 12:36:34.9 +08:03:17 16.4 ± 2.43 7.41 ± 0.54 8.78 ± 0.46 -16.11 ± 0.33 8.56 ± 0.13 -2.20 ± 1.28
AGC220860 12:38:15.5 +06:59:40 16.4 ± 2.43 7.22 ± 1.39 7.57 ± 0.42 -13.92 ± 0.33 7.82 ± 0.13 -2.14 ± 0.14
AGC221000 12:46:04.4 +08:28:34 16.5 ± 2.43 7.46 ± 0.83 8.35 ± 0.44 -15.44 ± 0.33 8.35 ± 0.05 -1.65 ± 0.08
AGC221004 12:46:15.3 +10:12:20 16.7 ± 2.43 7.66 ± 0.55 7.98 ± 0.30 -14.61 ± 0.22 8.35 ± 0.16 -2.23 ± 0.22
AGC225852 12:59:41.9 +10:43:40 16.6 ± 2.43 7.68 ± 0.53 7.57 ± 0.42 -13.89 ± 0.33 8.27 ± 0.22 -2.53 ± 0.38
AGC225882 12:03:26.3 +13:27:34 23.6 ± 2.43 8.15 ± 0.30 7.06 ± 0.35 -13.66 ± 0.25 7.95 ± 0.18 -2.33 ± 0.05
AGC227897 12:50:04.2 +06:50:51 16.6 ± 2.43 7.44 ± 0.89 6.58 ± 0.45 -12.08 ± 0.35 7.67 ± 0.42 -2.88 ± 0.24

a Values obtained from the ALFALFA α.40 catalog (Haynes et al., 2011). Uncertainties in the distance are dominated by the local velocity
dispersion measured by (Masters et al., 2005).
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3.3.4 ALFALFA/SDSS Sample Selection

To compliment the IFU observed dwarf galaxy results, we compare this sample

to galaxies selected from the ALFALFA HI survey. The ALFALFA team has cross-

matched their HI detections to the SDSS database in order to associate the radio

HI detection to optical photometric galaxy detections. We cross reference the AL-

FALFA α.40 database (15,855 objects) with the SDSS DR12 spectroscopic database

and find 7,773 ALFALFA galaxies with SDSS spectroscopic observations. We first re-

move the 6 galaxies from the IFU observed dwarf galaxy sample that overlap with the

ALFALFA/SDSS sample in order to ensure that they are not counted twice within

our combined sample. We remove AGN contamination from our sample with the

Kauffmann et al. (2003) selection criteria, leaving us with 6,151 galaxies. We remove

galaxies for which the aperture correction is exceedingly large by cutting those galax-

ies for which the difference between the Petrosian r-band magnitude and the fiber

r-band magnitude exceeds 5 mag, bringing our sample down to 6,137 galaxies. We

also select for galaxies with a redshift z <0.05, bringing our sample to 5,759 galaxies.

We then perform a cut to ensure that the SDSS spectra contain Hα emission at a

S/N greater than 3 leaving 5,751 galaxies. After performing a final cut to exclude

galaxies for which the Petrosian stellar mass estimations disagree with the MPA-JHU

catalog stellar mass estimations by more than 0.5 dex, we have 5,436 galaxies in our

final crossmatched ALFALFA/SDSS sample. In comparison, Bothwell et al. (2013)

perform similar cuts, although they specify Hα S/N > 25 and remove galaxies for

which their two oxygen abundance estimations disagree, leaving them with a sample

containing 4,253 galaxies.
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3.3.5 Comparison Data

To provide additional galaxies in the low stellar-mass/low luminosity regime

that is poorly constrained by the ALFALFA/SDSS sample, we also include in our

MZR/LZR analysis data from similar surveys found in the literature of low stellar-

mass/low luminosity galaxies. We will utilize data from the following surveys:

• Saintonge (2007) - Observations of 25 low HI-mass ALFALFA dwarf galaxies

observed using long-slit spectroscopy from the Double Spectrograph (DBSP;

Oke & Gunn 1982) at Mount Palomar’s Hale 5m telescope. Stellar masses are

derived from B and V band photometry using the simple stellar population

models from Bell et al. (2003). These are galaxies very similar in nature to

those of the IFU observed dwarf galaxy sample, except that narrow-band Hα

imaging had revealed the presence of at least one bright HII region per galaxy

making long-slit spectroscopy possible.

• Berg et al. (2012) - A sample of low-luminosity galaxies selected from the

Spitzer Local Volume Legacy survey and observed using MMT long-slit spec-

troscopy. Stellar masses are derived from B and K band photometry using

models from Bell and de Jong (2001).

• James et al. (2015) - A morphologically selected survey of 12 SDSS dwarf

irregular galaxies, observed using MMT long-slit spectroscopy. Stellar masses

are derived from Bell et al. (2003) g and r band photometry.

• Survey of HI in Extremely Low-mass Dwarfs (SHIELD; Haurberg et al., 2015) -

An ALFALFA derived survey of 8 galaxies observed using long-slit spectroscopy

from the Mayall 4m telescope at KPNO. Stellar mass estimations come from
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IR (3.6 and 4.5 µm) photometric colors using the method from Eskew et al.

(2012). B-band magnitudes come from WIYN 3.5m observations.

Due to offsets between oxygen abundance calibrations (Kewley and Ellison, 2008),

it is necessary to perform oxygen abundance estimations consistently in order to ob-

tain meaningful comparisons between samples. Therefore, for each of the comparison

samples from other studies, we have recalculated oxygen abundance estimations (as

described in Section 3.4.1) using the emission line fluxes reported within each survey.

Similarly stellar mass estimations from all of the above surveys have been rescaled

onto a Kroupa initial mass function (IMF) to match the stellar mass estimations that

we perform on both the dwarf IFU observed sample and the larger crossmatched

ALFALFA/SDSS sample in Section 3.3.3.

3.4 Analysis

3.4.1 Oxygen Abundance

As a proxy for the gas-phase metallicity of a galaxy, we estimate the oxygen

abundance using strong emission line based measurements. Due to the low sur-

face brightness of the IFU observed dwarf galaxy sample, we are unable to de-

tect any of the faint auroral lines required for direct (Te based) oxygen abundance

measurements. We are also limited by our wavelength range to using the [OIII],

[NII], and Balmer hydrogen emission lines to perform our oxygen abundance es-

timations. We attempted to edit the VIMOS pipeline source code to extend the

wavelength range which would allow us to capture the [OII] feature required for R23

(R23= ([OII]λ3727 + [OIII]λ4958, 5007)/Hβ) based estimations, however issues with

interference between overlapping pseudo-slits on the CCD proved to be a hinderance

to accurate [OII] emission line measurements.

Ideally we would use the full range of emission lines within our spectrum. The
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O3N2 based oxygen abundance estimation technique of Pettini and Pagel (2004)

(hereafter PP04) is calculated using the flux of the emission lines in [OIII] λ5007, Hβ

λ4861, Hα λ6563, and [NII] λ6583. Unfortunately, the calibration of the PP04 O3N2

based estimations becomes unreliable near or below 12+log(O/H) = 8.09 (Pettini and

Pagel, 2004). For completeness, we include in Appendix B a parallel analysis utilizing

the O3N2 oxygen abundances and find that our conclusions would not change.

N2 based estimations rely only on the Hα λ6563 and [NII] λ6583 features and

are defined as

N2 = log

{
[NII]λ6583

Hα

}
. (3.3)

N2 based oxygen abundance estimations have the benefit of being less sensitive to

the ionization parameter (although not completely independent; see Morales-Luis

et al. 2014). The PP04 N2 estimation was calibrated down to metallicities as low as

12+log(O/H) = 7.48 (Pettini and Pagel, 2004).

Throughout this paper we will utilize the N2 oxygen abundance estimation as

calibrated by Denicoló et al. 2002; hereafter D02 which was targeted towards low

gas-phase metallicity galaxies, calibrated over a range 7.2 ≤ 12+log(O/H) ≤ 9.1,

and is well behaved at the low metallicity regime. In the D02 system the oxygen

abundance is defined as:

12 + log(O/H) = 9.12 + 0.73× N2. (3.4)

The blending of the emission lines due to instrumental resolution in the dwarf IFU

observed galaxy sample causes N2 based oxygen abundance estimations to become

less accurate in low flux spaxels. However, when we use the integrated AoN selected

spaxels for the entire galaxy, the integrated flux is of sufficient quality to reliably
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deblend the three Gaussian components that compromise [NII] and Hα as demon-

strated in Figure 4.1. For our dwarf galaxy IFU observed sample, we calculate oxygen

abundance estimations in the range 7.67 < 12+log(OH) < 8.56, indicating that our

low stellar mass sample does indeed exhibit low gas-phase metallicity. Uncertainties

in our oxygen abundance estimations are derived from Taylor series propagation of

the uncertainties in the emission line fluxes measured in the IFU observed dwarf

galaxy sample. The full list of oxygen abundances calculated for each IFU observed

dwarf galaxy can be found in Table 3.1.

3.4.2 Luminosity

The B-band Luminosity-Metallicity Relation (LZR) has been claimed to be as

strong of a gas-phase metallicity indicator as the MZR when reliable distance mea-

surements and appropriate photometry are used (Berg et al., 2012). Throughout

this work, we will perform a parallel analysis to the FMR using luminosity in place

of stellar mass. We calculate the B-band absolute magnitudes (MB) from SDSS

photometry using the relation from Lupton (2005).

mB = g + 0.3130 ∗ (g − r) + 0.2271. (3.5)

We calculate B-band luminosities for the IFU observed dwarf galaxy population

in the range -16.11 < MB < -12.08. As detailed in Section 3.3.3, this requires

accurate luminosity distances, therefore we follow the same procedure and utilize

ALFALFA catalog distances for cz <6,000 and assume a Hubble flow for cz >6,000.

Uncertainties in our B-band luminosities are derived from propagating the Source

Extractor provided photometric uncertainties through the standard Taylor series

technique. The full list of luminosities and their uncertainties can be found in Table

3.1.
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3.4.3 Star Formation Rates

Star Formation Rates (SFRs) for each galaxy are derived from the integrated flux

of Hα emission within the segmentation map selected spaxels of each galaxy. Spatial

maps of the stellar continuum and Hα emission for each galaxy can be seen in Figure

4.2. The SFR for each galaxy is determined by first integrating the flux of every

spaxel selected by the segmentation map selection criteria (the gray shaded regions

in Figure 4.2). We use the integrated flux because, at the average distance of our

galaxies, each spaxel subtends 25 pc on a side and Hα based SFR estimations have

been shown to be unreliable on scales less than 100-1000 pc (Kennicutt and Evans,

2012), or when the luminosity drops below 1038-1039 erg s−1 (which corresponds to an

SFR of ∼ 0.001-0.01 M� yr−1). This would mean that several galaxies (AGC220837,

AGC221004, AGC225852, and AGC228882) have unreliable SFR estimates on a

spaxel by spaxel basis as can be seen in Figure 4.2.

To convert the Hα emission line measurements into SFR estimations, we convert

our Hα emission line flux (Hα) into luminosity (HαL) using the luminosity distance

(DL) as

(HαL)obs = 4πHαD2
L. (3.6)

where the subscript “obs” denotes the observed Hα luminosity.

We need to correct for reddening to obtain the intrinsic Hα luminosity (HαL)int

where

(HαL)int = (HαL)obs100.4AHα . (3.7)

The attenuation at a specific wavelength (Aλ) is defined as

Aλ = κ(λ)E(B − V ) (3.8)
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Figure 3.3: Spatial Map of Hα Emission and Segmentation Map. Spatial mapping of 
the Hα emission line flux within a subset of the IFU field-of-view (Figure 3.1). The 
gray regions indicate the stellar continuum as selected by the segmentation maps. The 
blue-green pixels indicate the spaxels which pass the AoN of 5 cut. The intensity of the 
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appears to be quite patchy. Also shown for each galaxy is the SFR for each galaxy 
calculated using the flux integrated over the entire gray region showing that our 
galaxies cover a range of approximately 1.5 dex in SFR.
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where E(B−V ) is the broadband color excess and κ(λ) is the value of an attenuation

curve at wavelength λ. In order to obtain the reddening for each galaxy based on

the intrinsic value of the Balmer decrement, we will utilize the color excess between

the Hα and Hβ emission lines. This can be found by substituting the wavelengths

of Hα and Hβ into Equation 3.8 to find

A(Hβ)− A(Hα) = κ(Hβ)E(B − V )− κ(Hα)E(B − V ). (3.9)

Equation 3.9 could alternatively be defined as E(Hβ − Hα), which is analogous to

E(B − V ) such that

A(Hβ)− A(Hα) = E(Hβ − Hα) = 2.5× log10

{
Hα/Hβ

2.86

}
(3.10)

in which we have used the fact that the intrinsic Hα to Hβ ratio is 2.86 for Case B

recombination with a temperature T = 104K and an electron density ne = 102 cm−3

(Osterbrock, 1989)

By setting the right hand sides of Equations 3.9 & 3.10 equal to each other and

rearranging, we find that

E(B − V ) =
2.5

κ(Hβ)− κ(Hα)
log10

{
Hα/Hβ

2.86

}
. (3.11)

Which can then be used in Equation 3.8 to find the color excess at the wavelength

for Hα. We use the reddening curve from Calzetti et al. (2000) to obtain κ(Hα) =
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3.33 and κ(Hβ) = 4.60 for the attenuation correction:

A(Hα) =
2.5× κ(Hα)

κ(Hβ)− κ(Hα)
log10

{
Hα/Hβ

2.86

}
= 6.56× log10

{
Hα/Hβ

2.86

}
.

(3.12)

Once we have our dust corrected Hα luminosity values, we apply the Hao et al.

(2011) conversion

SFR = log((HαL)int)− 41.27 (3.13)

We calculate star formation rates for the IFU observed dwarf galaxy population in

the range -2.88 < log(M� yr−1)< - 1.65. The full list of star formation rates can be

found in Table 3.1. Uncertainties in our star formation rates are propagated using

standard Taylor series error propagation techniques from the Hα flux measurement

uncertainties obtained via 1000 MCMC iterations.

3.4.4 ALFALFA/SDSS Analysis

In order to compare results derived for the IFU observed dwarf galaxy sample with

the larger ALFALFA/SDSS sample, we must ensure that the ALFALFA/SDSS data

is reduced in a manner as similar as possible to the IFU observed dwarf galaxy data.

HI-gas masses between samples are obtained from the same ALFALFA database,

therefore we are confident that all HI-gas masses are derived similarly between the

two samples. For the stellar-mass, luminosity, gas-phase metallicity, and SFR calcu-

lations, we detail the similarities and differences between analysis of the two datasets

in the following subsections. Figure 3.4 displays a comparison of the observables for

6 galaxies that overlap between the IFU observed dwarf galaxy sample and the larger

ALFALFA/SDSS sample. In general we find that they agree within 1 standard de-

viation, and outlying data points can be explained. This leads us to conclude that

74



5 6 7 8 9 10
log(M∗) (IFU)

5

6

7

8

9

10
Pe

tr
os

ia
n

M
as

sl
og

(M
∗)

(S
D

SS
)

1:1 Relation
Overlapping
AGC221004

−17−16−15−14−13−12−11−10 −9
MB (IFU)

−17
−16
−15
−14
−13
−12
−11
−10
−9

Pe
tr

os
ia

n
M

ag
M
B

(S
D

SS
)

7.6 7.8 8.0 8.2 8.4 8.6 8.8 9.0
IFU 12+log(O/H)

7.6

7.8

8.0

8.2

8.4

8.6

8.8

9.0

SD
SS

Fi
be

r1
2+

lo
g(

O
/H

)

−4.0 −3.5 −3.0 −2.5 −2.0 −1.5 −1.0
IFU log(SFR)

−4.0

−3.5

−3.0

−2.5

−2.0

−1.5

−1.0
SD

SS
Fi

be
rl

og
(S

FR
)

Figure 3.4: Comparison Between IFU and SDSS Measurements. Comparison be-
tween the measured values in galaxies that overlap between the IFU observed dwarf
galaxy sample and the larger ALFALFA/SDSS sample, showing the consistency be-
tween the data used to calculate observables for each of the two data sets. Discrep-
ancies in the stellar-mass and luminosity values can be explained by the issues with
SDSS Petrosian magnitude measurements. The poor correlation between SFR esti-
mations can be explained by the patchy dwarf galaxy star formation being observed
with a single SDSS fiber. Galaxies in blue have passed the selection criteria show
reasonable agreement between both samples, galaxies in red would be rejected from
the ALFALFA/SDSS sample using the selection criteria outlined in Section 3.3.4.
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comparisons between the samples are valid, however the outliers noted highlight the

need for IFU observations and careful analysis in the low stellar-mass/luminosity

regime. The sample selection criteria outlined in Section 3.3.4 is used to remove

these outlier galaxies from our ALFALFA/SDSS sample.

3.4.4.1 Stellar Mass

Following the procedure in Section 3.3.3, we perform the same calculations as in

Equations 3.1 & 3.2 to obtain stellar-mass estimations. However, we use Petrosian

magnitudes from the SDSS public database in place of Source Extractor derived pho-

tometry. Although it would be ideal to perform the same Source Extractor proce-

dure, doing so would be prohibitively time consuming for the entire ALFALFA/SDSS

sample. For the crossmatched ALFALFA/SDSS sample we utilize ALFALFA cata-

log model distances for galaxies where cz < 6,000 km s−1 and cosmological distances

otherwise. In Figure 3.4 we find that 5 of the 6 galaxies that exist in both samples

are within 1 standard deviation of the 1:1 correlation, with one significant outlier

(AGC221004).

To relieve this tension, we examine the MPA-JHU value added catalog (Kauff-

mann et al., 2003; Brinchmann et al., 2004; Tremonti et al., 2004) which has stellar

mass estimations based on spectral energy distributions (SED) fits to the SDSS fiber

spectroscopy. These stellar-mass estimations utilize Bruzual and Charlot (2003)

stellar templates and assume a Kroupa IMF (Kauffmann et al., 2003). We find

that for galaxies which overlap between the IFU observed dwarf galaxy sample and

the ALFALFA/SDSS sample, the Source Extractor based stellar-mass estimations

agree within 7% with the MPA-JHU SDSS spectroscopic fiber derived total stellar

mass estimates, suggesting that the SDSS Petrosian photometry is inaccurate for

AGC221004.
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As outlined in West et al. (2010), roughly 25% of Petrosian fluxes for the SDSS

population are inaccurate due to issues with parent-child splitting in the SDSS algo-

rithms, this is consistent with what we have observed in Figure 3.4. The MPA-JHU

catalog also contains a significant number of outliers, so would not be a complete re-

placement for the SDSS petrosian magnitudes, instead we have implemented a quality

control cut on the ALFALFA/SDSS data in which we exclude galaxies from our sam-

ple for which the stellar mass estimates disagree by more than 0.5 dex between the

Petrosian and MPA-JHU stellar mass estimations. With this quality control check

in place, we continue to use the West et al. (2010) based mass estimations for the

IFU observed dwarf galaxies and the ALFALFA/SDSS population in order to keep

the analysis as consistent as possible between the two samples.

3.4.4.2 Luminosity

Following the procedure in Section 3.4.2, we once again utilize the Petrosian mag-

nitudes provided by the SDSS catalog in order to derive B-band luminosities using

Equation 3.5. When we compare the results of the Petrosian magnitude derived lumi-

nosities to the Source Extractor derived luminosities in Figure 3.4, once again we find

that AGC221004 exists considerably offset from the expected 1:1 correlation. As ob-

served in Section 3.4.4.1, this is likely due to the known issues with the SDSS pipeline

aggressively splitting up the photometry of irregular HII regions. This demonstrates

the need for careful analysis of dwarf galaxies in the low-luminosity regime. Errant

galaxies such as AGC221004 are removed from the ALFALFA/SDSS sampled by the

quality control cuts outlined in Section 3.3.4.

3.4.4.3 Gas-phase Metallicity

To derive the gas-phase metallicity estimations for the larger ALFALFA/SDSS

sample, we rely upon emission line fluxes from SDSS single fiber spectroscopy. We
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apply the same D02 oxygen abundance estimation (Equation 3.4) as was performed

for the IFU observed dwarf sample. In Figure 3.4 we find good agreement between

both samples. This is somewhat expected considering that the SDSS fibers target

the brightest part of a galaxy, and the integrated IFU fluxes are dominated by the

same bright areas. It is worth noting that this lends credence to our emission line

de-blending because the SDSS spectroscopy is higher spectral resolution and not

significantly blended.

3.4.4.4 Star Formation Rate

To determine SFRs for the larger ALFALFA/SDSS sample, we use the Hα flux

reported in the SDSS 3′′ single fiber spectroscopy database. We correct for dust using

the same procedure as with the IFU observed dwarf galaxy sample. In addition, we

perform an aperture correction to our SFR calculations. As can be seen in Figure

3.1, the SDSS fiber often misses a significant amount of flux in the emission regions of

nearby galaxies. Therefore, to more accurately compare our IFU observations which

cover the entire star forming region to the SDSS observations, we apply the aperture

correction technique outlined in Hopkins et al. (2003)

A = 10−0.4(rpetro−rfiber) (3.14)

where rpetro denotes the SDSS r-band Petrosian flux, and rfiber denotes the SDSS

r-band flux within the fiber.

As observed in Figure 3.4, the calculated star formation rates may vary by as

much as 0.5 dex in SFR between the two samples, emphasizing the need for IFU

observations to collect all of the Hα flux. This is to be expected considering the

patchy star forming nature of the IFU observed dwarf galaxy sample. The patchy

nature of star formations also means that this aperture correction is imperfect, as
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seen is Figure 3.4. These facts indicate that ALFALFA/SDSS SFRs are likely to be

unreliable for galaxies requiring a large aperture correction. This necessitates the

sample selection cut where we exclude galaxies for which the difference between the

Petrosian r-band magnitude and the fiber r-band magnitude differ by more than 5

mag as described in Section 3.3.4.

3.5 Results

3.5.1 Mass-Metallicity Relation and Luminosity-Metallicity Relation

The mass-metallicity relation (MZR) can be seen in Figure 3.5 along with ho-

mogenized observations from earlier dwarf/low luminosity galaxy surveys. Similar

to the process outlined in Mannucci et al. (2010), we bin the ALFALFA/SDSS cross-

matched sample by stellar mass, into bins 0.25 dex wide. We then fit a 4 degree

polynomial to the mean values of the bins and find the following relationship:

12 + log(O/H) = 8.756 + 0.219×m− 0.119×m2

−0.052×m3 − 0.003×m4

(3.15)

where m = log(M∗)-10. The MZR is fit to data from the literature collected samples,

the ALFALFA/SDSS crossmatched sample, and the IFU observed dwarf galaxy sam-

ple. In order to ensure robust results, we require that there are at least 21 galaxies

per stellar mass bin. We use the limit of 21 galaxies per bin in order to be consistent

with the analysis performed in Bothwell et al. (2013). In total there are 15 stellar-

mass bins covering the stellar-mass range 7.25 < log(M∗) < 11.0. The residual 1σ

scatter of every galaxy to the MZR fit in Equation 3.15 is 0.11 dex, similar to the

0.1 dex scatter reported for the MZR of Tremonti et al. (2004). The 1σ scatter of

the mean values in each stellar-mass bin is 0.05 dex. The 1σ scatter of the means is

the metric that we will use to compare scatter between various metallicity relations.
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Figure 3.5: Mass-Metallicity and Luminosity-Metallicity Relations. The mass-
metallicity relation (top) and the luminosity-metallicity relation (bottom) for the
IFU observed dwarf galaxy sample, along with several low stellar mass galaxy ob-
servations and the ALFALFA/SDSS sample. The scatter in both the MZR (LZR)
fit around the bin means is 0.05 dex (0.03 dex). For reference we plot a sun symbol
at solar metallicity, showing that all of the IFU observed dwarf galaxy oxygen abun-
dances are below solar. The yellow regions indicate the calibration limits of the D02
N2 oxygen abundance estimation. We have used the published emission line fluxes
from other authors to estimate the oxygen abundance in the same D02 system. The
MZR appears to hold down to the lowest stellar masses observed (log(M∗) = 7.25).
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The LZR can also be seen in Figure 3.5 along with homogenized observations

from similar dwarf/low luminosity galaxy surveys. We bin the combined literature,

ALFALFA/SDSS, and IFU observed sample into bins 0.52 dex wide. We then fit a

4 degree polynomial to these mean values and find the following relationship:

12 + log(O/H) = −18.6− 7.23×MB − 0.724×MB
2

−0.032×MB
3 − 0.0005×MB

4.

(3.16)

The LZR is fit to 15 luminosity bins over a range −13.7 < MB) < −21.0 in order to

ensure that there are at least 21 galaxies per luminosity bin. The residual 1σ scatter

of every galaxy to the LZR fit in Equation 3.16 is 0.14 dex. The residual 1σ scatter

of the mean values to the LZR in each luminosity bin is 0.03 dex. Again, this is the

metric that we will use to compare scatter between various metallicity relations.

3.5.2 MZR/LZR with SFR and HI-gas Mass Dependance

We test whether or not a fundamental metallicity relation explains the enhanced

scatter of the MZR and LZR by following a similar procedure as Mannucci et al.

(2010) and Bothwell et al. (2013). We bin the crossmatched ALFALFA/SDSS data

into SFR bins of 0.85 log(M� yr−1) and HI-gas mass bins of 0.85 log(M�). We use

larger HI-gas mass and SFR bins than Bothwell et al. (2013) to ensure that we have

at least 21 objects per bin in our lower stellar mass/luminosity regimes. Figures 3.6

& 3.7 show the result of binning the MZR and the LZR in terms of both SFR and

HI-gas mass. A clear separation exists between the HI-gas mass bins shown in the

top of Figures 3.6 & 3.7, as well as the SFR bins in the bottom of Figures 3.6 & 3.7.

The numerical values of the means used to produce the solid lines in Figures 3.6 &

3.7 can be found in Appendix C. Using these larger HI-gas mass and SFR bins, we

are able to extend the ALFALFA/SDSS means relation down to stellar mass bins as
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Figure 3.6: Mass-Metallicity Relation Binned by HI-Mass and SFR. The mass-
metallicity relation as seen in Figure 3.5 color-coded by HI-gas mass (top) and SFR
(bottom). The stars indicate individual observations within our IFU observed sam-
ple of dwarf galaxies. The dashed lines indicate linear least squares fits to these
points, and the shaded regions indicate the 1σ standard deviations to these fits. The
solid curves indicate the mean values of the ALFALFA/SDSS sample, separated into
HI-gas mass bins (top) and SFR bins (bottom). Shown in the background are the
ALFALFA/SDSS points which are binned to produce the color-coded means. We
find little overlap between the HI-gas mass bins (top) and SFR bins (bottom).
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Figure 3.7: Luminosity-Metallicity Relation Binned by HI-Mass and SFR. The
luminosity-metallicity relation as seen in Figure 3.5 color-coded by HI-gas mass (top)
and SFR (bottom). The stars indicate individual observations within our IFU ob-
served sample of dwarf galaxies. The solid curves indicate the mean values of the
ALFALFA/SDSS sample, separated into HI-gas mass bins (top) and SFR bins (bot-
tom). Shown in the background are the ALFALFA/SDSS points which are binned
to produce the color-coded means. We find little overlap between the HI-gas mass
bins (top) and SFR bins (bottom).
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low as log(M∗) = 7.75.

Also shown in Figures 3.6 & 3.7 are the linear least squares fits to the IFU

observed dwarf galaxies. The dwarf galaxy sample of this study is not large enough

to produce similarly binned mean relationships for dwarf IFU observed data alone,

therefore we instead perform least squares optimized linear fits to the dwarf IFU

data to demonstrate that it is consistent with the FMR. The numerical values for

the linear fits and their 1σ standard deviations can be seen in Table 3.2.

The IFU observed dwarf galaxy sample overlaps with the larger ALFALFA/SDSS

sample by ∼ 1 dex, providing a valuable consistency check. The added benefit of

the IFU observed dwarf galaxy sample is that it is able to test the fundamental

metallicity relation down to stellar masses 2 orders of magnitude lower than observed

in Mannucci et al. (2010) and Bothwell et al. (2013).

3.5.3 Fundamental Metallicity Relations

In order to test whether the IFU observed dwarf galaxy sample is constant with

the offsets in SFR and HI-gas Mass observed for the larger ALFALFA/SDSS cross-

matched sample, we examine the fundamental metallicity relationships. We also in-

troduce nomenclature for the luminosity equivalent of the FMR as the fundamental

metallicity luminosity (FML) relation, which can be dependent upon SFR (FMLSFR)

or HI-gas mass (FMLHI). The FMR and FML are a projection of three-dimensional

parameter space into two dimensions to minimize the scatter observed.

3.5.3.1 MZR SFR Dependence (FMRSFR)

Mannucci et al. (2010) define a variable µα which combines SFR with stellar mass

such that

µα = log(M∗)− αlog(SFR). (3.17)
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Table 3.2: Linear Fits to Dwarf Galaxy IFU SFR & HI-Mass Bins

Stellar Mass
SFR Bin Slope Y-Intercept 1σ Scatter

-2.4 to -1.55 0.44 ± 0.01 4.7 ± 0.7 0.15
-3.25 to -2.4 0.5 ± 0.0 4.59 ± 0.22 0.13

HI-gas Mass Bin Slope Y-Intercept 1σ Scatter

6.75 to 7.6 0.3 ± 0.01 5.85 ± 0.85 0.22
7.6 to 8.45 0.24 ± 0.0 6.34 ± 0.26 0.1

Luminosity
SFR Bin Slope Y-Intercept 1σ Scatter

-2.4 to -1.55 -0.27 ± 0.0 4.15 ± 0.64 0.13
-3.25 to -2.4 -0.28 ± 0.0 4.54 ± 0.5 0.16

HI-gas Mass Bin Slope Y-Intercept 1σ Scatter

6.75 to 7.6 -0.15 ± 0.0 6.07 ± 0.85 0.24
7.6 to 8.45 -0.13 ± 0.0 6.27 ± 0.32 0.11

Linear fit results for the dotted lines as seen in Figures 3.6 &
3.7. The 1σ scatter is the width of the shaded regions in Fig-
ures 3.6 & 3.7.
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Figure 3.8: Lowest Scatter in FMRSFR and FMRHI Relations. Top: 1σ scatter in the
means of the FMRSFR as a function of α. The optimal scatter found by Mannucci
et al. (2010) is indicated by the dashed green vertical line, and the optimal alpha
value found by Bothwell et al. (2013) is indicated by the dashed red vertical line.
We find the lowest scatter in the FMRSFR when α = 0.28 Bottom: 1σ scatter in the
means of the FMRHI as a function of β. The dashed red vertical line indicates the
optimal β value from Bothwell et al. (2013). No β minimum exists from Mannucci
et al. (2010) as they did not study the FMRHI. We find the lowest scatter in the
FMRHI when β = 0.33.
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They find that α = 0.32 minimizes the scatter in the FMRSFR relation, whereas

Bothwell et al. (2013) find α = 0.28 is the optimal value.

We perform the same tests on our larger crossmatched ALFALFA/SDSS sample

in order to find the value of α minimizes the FMRSFR scatter. To find the optimal

value of α, we project the ALFALFA/SDSS data onto the µ-metallicity plane and

bin our data using the same SFR bins used for Figure 3.6. Each SFR binned dataset

is binned a 2nd time in µ space similar to the stellar-mass binning performed in

Section 3.5.2 and we once again perform the same cut of 21 galaxies per µ-SFR bin.

We take the mean metallicity of each µ-SFR bin and fit a 4th degree polynomial to

the binned mean metallicity values. This process is repeated for values of α ranging

from -1 to 2.

The dataset used for this procedure includes only the larger ALFALFA/SDSS

dataset. We tested using the combined ALFALFA/SDSS and IFU observed dwarf

data and found the same scatter per alpha value tested. This is due to the fact

that there are only 11 data points in the IFU observed data set being added to

the considerably larger ALFALFA/SDSS sample. Also producing the FMRSFR using

only the larger ALFALFA/SDSS data means that the test of whether or not the IFU

observed dwarf galaxy data fits the same FMRSFR is completely independent.

If α = 0 provides the optimal value, that would indicate that the MZR has the

lowest scatter obtainable and that taking into account the SFR is unnecessary. Also

of note, if α = 1 provides the optimal value, that would indicate that the specific star

formation rate (M∗/SFR) would be the best projection to use. The scatter obtained

for each value of α can be seen in Figure 3.8. We find that a value of α = 0.28

provides the lowest scatter for the FMRSFR (Table 3.3). Using this α value we then

reproduce the FMRSFR plot using our optimal projections for Figure 3.9.

For the FMRSFR relation seen in Figure 3.9, we find that although the 2nd lowest
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(light blue) SFR bin overlaps between the IFU observed dwarf galaxy sample and

the larger crossmatched ALFALFA/SDSS sample, the lowest (dark blue) SFR bin is

not consistent between the IFU observed dwarf galaxy sample and the crossmatched

ALFALFA/SDSS sample. In fact the lowest SFR bin is offset 1σ above the FMRSFR.

This is suggestive of a breakdown of the FMRSFR for the lowest SFR galaxies. It is

possible that our SFRs are slightly inaccurate in this range considering they are near

the limit discussed in Kennicutt and Evans (2012). As star formation rates approach

this region, they should be treated as upper limits of the true SFR.

3.5.3.2 MZR HI-Mass Dependence (FMRHI)

Bothwell et al. (2013) defines an equation similar to Equation 3.17 for the FMRHI

relation:

ηβ = log(M∗)− β(log(MHI)− 9.80). (3.18)

Wherein they find that a value of β = 0.35 minimizes the scatter in the gas-phase

metallicity-η plane.

To find the optimal value of β, we project the ALFALFA/SDSS data onto the

η-metallicity plane and bin our data using the same HI-gas mass bins used for Figure

3.6. Each HI-gas mass binned dataset is binned a 2nd time in η space similar to the

stellar-mass binning performed in Section 3.5.2 and we once again perform the same

cut of 21 galaxies per η-HI mass bin. We take the mean metallicity of each η-HI

mass bin and fit a 4th degree polynomial to the binned mean metallicity values.

This process is repeated for values of β ranging from -1 to 2.

If β = 0 provides the optimal value, that would indicate that taking into account

the HI-gas mass is unnecessary. Also of note, if β = 1 provides the optimal value,

then the ratio of HI-gas mass to stellar mass would be the best projection to use.

The scatter obtained for each value of β can be seen in Figure 3.8. We find that a
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Figure 3.9: FMRHI and FMRSFR Relations. FMRHI (top) and FMRSFR (bottom) as
calculated using the α (top) and β (bottom) values found to minimize scatter (Figure
3.8). We find that the FMRHI relation is consistent down to the lowest HI-mass bin,
where as the lowest SFR bin in the FMRSFR is offset 1σ above the FMRSFR.
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value of β = 0.32 provides the lowest scatter for the FMRHI (Table 3.3). Using this

β value we then produce the FMRHI plot using our optimal projections for Figure

3.9.

For the FMRHI relation, we find that our linear fits to the IFU observed dwarf

galaxy sample are, within the 1σ uncertainties, consistent with the binned means

of the larger ALFALFA/SDSS crossmatched survey. This suggests that the FMRHI

relation is likely to continue down to stellar masses as low as 106.6 M∗.

3.5.3.3 LZR SFR Dependence (FMLSFR)

We define a fundamental luminosity-metallicity relation (FMLSFR) using the star

formation rate as:

εζ = (MB)− ζlog(SFR) (3.19)

To find the optimal value of ζ, we project the ALFALFA/SDSS data onto the

ε-metallicity plane and bin our data using the same SFR bins used for Figure 3.7.

Each SFR binned dataset is binned a 2nd time in ε space similar to the luminosity

binning performed in Section 3.5.2 and we once again perform the same cut of 21

galaxies per ε-SFR bin. We take the mean metallicity of each ε-SFR bin and fit a 4th

degree polynomial to the binned mean metallicity values. This process is repeated

for values of ζ ranging from -2 to 1.

The scatter obtained for each value of ζ can be seen in Figure 3.10. We find

that a value of ζ = -0.35 provides the lowest scatter for the FMLSFR (Table 3.3).

Using this ζ value we then produce the FMLSFR plot using our optimal projections

for Figure 3.11.

For the FMLSFR relation seen in Figure 3.11, we find that although the 2nd lowest

(light blue) SFR bin overlaps between the IFU observed dwarf galaxy sample and

the larger crossmatched ALFALFA/SDSS sample, the lowest (dark blue) SFR bin is
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Figure 3.10: Lowest Scatter in FMLSFR and FMLHI Relations. Top: 1σ scatter in
the FMLSFR relation as a function of ζ. We find the lowest scatter in the FMLSFR

relation when ζ = −0.35 Bottom: 1σ scatter in the means of the FMLHI as a function
of γ. We find the lowest scatter in the FMLHI relation when γ = -0.50.
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not consistent between the IFU observed dwarf galaxy sample and the crossmatched

ALFALFA/SDSS sample. In fact the lowest SFR bin is offset 1σ above the FMLSFR

derived from the ALFALFA/SDSS sample. This is suggestive of a breakdown of

the FMLSFR relation for the lowest SFR galaxies. However, as discussed in Section

3.5.3.1, it is possible that our SFRs are inaccurate in this range considering they are

near the limit discussed in Kennicutt and Evans (2012).

3.5.3.4 LZR HI-Mass Dependence (FMLHI)

We define a fundamental luminosity-metallicity relation (FMLHI) using the star

formation rate as: :

ξγ = (MB)− γ(log(MHI)− 9.80). (3.20)

To find the optimal value of γ, we project the ALFALFA/SDSS data onto the

ξ-metallicity plane and bin our data using the same HI-gas mass bins used for Figure

3.7. Each HI-gas mass binned dataset is binned a 2nd time in ξ space similar to

the luminosity binning performed in Section 3.5.2 and we once again perform the

same cut of 21 galaxies per ξ-HI mass bin. We take the mean metallicity of each

ξ-HI mass bin and fit a 4th degree polynomial to the binned mean metallicity values.

This process is repeated for values of γ ranging from -2 to 1.

The scatter obtained for each value of γ can be seen in Figure 3.8. We find that a

value of γ = -0.50 provides the lowest scatter for the FMLHI (Table 3.3). Using this

γ value we then produce the FMLHI plot using our optimal projections for Figure

3.11.

For the FMLHI relation, we find that our linear fits to the IFU observed dwarf

galaxy sample is, within the 1σ uncertainties, consistent with the binned means of

the larger ALFALFA/SDSS crossmatched survey, suggesting that the FMLHI relation

is likely to continue down to luminosities as low as MB = −12.
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Figure 3.11: FMLHI and FMLSFR Relations. FMLHI (top) and FMLSFR (bottom) as
calculated using the ζ and γ values found to minimize scatter (Figure 3.10). We find
that the FMLHI relation is consistent down to the lowest HI-mass bin, where as the
lowest SFR bin in the FMLSFR is offset 1σ above the FMLSFR.
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Table 3.3: Best Fitting Fundamental Relation Parameters

µα α
log(M∗)− αlog(SFR) 0.28

ηβ β
log(M∗)− β(log(MHI)− 9.80) 0.32

εζ ζ
(MB)− ζlog(SFR) -0.35

ξγ γ
(MB)− γ(log(MHI)− 9.80) -0.50

The values that produce the lowest scatter in
Figures 3.8 & 3.10.

3.6 Discussion

As can be seen in Figure 3.5, the MZR holds across 5 orders of magnitude in

stellar mass, with a 1σ scatter of 0.05 dex. There is an upturn in the MZR around

M∗ = 108 M� which can be explained in the context of the FMR. Galaxies with

stellar masses below 108 M� are likely to have low star formation rates and low

HI-gas masses which correlates with higher than average metallicity for a specific

stellar mass. For a galaxy with 108 M�, for it to exist in the highest HI-gas mass

bin, it would have to have an HI-gas mass 2 orders of magnitude larger than the

stellar-mass.

The LZR also holds over 7 magnitudes, with a 1σ scatter of 0.03 dex. A similar

upturn can be seen in the LZR around MB = -15. Again this can be explained by the

expected low HI-mass and/or low SFR of low luminosity galaxies. The lower scatter

in the LZR supports the hypothesis of Berg et al. (2012) that accurately measured
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luminosities perform equally as well as stellar-masses.

To provide insight into the most physically motivated components of a funda-

mental metallicity relation, we examine the 1σ scatter of the means in the larger

ALFALFA/SDSS data set for each permutation of mass, luminosity, SFR, and HI-

gas mass used to form a possible fundamental relation. Using the scatter of the means

around each quartic fit as the evaluation criteria, we find that the lowest scatter of

the means is in the combination of stellar mass and HI-gas mass binning (FMRHI) for

which we obtain a mean scatter of 0.01 dex, the other three relationships (FMRSFR,

FMLHI, FMLSFR) have mean scatters of 0.02 dex. This suggests that the FMRHI

may be the most physically significant fundamental relation.

3.6.1 FMRHI

In examining the FMRHI relation, seen in Figure 3.9 we find that the dwarf IFU

sample is consistent within 1 standard deviation with the FMRHI relation observed

within the larger ALFALFA/SDSS sample. This suggests that the FMRHI continues

to hold down to stellar masses as low as M∗ = 106.5 M�. Our results suggest that

the physical mechanism responsible for the FMRHI must be active across the entire

stellar mass range from 106.5 to 1010 M�

Bothwell et al. (2013) reach the conclusion that the FMRHI is more physically

motivated due to the reduced scatter and physical motivation of the FMRHI. They

also noticed a lack of saturation in the high mass end of the FMRHI. In our analysis,

which uses slightly different stellar-mass and HI-mass bins, we do observe saturation

in stellar mass bins above log(M∗) = 10.0 in Figure 3.6. We find the FMRHI relation

to be more physically motivated due to its behavior on the low mass end (log(M∗)

< 9.0) in which the IFU observed dwarf galaxy data is consistent with the larger

ALFALFA/SDSS dataset. The 1σ scatter of the FMRHI binned mean metallicities
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being the lowest of the 4 permutations supports this hypothesis.

Inflows of pristine gas diluting the metal content would explain why the FMR

has an HI-gas mass dependance. Köppen and Edmunds (1999) showed that the gas-

phase metallicity of a galaxy can indeed be reduced if the gas infall rate is larger

than the rate at which gas is converted into stars. Our results suggest that inflows of

pristine gas continue to drive the FMRHI down to stellar masses as low as 106.5 M�.

This agrees with recent models by Grønnow et al. (2015) which show that pristine

gas rich mergers are partially responsible for the scatter in the FMR.

3.6.2 FMRSFR

Unlike the FMRHI, the FMRSFR (Figure 3.9) does not appear to hold across our

entire sample. The lowest SFR bin in the IFU observed dwarf galaxy sample is

offset 1σ higher than the FMRSFR as determined using the larger ALFALFA/SDSS

sample. If our results are accurate near the calibration limits of the SFR and oxygen

abundance, they suggest a breakdown in the physical mechanism responsible for the

FMRSFR in very low SFR populations.

Possible explanations for the FMRSFR have focused on outflows of metal-enriched

gas caused by the intense winds of young star-forming regions within a galaxy. Simu-

lations by Mac Low and Ferrara (1999) have shown that supernova winds are capable

of expelling metals efficiently enough to contribute to the MZR. We find that this is

likely to be true down to an SFR of -2.4 log(M∗ yr−1), however, below that it is pos-

sible that stellar winds are not sufficiently strong enough to remove metal-enriched

gas, and galaxies have a higher gas-phase metallicity than would be expected by the

FMRSFR. Although limitations in our measurements could also explain this apparent

breakdown.
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3.6.3 FMLHI

We find that the FMRHI relation, seen in Figure 3.11, is consistent within 1σ

between the IFU observed dwarf galaxy population and the larger ALFALFA/SDSS

population. These results are similar to those observed for FMRHI however we find

that the scatter of the binned ξ−0.5 mean metallicities around the quartic fits is larger

than the analogous fits for FMRHI suggesting that stellar-mass is the more physically

motivated parameter.

3.6.4 FMLSFR

The FMLSFR relation is inconsistent in both the high εζ and low εζ regions, as

can be seen in Figure 3.9. Similar to the FMRSFR the lowest SFR bin is > 1σ offset

from the FMLSFR relation as determined by the larger ALFALFA/SDSS sample.

The highest SFR bin also deviates by as much as 1σ, suggesting that the high mass

SFR bin is also poorly fit by the best fitting η in the FMLSFR. The inconsistencies

observed within the FMLSFR relation provide further evidence that HI-gas mass may

be the more physically motivated component in a fundamental metallicity relation.

3.6.5 Hα Line Flux Limitations

In order to explain the apparent breakdown in the FMRSFR and FMLSFR relations

for the lowest SFR bins, we consider the possibility that our Hα line flux limit may be

causing inaccurate SFR estimations. In comparing Hα flux measurements between

the AoN selected binned spectra and the segmentation map selected binned spectra,

we find the segmentation map selection captures approximately 33% more Hα flux

indicative of low SFR regions being missed. It is also possible that metallicities in

the fainter, low SFR, galaxies are over estimated due to limitations in measuring low

NII λ6583 fluxes, placing them preferentially above the FMRSFR (See Appendix A).
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Figure 3.12: FMRSFR With IFU Observed Galaxies in Combined Bin. FMRSFR with
the two lowest SFR bins combined into one in order to compensate for the possible
underestimation of SFR in the lowest SFR bin of Figure 3.9. We see that in this
scenario, the FMRSFR is consistent across the stellar mass range observed.

To test the hypothesis that our lowest SFR bins are underestimated, and our

lowest oxygen abundances are overestimated, we re-examine the FMRSFR considering

the two lowest SFR bins as one bin. Figure 3.12 demonstrates that the combined

bin is consistent with the FMRSFR. Therefore, it is possible that the FMRSFR is

indeed valid over the same stellar mass range as the FMRHI however, care must be

taken when obtaining IFU observations to ensure that the target depth is sufficient

to accurately estimate the SFR and oxygen abundance. To determine whether line

flux measurement limitations or physical limitations are the cause of the 1σ offset of

the lowest SFR bin, we would require further observations with longer integration

times.
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3.7 Conclusion

In order to extend the fundamental relations down to stellar masses as low as

106.5M� and luminosities as low as -12 mag, we utilize a sample of IFU observed dwarf

galaxies in combination with a larger ALFALFA/SDSS crossmatched population of

galaxies. Whenever possible, we perform the same analysis on both populations in

order to ensure that results are consistent between the two data sets.

When comparing galaxies that overlap between the SDSS and IFU observed sam-

ples, we find that IFU observations are necessary to accurately measure the star

formation rates of the dwarf irregular galaxies presented here due to the patchy

nature of their star forming regions. However, gas-phase metallicites appear to be

adequately measured using a single SDSS fiber (Figure 3.4).

Using a sample of galaxies selected from the ALFALFA blind HI survey, in combi-

nation with galaxies observed with the VIMOS IFU spectrograph and a selection of

long-slit observed galaxies, we investigate the mass-metallicity relation (MZR) with

a particular focus on the low stellar mass/low luminosity regime. We find that the

MZR continues down to stellar masses as low as 107.25 M� (Figure 3.5). We find that

the MZR has a 1σ scatter in the means around a quartic fit of 0.05 dex.

We find using the ALFALFA/SDSS crossmatched population that the fundamen-

tal metallicity relation as a function of SFR (FMRSFR) exhibits its lowest scatter in

the means (1σ = 0.02 dex) when α = 0.28. We also find using the IFU observed dwarf

galaxy population that the FMRSFR relations appears to break down in the lowest

SFR bins (Figure 3.9). However limitations of strong-line metallicity estimations,

and Hα based SFRs in low stellar-mass dwarf galaxies may provide an alternative

explanation for this apparent breakdown (Section 3.6.5).

We find using the ALFALFA/SDSS crossmatched sample that the fundamental
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metallicity relation (FMRHI) exhibits the lowest scatter in the means (1σ = 0.01

dex) when β = 0.32. We also find that the FMRHI relations are both consistent

between the IFU dwarf population and the ALFALFA/SDSS population across the

entire HI-gas mass range.

We find that the luminosity-metallicity relation (LZR) continues down to B-band

luminosities as low as -14 mag. We find that the LZR has a 1σ scatter in the means

around the quartic fit of 0.03. The lowest scatter in the FMLHI it is 0.02 dex (for

ζ = -0.35). Similarly we find that the lowest scatter in the FMLSFR is 0.02 dex for

γ=-0.50.

When comparing our sample of dwarf galaxies to the Mannucci et al. (2010) and

Bothwell et al. (2013) analysis, we find that our results are consistent with theirs in

that our derived α and β values agree ± 0.04. In agreement with the conclusions of

Bothwell et al. (2013), we find that the FMRHI is more physically motivated than

FMRSFR based on the most significant reduction of scatter.

In summary, the FMRHI appears to be the most physically significant driver of

the fundamental metallicity relation, suggesting that inflows of pristine gas would be

a possible explanation for the fundamental relations observed.
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4. SPATIAL CORRELATION BETWEEN DUST AND Hα EMISSION IN

DWARF IRREGULAR GALAXIES

4.1 Synopsis

Using a sample of dwarf irregular galaxies selected from the ALFALFA blind HI-

survey and observed using the VIMOS IFU, we investigate the relationship between

Hα emission and Balmer optical depth (τb). We find a positive correlation between

Hα luminosity surface density and Balmer optical depth in 8 of 11 galaxies. Our

spaxels have physical scales ranging from 30 to 80 pc, demonstrating that the corre-

lation between these two variables continues to hold down to spatial scales as low as

30 pc. Using the Spearman’s rank correlation coefficient to test for correlation be-

tween ΣHα and τb in all the galaxies combined, we find ρ = 0.39, indicating a positive

correlation at 4σ significance. Our low stellar-mass galaxy results are in agreement

with observations of emission line regions in larger spiral galaxies, indicating that

this relationship is independent of the size of the galaxy hosting the emission line

region. The positive correlation between Hα luminosity and Balmer optical depth

within spaxels is consistent with the hypothesis that young star-forming regions are

surrounded by dusty birth-clouds.

4.2 Introduction

Hα has many advantages as a Star Formation Rate (SFR) tracer. It does not

have the degeneracies that are inherent in Spectral Energy Distribution (SED) fitting

techniques, and it is less affected by extinction than SFRs based on the ultraviolet

stellar continuum. Finally, Hα traces the instantaneous star formation rate, and is

relatively insensitive to star formation history. However, dust attenuates the light

emerging from star-forming regions (Kennicutt and Evans, 2012). Proper estimations
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of galaxy SFRs from Hα luminosity rely on our understanding of the quantity, grain-

size, and distribution of their dust (Flaherty et al., 2007; Chapman et al., 2009;

Shirley et al., 2011).

One must also be careful to make a distinction between attenuation of the stellar

continuum and attenuation of ionized gas emission. Throughout this work, we will

focus on ionized gas attenuation, as it is most relevant to the Balmer series emission

lines that we will be observing. Reddy et al. (2015) found that the divergence

between the reddening of the gas emission lines and the stellar continuum increases

with increasing SFR. They hypothesize two spatially independent components in

galaxies, where stellar attenuation comes from the diffuse Interstellar Medium (ISM),

and ionized gas attenuation comes from a higher dust content around localized birth

clouds, which increases with increasing SFR.

For galaxies at high redshift (z > 2), high spatial-resolution observations are not

currently feasible, and therefore assumptions about the distribution of dust, and the

dust laws, must be made when estimating the star formation rate. Some studies at

intermediate redshift (z ∼ 1-2) have found good agreement between local dust laws

and high redshift dust laws (Scoville et al., 2015; Reddy et al., 2015), although others

have suggested geometric or dust grain differences may cause different shapes to the

dust law (Kriek and Conroy, 2013; Salmon et al., 2015; Zeimann et al., 2015).

Dwarf galaxies are expected to be Local Universe analogs of the young, gas-rich,

star-forming galaxies observed at high redshift. We can use these local galaxies

to better understand the high-redshift population as they are both likely to contain

little dust and low metallicity. Unfortunately, little is currently known about the dust

properties in low-metallicity dwarf galaxies due to the inherent difficulties involved in

studying such low-luminosity systems (Walter et al., 2007; Kreckel et al., 2013). ISM

dust observations in dwarf galaxies are necessary to build more physically realistic
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dust models (Jones, 2015).

The Small Magellanic Cloud (SMC) is similar in mass and star formation rate

to the dwarf galaxy population we will be studying, and it is the nearest and well-

studied dwarf galaxy. The SMC is known to have a steeper dust law curve than

observed in the Milky Way (Gordon and Clayton, 1998; Misselt et al., 1999) or star-

burst galaxies (Calzetti et al., 2000). Other studies have shown that dwarf irregular

galaxies follow a dust law curve more similar to the SMC in their steepness (Walcher

et al., 2011). A steeper reddening curve implies that more blue light is preferentially

attenuated/extincted.

Starburst galaxies have been shown to exhibit a flatter reddening curve (Calzetti

et al., 1994, 2000). Whether the differences between starburst galaxies and the SMC

come from clumpy distributions of dust around stars or simply differences in the dust

particles themselves (Gordon et al., 1999) is uncertain. Calzetti (1997) supports the

hypothesis that younger stars are more strongly attenuated by their birth clouds,

while older stars are attenuated by the thin screen of dust in the ISM.

A spatial correlation between SFR and enhanced reddening in ionized regions

has been observed in samples of larger spiral and elliptical galaxies (Kreckel et al.,

2013; Roche et al., 2015). The dusty birth-clouds that surround star-forming regions

have lifetimes comparable to that of the massive stars that dominate Hα emission

line flux. It is not yet known at which spatial scales this relationship begins to break

down.

By combining the spatial distribution of Hα and Hβ, we can map the influence of

dust within each galaxy. Balmer series transitions signify ionized gas regions within

star-forming galaxies. These emission line regions are known as HII regions and

form near the most massive O stars, and typically have diameters on the scale of 0.1

pc (Wood and Churchwell, 1989). The ionizing photons emitted from HII regions
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interact with the surrounding gas and dust to produce the emission lines of interest

for this study. The ratio of emission line fluxes for the Balmer series transitions have

a known intrinsic value, given reasonable assumptions about the temperature and

density of the gas. We can study deviations from this expected value to estimate the

influence of dust on light at the wavelengths of Hα and Hβ. It is typically assumed

that Hα/Hβ=2.86 is the intrinsic ratio, and that this is the lowest physically possible

ratio of these two lines.

We present here, for the first time, spatial mapping of the Hα emission and the

Balmer optical depth in a sample of 11 dwarf irregular galaxies selected from the

ALFALFA survey. ALFALFA is a blind HI survey of the local universe (within 250

Mpc; Haynes et al. 2011). The IFU observations of these low stellar-mass objects

were taken using the VIMOS IFU spectrograph on the Very Large Telescope (VLT).

The sample of dwarf irregular galaxies was first used in Jimmy et al. (2015) to

study the fundamental metallicity relation as a function of HI-gas mass and SFR. We

estimated Oxygen abundances of each galaxy using the emission line ratios between

Hα and [NII]. We found that the dwarf galaxies were all sub-solar metallicity, as

would be predicted by the mass-metallicity relation (Jimmy et al., 2015). The median

metallicity of all 11 galaxies was 12+log(O/H) = 8.22, which is comparable to the

metallicity in the SMC (12+log(O/H) = 7.98; Pagel et al. 1978). We also used dust

corrected Hα emission to estimate the SFR rate for each galaxy, and found a median

SFR of 0.005 M� yr−1, which is an order of magnitude lower than the SMC (0.037

M� yr−1; Bolatto et al. 2011). The similarities of the dwarf galaxies to the SMC

leads us to assume an SMC dust law would be most appropriate for these galaxies.

We test to see if regions as small as (30 pc)2 exhibit a correlation between higher

Hα luminosity and enhanced reddening.
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4.3 Observations

4.3.1 IFU Spectroscopy

Spectroscopic data of 28 dwarf irregular galaxies were taken using the VIMOS

(Le Fèvre et al., 2003) IFU spectrograph on the Very Large Telescope (VLT) located

at Paranal Observatory. These galaxies were selected from the ALFALFA survey to

be nearby (D < 20Mpc) and low HI-gas mass (MHI < 108.2 M�). IFU spectroscopy is

necessary to spatially map the reddening and Hα emission throughout each galaxy.

The low stellar-masses and surface-brightnesses of dwarf irregular galaxies makes

them difficult to observe. Of the 28 observed galaxies, 11 have Balmer series emission

lines greater than our amplitude over noise (AoN) cut of 3 for more than 20 spaxels

and therefore are included in this study. Integration times for the remaining 17

galaxies were insufficient to reach our target depth. We find a small HI-gas mass bias

between the detected and undetected galaxies in our original sample. The median

HI-gas mass for the undetected sample is 107.3 M� whereas we find an median of

107.6 M� for the detected sample. The data were obtained starting on April 11, 2008

and ending on May 19, 2010 under program IDs 081.B-0649(A) and 083.B-0662(A).

Data were obtained using the VIMOS Low Resolution (LR) Blue Grism which has

a wavelength range of 4000-6700 Å and a spectral resolution of 5.3 Å pixel−1 (R ∼

1000).

Using the LR Blue grism provides the full 54′′x54′′ field of view possible with

VIMOS, which allows us to obtain spectra across the entire stellar disk of each

galaxy in a single pointing. Each object was observed using a 3 dither pattern, with

each dither being integrated for 20 minutes. Average seeing across all observations

is 1.05” FWHM.

The LR blue grism provides both a wider spectral range, and a wider field of view
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when compared to the High Resolution blue grism. The LR grism wavelength range

allows for simultaneous observations of the emission lines from Hβ (λ = 4861 Å) to

[NII] (λ = 6583 Å). The major drawback to using the low-resolution spectra (∼5.3

Å pixel−1) is that we are unable to measure gas kinematics from the emission lines

and the instrumental dispersion causes the Hα and [NII] λλ = 6549,6583 Å emission

lines to blend together.

4.3.2 Data Reduction

The spectroscopic data obtained with the VIMOS IFU is reduced from its raw

form using the Reflex environment for ESO pipelines (Freudling et al., 2013). The

standard VIMOS template is used within the Reflex environment to produce the

master bias and calibration frames containing the fiber traces and wavelength solu-

tion. Many of the raw data and calibration frames contain a bright artifact across

the surface of the chip, identified to be an internal reflection within the instrument.

This contamination interferes with the wavelength calibration routine within Reflex

because it is often misidentified as a skyline, causing the spectrum to be shifted in-

correctly. To compensate, we disable the skyline shift in the calibration steps. The

wavelength solution without using the skyline shift provided by the ESO pipeline

proved to be accurate within 5.3 Å. We also use the flux standardization routine

within the Reflex VIMOS pipeline. We then apply the calibration frames to the

science frames to produce the fully reduced Row-Stacked Spectra (RSS).

The final output of the Reflex pipeline is four quadrants per observation. We

input these individual RSS quadrants into routines written in IDL and Python1.

Further details of the process these scripts follow can be found in Jimmy et al.

(2013). After the normalization and sky subtraction steps are completed, the two

dimensional RSS are converted into three dimensional data cubes with two spatial
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dimensions and the wavelength on the third axis.

Once the data cubes have been built, the individual dithers (typically 3 per

galaxy) are stacked using a 5σ clipped mean. We use the AoN to select for spaxels

containing sufficient emission line flux for Balmer optical depth measurements. AoN

is defined as the amplitude of the emission line divided by the noise after the linear

offset is subtracted. An AoN threshold of 3 is used to select spaxels for analysis.

Only spaxels which pass the AoN cut in both the Hα λ = 6563Å and Hβ λ = 4861Å

emission lines are included in our analysis.

All spaxels which pass our AoN cut are then fed into Python-based Gaussian fit-

ting routines to measure the emission line fluxes. To obtain the integrated spectrum,

we sum the spectra from each spaxel that passes the AoN cut to produce a single

spectrum. The procedure that our Python-based Gaussian fitting routines follow is

outlined in Jimmy et al. (2015), but we will summarize it here. A linear fit to the

continuum is performed in the area immediately surrounding the triplets of emission

lines on the blue and red ends of the spectrum (Figure 4.1). We fit 3 Gaussians

simultaneously using the gaussfitter2 routines, fitting the continuum and the Gaus-

sians on the blue end and the red end independently. As described in Jimmy et al.

(2015), the Python-based Gaussian fitting routines are able to successfully deblend

the Hα and [NII] emission lines.

We do not include a fit to the Balmer absorption in our procedures. Our ob-

servations are insufficient to reliably estimate the stellar continuum for accurate

absorption measurements. However, it is likely that Balmer absorption effects are

negligible and well within our uncertainties (Rosa-González et al., 2002; Reddy et al.,

2015). Uncertainties on our flux measurements are estimated using a Monte Carlo

technique with 1000 iterations.

1Available publicly: http://jimmy.pink/#code
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Figure 4.1: Example Result of Python-based Gaussian Fitting Routines. Represen-
tative example spectra from a bright spaxel in AGC221000 showing the results of
our Python-based Gaussian fitting routines. The [NII] and Hα emission lines are
blended due to the instrumental resolution (5.3 Å). Our Python-based Gaussian fit-
ting routines are able to deconvolve the three emission lines into their constituent
parts, as can be seen by the Gaussian curves plotted. The flux in the red [NII] 6549
Å emission line is negligible. The anomalous feature near 6400 Å is the result of
internal reflections within the instrument.
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4.3.3 Artificial Galaxy

To ensure that any measured correlation between Hα luminosity and enhanced

reddening is robust, we have created artificial spectra to represent a galaxy with a

constant Balmer optical depth and an exponentially decreasing line flux. This will

help us test for possible biases in our data. We test whether or not noise is driving

any observed relation between Hα and the dust content. Also since we are using the

ratio between Hα and Hβ as a tracer of the dust, we must ensure that any measured

correlation between Hα and the dust content is not the result of Hα flux also being

used to measure the dust content.

The artificial galaxy is created using emission line ratios obtained for NGC 784

A in the Berg et al. (2012) low-luminosity galaxy sample. This galaxy was chosen

because the measured Balmer decrement (2.89; Berg et al. 2012) is closest to the

range of Balmer decrements in this sample. We scale the brightest central spaxel in

the artificial galaxy to have an Hβ emission line flux of 30.0×10−16 erg cm−2 s−1 Å
−1

,

which corresponds to the highest Hβ flux in the brightest spaxel of all galaxies in

the dwarf IFU sample. Each emission line is given a dispersion equal to the average

instrumental dispersion of 7.5 Å. This galaxy was created to have an exponential

decline in both Hα flux and Hβ flux with radius, but to keep the Hα/Hβ ratio

constant throughout.

To create the artificial galaxy, we first take a pipeline reduced data cube from

one of the galaxies in our sample that was too faint to be detected by the IFU

spectrograph (AGC220261) and find a region of the field of view which contains

only sky with little instrumental artifacts. We also check to ensure that none of the

galaxy that was originally intended to be observed is located near this region. We

2written by Adam Ginsburg http://www.adamgginsburg.com/pygaussfit.htm
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then generate emission lines to represent an artificial galaxy and place them within

this region. The artificial galaxy is then run through the full data analysis procedures

described in Jimmy et al. (2015) to measure the recovered emission line ratios.

4.4 Results

Using VIMOS IFU spectroscopy, we are able to produce two-dimensional spatial

maps of the physical properties of each galaxy. Using the distances reported from the

ALFALFA survey (Table 4.1), we convert the line flux into luminosity measurements

to produce spatial mappings of the Hα and Hβ luminosities. We also map the Balmer

optical depth, defined as

τb = ln

{
Hα/Hβ

2.86

}
(4.1)

utilizing both the Hα and Hβ flux. The Hα, Hβ, and τb maps show all the same

spaxels, due to the AoN selection criteria that both lines must be detected. Inset

within each frame of the spatial distributions is the integrated value, measured by

stacking all of the spectra for each spaxel shown. Each figure also shows the artificial

spectra created to simulate a galaxy with a constant Balmer optical depth. We have

applied the same analysis to the artificial galaxy as the observed galaxies throughout.

110



Table 4.1: Distance, Mass, and Metallicity Properties of Dwarf Galaxies

Galaxy RA (J2000) Dec (J2000) Distancea pc/spaxel HI-Gas Massa Stellar Massb Metallicityb Dust Corrected SFRb

AGC# hh:mm:ss.s ±hh:mm:ss Mpc (± 2.43) (± 8) log(M�) log(M�) 12+log(O/H) log(M�yr−1)

191702 09:08:36.5 +05:17:32 8.7 28 7.74 ± 0.18 6.67 ± 0.61 7.94 ± 0.13 -2.76 ± 0.34
212838 11:34:53.4 +11:01:10 10.3 33 7.60 ± 0.19 6.94 ± 0.56 8.22 ± 0.11 -2.73 ± 0.32
220755 12:32:47.0 +07:47:58 16.4 52 7.18 ± 1.20 7.76 ± 0.43 8.49 ± 0.16 -2.51 ± 0.64
220837 12:36:34.9 +08:03:17 16.4 52 7.41 ± 0.54 8.78 ± 0.46 8.56 ± 0.13 -2.20 ± 1.28
220860 12:38:15.5 +06:59:40 16.4 52 7.22 ± 1.39 7.57 ± 0.42 7.82 ± 0.13 -2.14 ± 0.14
221000 12:46:04.4 +08:28:34 16.5 53 7.46 ± 0.83 8.35 ± 0.44 8.35 ± 0.05 -1.65 ± 0.08
225852 12:59:41.9 +10:43:40 16.6 53 7.68 ± 0.53 7.57 ± 0.42 8.27 ± 0.22 -2.53 ± 0.38
227897 12:50:04.2 +06:50:51 16.6 53 7.44 ± 0.89 6.58 ± 0.45 7.67 ± 0.42 -2.88 ± 0.24
221004 12:46:15.3 +10:12:20 16.7 53 7.66 ± 0.55 7.98 ± 0.30 8.35 ± 0.16 -2.23 ± 0.22
202218 10:28:55.8 +09:51:47 19.6 63 7.75 ± 0.50 8.12 ± 0.38 8.22 ± 0.11 -1.72 ± 0.29
225882 12:03:26.3 +13:27:34 23.6 76 8.15 ± 0.30 7.06 ± 0.35 7.95 ± 0.18 -2.33 ± 0.05

a Values obtained from the ALFALFA α.40 catalog (Haynes et al., 2011). Uncertainties in the distances are dominated by the local velocity
dispersion measured by Masters et al. 2005.
bIntegrated measurements obtained from Jimmy et al. (2015). These SFR estimations have been corrected for reddening due to dust.
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4.4.1 Balmer Line Luminosities

We plot the spatial mapping of the Hα luminosity in Figure 4.2. We find inte-

grated Hα luminosity values (Table ??) ranging from 38.01 to 39.19 log(erg s−1),

and individual spaxel Hα luminosities ranging from 35.27 to 38.02 log(erg s−1). We

find that Hα emission is not uniform throughout the ionization regions, but tends

to be concentrated within certain sections of the regions. This is consistent with the

picture of clumpy star formation within these dwarf irregular galaxies.

If we convert the Hα flux using the Hao et al. (2011) calibration between Hα

luminosity and star formation rate, we would find, without correcting for dust, that

the integrated galaxy SFRs are in the range -3.26 < log(M�yr−1) < -2.08. With dust

corrections applied, the SFRs range from -2.88 < log(M�yr−1) < -1.65 (Table 4.1).

The uncorrected SFRs are near the luminosity limit for this SFR estimation method.

Kennicutt and Evans (2012) cautions that below 38 log(erg s−1) the accuracy of the

estimation will degrade as small-number statistics begin to dominate. Therefore,

we do not convert our individual spaxel Hα luminosities into SFRs, but it is worth

noting that our lowest luminosity spaxel, 35.27 log(erg s−1), is roughly equivalent to

the ionizing flux of a single B0V star (Smith et al., 2002).

We also show the Hβ luminosity within each spaxel, calculated from the Hβ line

flux and luminosity distance. Once again, no dust corrections have been applied

to the luminosity values reported. We observe that Hβ luminosity tends to peak

near the center of each individual emission line region. The peak of Hβ flux values

are spatially well correlated with the peaks in the Hα spatial maps as would be

expected. We find integrated Hβ luminosity values (Table ??) ranging from 37.39

to 38.61 log(erg s−1), and individual spaxel Hβ luminosities ranging from 34.31 to

37.41 log(erg s−1). We see in Figures 4.2 and 4.3 that the artificial galaxy exhibits
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Figure 4.2: Spatial Map of Hα Luminosity. Inset within each frame is the log Hα
flux (erg s−1) measured when summing the spaxels together to form a single effective
spectrum. Peaks in the Hα flux appear to be spatially correlated with peaks in the
Balmer optical depth as seen in Figure 4.4. Also shown in the lower right panel is
the artificial galaxy created with an exponential decline in Hα flux as a function of
radius.

113



-15

-10

-5

0

5

Integrated Hβ = 37.86

100pc

N

AGC191702

Integrated Hβ = 37.75

100pc

N

AGC212838

Integrated Hβ = 37.39

100pc

N
AGC220755

Integrated Hβ = 37.56

100pc

N

AGC220837

-10

-5

0

5

ar
cs

ec

Integrated Hβ = 38.24

100pc

NAGC220860

Integrated Hβ = 38.61

100pc

NAGC221000

Integrated Hβ = 37.72

100pc

NAGC225852

Integrated Hβ = 37.64

100pc

NAGC227897

-5 0 5 10 15
arcsec

-10

-5

0

5

Integrated Hβ = 38.06

100pc

NAGC221004

-10 -5 0 5 10
Integrated Hβ = 38.36

100pc

NAGC202218

-5 0 5 10
Integrated Hβ = 38.53

100pc

NAGC225882

-5 0 5 10
Integrated Hβ = 38.49

Artificial

35.0 35.5 36.0 36.5 37.0 37.5 38.0

Hβ Luminosity log(erg s−1)

Figure 4.3: Spatial Map of Hβ Luminosity. Inset within each frame is the log Hβ
luminosity (erg s−1) measured when summing the spaxels together to form a single
effective spectrum. Peaks in the Hβ emission appear to be preferentially located near
the centroids of the emission line regions. Also shown in the lower right panel is the
artificial galaxy created with an exponential decline in Hβ luminosity as a function
of radius.
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the radial decline in flux that would be expected based on its construction.

4.4.2 Balmer Optical Depth

As in Calzetti et al. (1994) and Reddy et al. (2015), we utilize the Balmer optical

depth (τb) defined in Equation 4.1, which is the difference in optical depths measured

at the Hα and Hβ wavelengths. Therefore, τb is a measurement of the degree of

reddening within a region, and is related to the color-excess E(B-V). The theoretical

minimum value for Case B recombination at T = 104 K with an electron density

ne = 102 cm−3 is τb = 0 (Osterbrock, 1989).

We use these measurements of the optical depth to spatially map the dust content

within each galaxy in Figure 4.4. We also see in Figure 4.4 that the recovered τb

values for the artificial spaxels produce a dust map that is flat, as it was constructed

to be. This is in contrast to the dust distribution in the observed galaxies, which

is patchy and irregular. We also provide an integrated τb value inset within each

image frame, which is obtained by summing the spectra in each spaxel that passes

the AoN cut, and measuring the line ratios of the combined effective spectrum. This

is roughly equivalent to the Balmer optical depth of the entire galaxy if it were to

be observed in a single fiber. It appears that the spaxels with higher Hα luminosity

correlate with the spaxels containing higher Balmer optical depths (Figures 4.2 &

4.4).

We measure integrated Balmer optical depths ranging from -0.10 < τb < 0.47.

This range is much smaller then that of observed L* galaxies at z = 2 in Reddy et al.

(2015), where they find galaxies in the range -1.5 < τb < 1.0. On a spaxel-by-spaxel

basis, we find τb values ranging from -1.33 to 1.64.

It is apparent that not all emission line regions are the same within dwarf irregular

galaxies. If we assume that τb can be used as a tracer of the dust content within a
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Figure 4.4: Spatial Map of Balmer Optical Depth. Inset within each frame is the
Balmer optical depth measured when summing the spaxels together to form a single
effective spectrum. Also shown in the lower right panel is the artificial galaxy for
which every spaxel was created to have a Balmer optical depth τb = 0.01. The
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Figure 4.5: Integrated Star Formation Rate vs. Gini Coefficient. The y-axis shows
the Gini coefficient of the Balmer ratio (Hα/Hβ) for the individual spaxels within
each galaxy, while the x-axis shows the integrated SFR measured in Jimmy et al.
(2015). There is a correlation between the Balmer Gini and total SFR, suggesting
that galaxies with higher SFR have less equally distributed dust.

galaxy, we find that the dust is generally not uniformly distributed. Some galaxies

exhibit larger internal fluctuations in dust content, whereas others have their dust

more uniformly distributed. Galaxies with higher integrated star formation rates, as

calculated in Jimmy et al. (2015), tend to have more variability in their internal dust

distributions as measured by the Gini coefficient (Figure 4.5). The Gini coefficient

is a measurement of the equitability of a distribution ranging from 0 to 1, where 0

represents a flat, perfectly even distribution of dust (Abraham et al., 2003). This

positive correlation between SFR and Gini coefficient is consistent with the Reddy

et al. (2015) results that higher SFR galaxies have clumpier distributions of dust,

which would show preference for a more SMC-like dust law.
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Figure 4.6: ΣHα vs. τb for Individual Galaxies. There exists a trend between Hα
luminosity and τb for 8 out of 11 galaxies, where asterisks by galaxy names indicate
that a positive correlation exists. The artificial galaxy, which was constructed to
have a flat τb profile, exhibits no correlation.
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Table 4.2: Correlation Between ΣHα and τb in Dwarf Galaxies

Galaxy Slope Y-Intercept ρ Std Dev
from

Artificial

191702* 0.27 ± 0.07 -9 ± 2 0.39 1.5
212838* 0.28 ± 0.10 -9 ± 3 0.34 0.8
220755* 0.61 ± 0.24 -20 ± 8 0.45 1.3
220837 0.73 ± 0.35 -24 ± 12 0.24 -0.1
220860* 0.33 ± 0.16 -11 ± 5 0.42 1.0
221000 0.12 ± 0.07 -4 ± 2 0.17 -0.8
225852* 0.70 ± 0.18 -23 ± 6 0.42 1.1
227897 0.18 ± 0.23 -6 ± 8 0.16 -0.5
221004* 0.82 ± 0.10 -27 ± 3 0.65 5.8
202218* 0.52 ± 0.14 -17 ± 5 0.36 0.8
225882* 0.37 ± 0.10 -12 ± 3 0.34 1.0
Artificial 0.03 ± 0.01 -1 ± 1 0.25 0.0

All Spaxels* 0.26 ± 0.03 -8 ± 1 0.39 4.0
Integrated 0.23 ± 0.18 -7 ± 6 0.20 -0.2

Galaxies with an asterisk by their name indicate those for
which the correlation between ΣHα and τb is significant.
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Figure 4.7: ΣHα vs. τb All Spaxels Fit. Hα surface density and Balmer optical depth
for the individual spaxels (dots) using the same color scheme as Figure 4.6. Also
plotted is the mean of the relations found in Kreckel et al. (2013, dot-dash) which
has a larger spatial scale, and shows a very similar slope. For comparison, we have
included the integrated values of each galaxy (stars). The slope of the integrated
values fit is similar to that of the fit to the individual spaxels.

119



4.4.3 Correlation Between Hα and τb

We test to see if Hα luminosity and the Balmer optical depth are correlated on

a per-spaxel basis, as well as (using the integrated fluxes) a galaxy-by-galaxy basis.

To account for the effects of observing galaxies at varying distances with varying

spatial resolution scales, we divide each measurement by the surface area to show

the Hα luminosity surface density (ΣHα) in Figure 4.6. The Hα surface density is

defined as ΣHα= LHα/(s2·n) where LHα is the Hα luminosity, s is the physical size

of the spaxel in pc, and n is the number of spaxels in the bin. We find that there is

a general trend towards spaxels with higher ΣHα having higher τb values. We fit the

spaxels using the curve fit routine from SciPy to perform a weighted least-squares

linear fit to the individual spaxels in Figure 4.6 and report our results in Table 4.2.

The curve fit routine determines the best fit by minimizing the sum Σ((f(x)−y)/w)2

where f(x) is the function being fit, y is the y-axis values, and w is the uncertainties

in the y-axis values. Using a linear function as f(x), all galaxies exhibit either a

flat or positive slope. In Figures 4.6 and Table 4.2, the slope of the artificial galaxy

differs significantly from the slopes of the observed galaxies, indicating that low S/N

spaxels are not primarily driving the apparent relation between ΣHα and τb.

We test for correlation using Spearman’s rank correlation coefficient (ρ), as pro-

vided by the SciPy routine spearmanr. Similar to the Pearson correlation coefficient,

the Spearman coefficient can range in value from -1 to 1. We use the Spearman co-

efficient because it does not require that the distribution of the data be Gaussian in

nature, like the Pearson correlation coefficient does. Our x-axis values are not Gaus-

sian in that there are generally more low luminosity spaxels than high luminosity

spaxels.

Typically, the following criteria are used to determine the significance of ρ values:
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0.10 < ρ < 0.29 is a weak association, 0.30 < ρ < 0.49 is a moderate association,

ρ > 0.50 is a strong association (Cohen, 1988). The artificial galaxy was constructed

to have no correlation between the two values, and exhibits a ρ= 0.25, consistent with

a weak correlation, and indicative that these significance thresholds are accurate.

Based on the low Spearman rank coefficient in the Artificial galaxy, we conclude

that using Hα to calculate τb is not the primary driver of the relation between Hα

and τb. Therefore, we consider any ρ value above 0.29 to be indicative of a positive

association.

In addition, we use the ρ value found for the Artificial galaxy to perform a null-

hypothesis test, where we use the Spearman coefficient of the Artificial galaxy as

our null value, and determine the number of standard deviations each galaxy’s ρ

measurement is from the Artificial galaxy. Performing a Fisher z-transformation on

both the control data and the observed data allows us to determine the significance

of the separation as σ = z(ρ)-z(ρ0)*
√
n− 3. We report these standard deviations

from the null hypothesis as the final column in Table 4.2. The factor of
√
n− 3 in

the numerator indicates that the statistical significance of the deviation from the

control is dependent upon the number of spaxels (n) for a given galaxy.

Based on this criteria, we find for 8 out of 11 galaxies that the spaxels have

a statistically significant correlation between the observed Hα luminosity surface

density and the Balmer optical depth. These galaxies are indicated with an asterisk

in Table 4.2. There does not appear to be any correlation between galaxy distance

and ρ, indicating that our results are not dependent upon spatial resolution. The 3

galaxies that do not appear to follow the positive correlation between ΣHα and τb

(AGC221000, AGC220837, and AGC227897) do not appear to have any particular

commonalities. They vary widely in stellar mass and metallicity as can be seen in

Table 4.1. They have 3 of the 5 lowest HI-gas masses, however, both AGC220860
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and AGC220755 have lower HI-gas mass than those 3 galaxies (Table 4.1) and do

appear to follow the ΣHα and τb correlation.

The number of spaxels for each galaxy ranges from 26 to 130, so in some galaxies

such as AGC220837 and AGC227897 there may not be enough spaxels to reliably de-

rive a slope to this relation, as is evident by the low significance of the deviation from

the Artificial galaxy. Therefore, we combine all spaxels from all of the galaxies to

form Figure 4.7. When performing a linear fit we find a statistically significant corre-

lation between the two values with a slope of 0.26±0.03 (Table 4.2). The Spearman

rank coefficient of the aggregate spaxels is 0.39, higher than the Artificial galaxy,

indicating a moderate correlation at the 4σ level when averaging over all spaxels

within our sample.

We also provide the results of a linear fit to the integrated values. The slope

found for the linear fit to the integrated values for each galaxy is similar to that of

the individual spaxels. With only 11 points in the integrated values fit, it is difficult

to draw any robust conclusions, as is indicated by the low significance (0.2σ) for the

integrated spaxels. Although we must caution that the low sigma value does not

indicate that the relation itself is insignificant, rather that the number of data points

we’re using to calculate the Spearman coefficient is low, and therefore the factor of
√
n− 3 will be low.

4.5 Discussion

4.5.1 Increasing Attenuation with Increasing Hα Luminosity

The correlation between enhanced reddening and higher Hα luminosity within

individual spaxels indicates that dustier regions correlate with higher SFR regions.

This correlation has been observed in larger galaxies (Kreckel et al., 2013), but we

have shown for the first time that it holds true for gas-rich dwarf galaxies (Figure
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4.6). Our slope is within 2σ of the mean of the Kreckel et al. (2013) data (0.32,

Figure 4.7), which was focused on emission line regions within more massive spiral

galaxies.

Kreckel et al. (2013) predicted, based on the lack of high ΣSFR regions having

low AV , that HII regions are likely to be correlated with the dust on 20-120 pc

scales, but the physical resolution of their data was limited to 100 pc. Using our

30-80 pc resolution IFU spectroscopy, we are able to confirm their hypothesis that

emission line regions and dust are well correlated on those scales for 8 of 11 galaxies.

It is unclear at which physical scale this relation will break down. Kreckel et al.

(2013) also compared emission line regions to stellar continuum as dust tracers and

concluded that emission line regions were a better tracer. We are able to investigate

effects smaller than 100pc in diameter, the nominal size of the giant molecular clouds

that form small clusters of stars. However, we are unable to probe down to sizes of

∼10 pc, the size of cores that form individual stars (Tan, 2015).

It is likely that the correlation between ΣHα and τb is caused by the young stars

within these emission line regions being surrounded by the dusty birth-cloud in which

they formed. If dust obscuration traces instantaneous star formation, then the phys-

ical effect causing this must be acting on similar time-scales. The cloud of gas and

dust that the young star formed from will not be entirely consumed in the formation

of the star, and it takes time (approximately 30 Myrs, on par with the lifetime of an

O or B type star) for the dust cloud to dissipate (Charlot and Fall, 2000).

We have also shown that galaxies with higher star formation rate have more

internal dispersion in their dust measurements (Figure 4.5). This is consistent with

the physical conditions thought to create a steeper SMC-like reddening curve (Reddy

et al., 2015). This fact is important for high-redshift galaxies (z>2), for which we

are unable to measure the spatial distribution of the dust content. If the highest Hα
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flux regions also have the clumpiest dust distributions, then in high redshift galaxy

surveys, we may be over-estimating the galaxy-wide dust obscuration.

We observe that the slope is similar, within the uncertainties, between the spaxel-

by-spaxel relation and the integrated values relation. The Spearman ρ for the in-

tegrated galaxies is not significantly different from the Artificial galaxy we used to

formulate our null hypothesis. Other studies (e.g. Reddy et al. 2015) have shown

that dustier galaxies have higher Hα luminosity on integrated galaxy-wide scales.

Our results agree with the conclusions of Kreckel et al. (2013) that emission line

sources are preferentially located within dusty birth clouds. Similarly Reddy et al.

(2015) found that their results were consistent with a two population model. Firstly

a modestly reddened underlying stellar population, with a second dustier stellar

population that begins to dominate the nebular line luminosity with increasing SFR.

Our results align with this view, although it would be adventageous to compare our

emission line measurements to stellar continuum measurements, we do not have the

UV observations that would be necessary to properly constrain our data. Based

on the spatial agreement between the peaks in the Balmer optical depths and the

Hα luminosity, it is likely that the star formation rates within our dwarf irregular

galaxy population are not powerful enough to have a well-mixed ISM for the majority

of our sample. We note that galaxies with super strong outflows, like NGC 2146

from Kreckel et al. (2013) exhibit spatial offsets in their dustiest regions and their

highest Hα regions. NGC 2146 also shows near agreement between stellar continuum

reddening and gas emission line reddening, suggesting that stellar winds have blown

away the clouds of gas and dust and the emission lines experience a grayer dust

attenuation.
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4.5.2 Negative τb Values

As can be seen in Figures 4.4, 4.6 & 4.7, a large number of the spaxels within

each galaxy exhibit τb values that are seemingly unphysical. It would appear that

either Hα is being over-estimated or Hβ is being underestimated. The following

possibilities were considered as the cause of the negative τb values observed:

• Poor Gaussian Fits: We have checked all of the fits to each spaxel spectrum

to verify that the Gaussians do indeed provide a reasonable fit to the data,

and find no obvious source of error from mis-measurement of the flux values.

We also checked to ensure that our de-convolution of the blended Hα and

[NII] emission lines was not a cause by fixing the ratio of the three lines to

the integrated value and re-measuring all of the spaxels with no significant

difference in our results. Even if that were a factor, it would only serve to

increase the Hα flux with any corrections, and that would further exacerbate

the issue.

• Shocks of the ionized gas would cause a change in the [NII]/Hα ratio, however

our Python-based Gaussian fitting routines allow the ratio between Hα and

[NII] to vary on a spaxel-by-spaxel basis.

• Line Sensitivity: We have also observed in our artificial galaxy that low flux

spaxels are not significantly lower in τb (Figure 4.6) so it is unlikely that this

is a line-sensitivity effect.

• Instrumental Effects: We created a field of random emission lines within a

blank data cube to confirm that there are not issues with certain spaxels, or

gradients across the field-of-view or CCD.
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• Balmer Absorption: We also considered that our assumption of Balmer absorp-

tion being negligible was at fault, however, Balmer absorption more strongly

affects Hα than Hβ, so any corrections we apply to account for absorption will

create only lower τb values.

We are therefore reasonably confident that the τb values we are measuring are

accurate representations of the observations.

Typically studies will assume that a ratio of Hα/Hβ < 2.86 is indicative of little

to no dust within a galaxy, and for the purpose of their analysis treat negative

Balmer optical depths as 0 (e.g. Reddy et al. 2015). Another typical approach is

to state that the intrinsic ratio between Hα and Hβ varies as a function of electron

temperature and density (e.g Battisti et al. 2016). However, as we will show, this is

typically a small effect, and insufficient to explain all negative τb values. Due to the

large number of individual spaxels within our sample with τb < 0, we cannot ignore,

or make the “no dust” assumption, for all of negative τb spaxels. This then leads us

to speculate on the cause of the negative τb values.

The minimum value of 2.86 for the ratio of Hα to Hβ from Osterbrock (1989)

assumes three important factors, Case B recombination (meaning that the gas is

optically thick to Lyman alpha photons), electron temperature Te = 10,000K, and

electron density ne = 102 cm−3. Changing our assumption to Case A recombination,

in which Lyman alpha photons can readily escape, is likely not a solution as such

a galaxy would be very low surface brightness and difficult to observe (Aller, 1984).

If we continue to assume Case B recombination and allow the temperature to vary,

we find that increasing the assumed temperature can lower the ratio, such that if

we double the temperature to Te = 20,000K, we find Hα/Hβ = 2.76. This is not

sufficient to explain the negative τb values. If we were to additionally alter our

126



assumption and increase the density of electrons to ne = 106 cm−3 we would find

again only a marginal effect, with the new theoretical minimum Hα/Hβ = 2.72.

With the Balmer decrement being relatively insensitive to the assumptions we are

making, we conclude that the negative τb values are not likely caused by incorrect

assumptions of the emitting gas.

We then speculate that the possible cause of our negative τb values may be due

to scattering of blue light from within the dusty birth clouds to regions of the galaxy

that have less dust, and also fewer young O and B type stars capable of producing the

ionizing radiation to induce the Balmer series of emission lines. Regions that have

less Balmer series emission overall would be more sensitive to even small increases

of scattered Hβ flux originating from within the very active and dusty regions.

4.6 Conclusion

We have continued of our study of 11 IFU observed dwarf galaxies first reported

on in Jimmy et al. (2015), where we studied the fundamental metallicity relation

as a function of HI-gas mass and star formation rate. This sample was selected to

have low HI-gas mass (MHI < 108.15 M�), and as such exhibits low stellar-mass,

low metallicity, and low SFR (Table 4.1). We continued our observations within this

work by studying the Hα and Hβ luminosity, in addition to the Balmer optical depth

(τb). We measured integrated Hα luminosities ranging from 38.01 < log(Hα) < 39.19

erg s−1 and integrated τb values in the range -0.10 < τb < 0.47 (Table ??).

Dust curves are used to correct for the attenuation of light when determining star

formation rates. This attenuation is affected by the distribution of dust within the

ISM of galaxies, as well as the composition and size of the dust grains themselves.

Gas-rich star forming galaxies are likely to have their bluest star-forming regions

surrounded by dusty birth clouds, which will preferentially scatter and absorb the
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blue light, causing a steeper dust attenuation law of the ionized gas emission, as

observed in the Small Magellanic Cloud.

Utilizing the spatial information provided by IFU spectroscopy, we mapped the

reddening properties of these dwarf irregular galaxies (Figure 4.4). We found that

the regions of the galaxy with more reddening positively correlate with regions of

enhanced Hα emission. This correlation has been demonstrated before in larger

spiral galaxies (Kreckel et al., 2013), however, we have shown that the correlation

between SFR and dust in emission line regions likely continues to hold even in gas-rich

dwarf galaxies. Using Spearman’s coefficient, we quantified the degree of correlation

between ΣHα and τb. We found 8 out of 11 galaxies showed a positive correlation

between these two values. If we test for a correlation within all spaxels from all

galaxies at once, we find ρ = 0.39 with 4σ significance in deviation from our null

hypothesis derived from the Artificial galaxy (Table 4.2). We demonstrated that this

correlation continues to hold in low mass galaxies, down to physical scales as low

as 30pc. Higher spatial resolution observations of similar dwarf galaxies would help

determine the physical resolution at which this relationship breaks down.

We also discussed the posibility that the negative τb values we measured may be

indicative of low-luminosity regions having blue light scattered into them, causing

seemingly unphysical τb measurements within some of our spaxels.

This is the first study to specifically target local universe, gas rich, dwarf ir-

regular galaxies for a correlation between ΣHα and τb. Because these galaxies are

local analogs to the high-redshift galaxies currently being observed, we have shown

that assuming a simple uniform dust distribution within high-redshift star forming

galaxies is likely to be inaccurate. The degree of clumpiness within a galaxy can

likely be estimated by the dust content within a galaxy. As predicted by Reddy

et al. (2015), galaxies with larger SFRs exhibit a higher dispersion in their Balmer
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decrements as the dust obscuration becomes more patchy with the rise of a second,

dustier, population (Figure 4.5). The clumpiness of our observations would suggest

an SMC type reddening curve is most appropriate for low-metallicity dwarf irregular

galaxies. Additionally our dwarf irregular galaxies have similar SFRs, stellar-masses,

and metallicity as the SMC. Although it is important to note that we are unable to

resolve individual stars with our observations, so it is possible that other physical

effects such as grain size or composition that we are unable to explore may reproduce

these same conclusions.

Assuming that young star forming galaxies at high redshift also have their star

forming regions surrounded by dusty birth-clouds, we would argue for a steeper

SMC-like dust law for those galaxies as well.
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5. SUMMARY

We endeavor to better understand galaxy formation and evolution by focusing

on the behavior of baryons within galaxies on either extreme end of the stellar-mass

spectrum. The grand scale of galaxies, containing literally billions and billions of

particles, makes it impossible to study the individual baryons themselves, which is

why we turn to the scaling relations of observable properties within galaxies that

allow us to better understand the various phases of galaxy evolution. Because we

cannot study a single galaxy evolving, we must examine galaxies at various phases

of their evolution to understand the life of a galaxy. We examine the formation and

evolution of galaxies using IFU derived absorption-line spectra to study the stellar

continuum of brightest cluster galaxies, and emission-line spectra from the ionized

gas of dwarf irregular galaxies.

We have demonstrated the validity of scaling relations acting on extreme pop-

ulations such as the angular momentum and stellar mass relation (Chapter 2), the

stellar mass and metallicity relation (Chapter 3), and the star formation and dust

relation (Chapter 4). Many scaling relations are initially developed using “typical”

galaxies which are the most abundant, easily observed, and well-behaved galaxies.

However, we show that these relationships are consistent even in the most extreme

conditions.

We utilize integral field unit (IFU) spectroscopy to obtain our observations. We

focus our attention on two distinct galaxy populations, brightest cluster galaxies

(BCGs) which are some of the most massive galaxies in the universe, and dwarf

irregular galaxies, which are very low stellar-mass galaxies. The added benefit of

IFU spectroscopy is that we are able to obtain two-dimensional spatial maps of the

130



observed properties for both populations of galaxies. This allows us to spectrally

observe the entire surface of a galaxy using a single pointing, whereas other obser-

vational techniques would either have to sacrifice information or use an inordinate

amount of telescope time.

Three large-scale IFU surveys are currently in progress, SAMI, MANGA, and

CALIFA. Each survey has its own strengths and weaknesses for legacy value, as they

are all focused on slightly different scientific goals. SAMI is focusing on the role of

environment in galaxy evolution, MANGA is focusing on obtaining a statistically ro-

bust sample of IFU observations of Local Universe galaxies, and CALIFA is focusing

on the star formation histories and gas flows within galaxies. However none of them

specifically target BCGs which are rare in the universe and likely to constitute only

a small portion of the sample (e.g. only 1 BCG is in the ATLAS3D sample). Dwarf

galaxies will also be largely absent in these surveys due to the difficulties inherent

in observing low-luminosity galaxies. Even with the relatively low mass selection of

SAMI, they will still only be able to detect the largest of the dwarf galaxy population.

We choose to specifically target these galaxies because they are generally under-

represented in galaxy surveys. For instance, ATLAS3D has only 1 BCG in their

sample of 260 early-type galaxies, so by adding complimentary observations of 10

addition galaxies, we overwhelmingly increase the sample size of BCG kinematics

being studied with IFU spectroscopy. BCGs are a population of interest because of

their unique formation history and extremely large masses. Despite their large mass,

they are often difficult to observe because of their low surface-brightness at large

radii. Due to the rarity of BCGs, a large volume of space is necessary to observe a

representative samples of BCGs. Large scale surveys such as those discussed above

are likely to target the easiest to observe galaxies, which are also more likely to guar-

antee high signal-to-noise observations without an inordinate amount of observing

131



time. A similar problem exists for dwarf irregular galaxies, they are also low surface-

brightness due to their diffuseness and low stellar-mass. Dwarf irregular galaxies are

uniquely gas-rich and metal-poor, making them an interesting population because

they represent the local universe equivalent of young, high-redshift galaxies.

5.1 Brightest Cluster Galaxy Mergers and Kinematics

To understand the role that mergers play in galaxy formation and evolution, we

study the objects which are likely to have undergone the largest number of mergers.

Brightest cluster galaxies (BCGs) are the largest galaxies in the universe, and sit at

the bottom of their host cluster’s potential well. The extreme environment of BCGs

makes them crucial to understanding galaxy formation. Using VLT/VIMOS high

resolution IFU observations of 10 BCGs, located within 400 Mpc, and selected to

have nearby companion galaxies, we analyze their stellar kinematics and search for

galactic scale rotation, as observed recently in early-type galaxies (Emsellem et al.,

2007, 2011). We compare our observations to the SAURON and ATLAS3D surveys,

two of the recently completed IFU surveys. ATLAS3D reported that a surprising

percentage (86%) of early-type galaxies were fast rotating (Emsellem et al., 2011).

For comparison, in our sample of 10 BCGs we find that 30% are fast rotating, which

is considerably lower, however our sample is biased towards higher masses. When

we select only galaxies in the same stellar mass range (Mdyn > 11.5M�), we find no

statistical difference between the number of fast rotating galaxies between the two

samples.

To better quantify the merger status of brightest cluster galaxies, we investigate

the photometry of our galaxies using SDSS imaging and the G-M20 selection criteria

(Lotz et al., 2008) to search for abnormalities in the distribution of light which

signals a merger. We hypothesized that the rotation observed within our sample of
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BCGs may be due to current or very recent mergers causing the appearance of a

rotating galaxy. In our sample of BCGs there is no connection between the angular

momentum and the G-M20 merger selection criteria. The lack of correlation between

angular momentum and recent mergers, as well as the similarities between the BCG

and early-type galaxy samples leads us to conclude that mergers are not the primary

driver of the angular momentum loss observed in BCGs. This is consistent with

simulations by Naab et al. (2014) and observational results of Oliva-Altamirano et al.

(2015) that BCGs have very diverse formation histories that produce their present

day kinematical structures.

5.2 Dwarf Galaxy Fundamental Metallicity Relation

We then shift to the opposite end of the mass spectrum and focus on the baryon

cycle of dwarf irregular galaxies. We utilize a sample of 11 IFU observed dwarf

galaxies in the stellar mass range 106.6 to 108.8 M�, with metallicities as low as

12+log(O/H) = 7.67. All of these galaxies are located within 25 Mpc, and were

selected to be gas-rich (107.2 M� < MHI < 108.2 M�) star-forming galaxies. We rely

upon strong-line emission from Hα and [NII] to estimate the oxygen abundance of

the dwarf irregular galaxies. Using these data, in combination with data taken from

SDSS and the literature, we are able to examine the mass-metallicity relation in a

sample of extremely low stellar-mass galaxies (as low as 106.5 M�). The advantage

of having IFU data over the spectroscopy provided by the SDSS pipeline is that we

are able to integrate the light over the entire surface of a galaxy, whereas SDSS is

only able to spectroscopically observe a small 3′′ portion of each galaxy, usually the

brightest region. This observation bias is likely to significantly influence results in

patchy galaxies such as the dwarf irregular galaxies of interest to this study.

The mass-metallicity relation is known to exhibit increased scatter beyond the 1σ
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uncertainties of the data (Tremonti et al., 2004), suggesting that some other physical

process may be relevant to the inflows and outflows that produce the mass-metallicity

relation. By incorporating a 3rd parameter into the mass-metallicity relation we

are able to observe a three-dimensional fundamental metallicity relation (FMR). By

finding the optimal projection of the FMR into 2D space (i.e. the projection with the

lowest residual scatter) we can determine whether inflows of pristine gas or outflows

from high star forming regions are driving the scatter in the mass-metallicity relation.

We find that HI-gas mass is a more physically motivated tracer of the FMR based on

the reduced scatter, and consistency across a wide range of HI-gas masses, whereas

SFR exhibits a possible breakdown for galaxies with SFRs < 10−2.4 M� yr−1. We

show that the HI-gas fundamental metallicity relation is likely valid down to small,

metal-poor dwarf irregular galaxies with stellar masses as low as 106.5 M� which

are analogs of the early universe galaxies that were consumed by BCGs. This is

compatible with recent evidence that infall of pristine gas is the more dominant

component at high redshift (Agertz et al., 2009; Bournaud and Elmegreen, 2009;

Brooks et al., 2009; Dekel et al., 2009).

5.3 Dust Distribution within Dwarf Irregular Galaxies

Using the same sample of IFU observed dwarf galaxies from the mass-metallicity

relation study, we map the dust content within these galaxies by measuring the

Balmer optical depth which is defined as the natural log of the ratio between Hα

and Hβ emission line fluxes. The IFU observations allow us to map the dust content

and the star formation simulataneously. It has been shown in much larger galaxies

that the HII regions exhibit a correlation between the Balmer decrement and the

Hα luminosity (Kreckel et al., 2013). Regions with higher star formation appear

to have enhanced reddening due to dust. We have confirmed that this correlation
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between Hα surface density and Balmer optical depth continues even down to masses

as low as those observed the irregular dwarf galaxy population (106.6 M� < M∗ <

108.8 M�), and that the trend can be seen on physical scales as small as 30 pc.

The positive correlation between ΣHα and τb is consistent with the hypothesis that

young star-forming regions are surrounded by dusty birth-clouds and in agreement

with recent results by Reddy et al. (2015) of an empirical scaling relation between

the star formation rate and the dust mass in the ISM of galaxies. If this effect is

not taken into account, star formation rates in highly star forming galaxies may be

underestimated.

5.4 Future Prospects

5.4.1 Angular Momentum of Clusters Vs. BCGs

In reducing the data for our original dataset of 10 BCGs, we notice that for the

BCGs in which we were able to measure the angular momentum of the compan-

ions, it appears that the angular momentum of the companions moving around the

cluster match the angular momentum of the BCGs. This suggests that the angular

momentum of the BCG may be preferentially aligned to the angular momentum of

the cluster. If the companion galaxies in this configuration merge with the BCG, it

would serve to increase the net angular momentum of the BCG as the angular mo-

menta are aligned. This may explain the fast rotating BCGs observed in our galaxy

sample. It would be worthwhile to continue investigating the connection between

BCG angular momentum and the angular momentum of other cluster members to

test the formation theories proposed by Naab et al. (2014). This would require a

large survey of high-mass galaxies using IFU spectroscopy such as MASSIVE, which

is currently scheduled to target over 100 early-type galaxies above 1011.5 M�.
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5.4.2 Upper Mass Limit to Fast Rotating Galaxies

Current results suggest that above 1011.5 M�, the number of fast rotating galax-

ies drops off significantly. A targeted search of high dispersion BCGs using IFU

spectroscopy would allow us to test whether or not this ceiling continues to hold,

or if it is merely an artifact of the small number of massive galaxies with angular

momentum measurements. If one were to find examples of fast rotating very massive

galaxies, we could search for evidence of recent major mergers despite their already

large mass. If however the low ratio of fast rotating galaxies with extremely high

masses remains after studying a larger sample, that would be further evidence that

mergers are not primarily responsible for the loss of angular momentum as observed

in Jimmy et al. (2013)

5.4.3 Dwarf Galaxy Metallicity Gradients

Building on the work done with metallicity gradients in brightest cluster galaxies

in Oliva-Altamirano et al. (2015), it would be beneficial to continue such studies at

the very low-mass end of the spectrum. Within our sample of IFU observed dwarf

galaxies, there is evidence to suggest that there are positive metallicity gradients

within our sample, however limitations of the depths and spectral range of our ob-

servations make it impossible to make strong conclusions. Once again, we must turn

to the extremes in order to understand galaxy formation as a whole. By studying

the metallicity gradients in extremely low-mass dwarf irregular galaxies, we can bet-

ter understand the effects of inflows and outflows on the mass-metallicity relation.

Gas inflows are likely to result in a buildup of pristine gas on the outer edges of the

dwarf irregular galaxies, resulting in a negative metallicity gradient, whereas out-

flows would have the opposite effect, causing outflowing metals to build up on the

outer edges of the galaxy, and resulting in a positive metallicity gradient.
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By combining several measurements and several projects together, we are able

to achieve a more complete understanding of the validity of the following empirical

scaling relations. We use photometric imaging to estimate stellar masses, measure

effective radii, and search for evidence of recent mergers and find that BCG angular

momentum is seemingly independent of the recent merger history. We utilize IFU

spectroscopy to study ISM oxygen abundances using emission line flux ratios and

find that pristine inflows of HI-gas were likely to be a primary driver of the mass-

metallicity relation. We also use IFU spectroscopy to study the spatial distribution

of dust in dwarf irregular galaxies and find that star forming regions are preferentially

surrounded by thicker dust clouds. In the future, by obtaining a larger sample of IFU

observed Brightest Cluster Galaxies, we could observe their present day kinematics

in comparison to theoretical models in order to obtain insight into the fossil record

of their assembly histories. Similarly, with deeper and higher resolution observations

of dwarf irregular galaxies, we can better understand the inflows and outflows that

regulate the mass-metallicity relation. In general, we find that these scaling relations

observed are based on fundamental physics that act across an extraordinary range

of galaxy mass scales.
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Survey: the discovery of a luminous, low-metallicity H II complex in the dwarf

galaxy GAMA J141103.98-003242.3. MNRAS, 445:1104–1113, December 2014.

doi: 10.1093/mnras/stu1820.

B. Robertson, T. J. Cox, L. Hernquist, et al. The Fundamental Scaling Relations of

Elliptical Galaxies. ApJ, 641:21–40, April 2006. doi: 10.1086/500360.

152



N. Roche, A. Humphrey, J. M. Gomes, et al. CALIFA spectroscopy of the inter-

acting galaxy NGC 5394 (Arp 84): starbursts, enhanced [N II]6584 and signs of

outflows and shocks. MNRAS, 453:2349–2363, November 2015. doi: 10.1093/mn-

ras/stv1669.

M. Rodrigues, F. Hammer, H. Flores, et al. IMAGES IV: strong evolution of the

oxygen abundance in gaseous phases of intermediate mass galaxies from z ˜ 0.8.

A&A, 492:371–388, December 2008. doi: 10.1051/0004-6361:200810435.
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J. Walcher, B. Groves, T. Budavári, and D. Dale. Fitting the integrated spec-

tral energy distributions of galaxies. Ap&SS, 331:1–52, January 2011. doi:

10.1007/s10509-010-0458-z.

F. Walter, J. M. Cannon, H. Roussel, et al. Dust and Atomic Gas in Dwarf Irregular

Galaxies of the M81 Group: The SINGS and THINGS View. ApJ, 661:102–114,

May 2007. doi: 10.1086/514807.

A. A. West, D. A. Garcia-Appadoo, J. J. Dalcanton, et al. H I-Selected Galaxies in

the Sloan Digital Sky Survey. I. Optical Data. AJ, 139:315–328, February 2010.

doi: 10.1088/0004-6256/139/2/315.

S. D. M. White. Angular momentum growth in protogalaxies. ApJ, 286:38–41,

November 1984. doi: 10.1086/162573.

D. O. S. Wood and E. Churchwell. The morphologies and physical properties of

ultracompact H II regions. ApJS, 69:831–895, April 1989. doi: 10.1086/191329.

D. G. York, J. Adelman, J. E. Anderson, Jr., et al. The Sloan Digital Sky Survey:

Technical Summary. AJ, 120:1579–1587, September 2000. doi: 10.1086/301513.

D. Zaritsky, R. C. Kennicutt, Jr., and J. P. Huchra. H II regions and the abundance

properties of spiral galaxies. ApJ, 420:87–109, January 1994. doi: 10.1086/173544.

G. R. Zeimann, R. Ciardullo, C. Gronwall, et al. The Dust Attenuation Curve versus

Stellar Mass for Emission Line Galaxies at z ˜ 2. ApJ, 814:162, December 2015.

156



doi: 10.1088/0004-637X/814/2/162.

157



APPENDIX A

ABILITY TO RECOVER METALLICITY

Due to the spectral resolution and instrumental dispersion of the VIMOS LR Blue

grism, some emission lines are severely blended together, as can be seen if Figure 4.1.

Our science results depend on the [NII] and Hα emission lines which are separated

by ∼20 Å. To test our ability to recover the emission line fluxes of the blended [NII]

and Hα emission lines within our spectra, we create a simulated galaxy with known

emission line ratios and test our ability to recover them using our Python-based

Gaussian fitting routines.

To create the simulated galaxy, we first take a pipeline reduced data cube from

one of the galaxies in our sample that was too faint to be detected by the IFU

spectrograph (AGC220261) and find a region of the field of view which contains only

sky with little instrumental artifacts to interfere. We also check to ensure that none

of the galaxy that was originally intended to be observed is located near this region.

We then generate a simulated galaxy and place it within this region. This simulated

galaxy is then run through our full data reduction pipeline to measure the recovered

emission line ratios. This process is repeated several times to test for metallicity

dependance of our ability to recover emission line ratios.

To ensure that we generate physically realistic simulated galaxies, we draw our

input emission line ratios from the Berg et al. (2012) survey of low-luminosity galax-

ies. For every galaxy in the Berg et al. (2012) sample, we use the long slit measured

emission line ratios to create a simulated galaxy with the same emission line ratios.

We scale the brightest central spaxel in the simulated galaxy to have an Hβ emission

line flux of 3.0 × 10−16 erg cm−2 s−1 Å−1, which corresponds to the average Hβ
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Figure A.1: Example Hα emission of a Simulated Galaxy. Hα emission observed in
a simulated galaxy as recovered by our Python-based Gaussian fitting routines. Also
shown is the recovered Hα flux after integrating the spectra of each spaxel shown.

flux in the brightest spaxel of each galaxy in the dwarf IFU sample. The flux of the

simulated galaxy decreases exponentially with radius. Each emission line is given a

dispersion equal to the average instrumental dispersion of 7.5 Å.

An example of the Hα emission map for one of our simulated galaxies can be

seen in Figure A.1. Emission lines for a sample fiber of our simulated galaxy can be

seen in Figure A.2 which can be compared to Figure 4.1 visually to confirm that the

simulated galaxies being created are physically realistic.
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−0.1

0.0

0.1

0.2

0.3

0.4
Data
Residual
NII 6549 Fit
Hα Fit
NII 6584 Fit

Figure A.2: Details of Python Based Gaussian Fitting Routines. Left: Input sim-
ulated spaxel for our simulated galaxy. Blue curves indicate the simulated spectral
data, red lines indicates the linear continuum fit done in the first stage of our Python-
based Gaussian fitting routines, and green points indicate the fitting window that
was used to determine the linear fit. The fitting window excludes residuals from
skylines and the large internal reflection feature at ∼ 6300Å. Right: Three Gaussian
fits of the Hα and [NII] emission lines as found by our routines. The routines are
able to successfully resolve the 3 blended emission lines.
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APPENDIX B

COMPARISON BETWEEN N2 AND O3N2 BASED CALIBRATIONS

We simulate every galaxy in the Berg et al. (2012) sample using the method out-

lined in Appendix A to test both our ability to recover input strong-line emission

ratios, and to compare our recovered metallicity estimations to direct metallicity

measurements. The top row of Figure B.1 shows the comparison between input and

recovered metallicities in each of the three calibrations: PP04 O3N2, PP04 N2, and

D02 N2. We find that our Python-based Gaussian fitting routines are able to success-

fully recover line fluxes within 1 standard deviation down to the lowest metallicity

simulated. The larger error bars in N2 line ratios of the low-metallicity simulated

galaxies measured are due to the amplitude of the [NII] lines being comparable to

the noise of the spectra.

The bottom row of Figure B.1 shows the gas-phase metallicity measured directly

along with the recovered gas-phase metallicity. Although the O3N2 based estimation

has smaller error bars due to the increased information from the [OIII] and Hβ

emission line information, it is less accurate than the N2 based estimations due to the

saturation of the [OIII]/Hβ ratio known to occur in O3N2 based oxygen abundance

estimations at low gas-phase metallicity (Pettini and Pagel, 2004).

We find based on the bottom row of Figure B.1 that D02 N2 oxygen abundance

estimations are better correlated with direct metallicity measurements than PP04

O3N2 estimations for low-metallicity galaxies such as those presented in this study.

We find that PP04 O3N2 provides more precise, but less accurate observations,

whereas D02 N2 provides more accurate, but less precise observations for the lowest

metallicity galaxies.
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Figure B.1: Ability to Recover Metallicities. Showing the ability of our Python-based
Gaussian fitting routines to recover metallicities in various systems after creating a
simulated galaxy. In the top row, the x-axis shows the input gas-phase metallicity
based on the input line flux ratios, and the y-axis shows the result measured using
our routines. In the bottom row, the x-axis shows the direct metallicity that was
used to create the simulated galaxy, and the y-axis shows the gas-phase metallicity
measured using our routines. We find that the D02 oxygen abundance calibration is
more accurate than the PP04 based systems, however PP04 O3N2 is more precise
than the D02 based systems.
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For the sake of completeness, we have reproduced all of the figures from the main

text which contain oxygen abundance estimations using the O3N2 based oxygen

abundance estimation from Pettini and Pagel (2004):

12 + log(O/H) = 8.73− 0.32×O3N2 (B.1)

where

O3N2 = log

{
[OIII]λ5007/Hβ

[NII]λ6583/Hα

}
. (B.2)

We find that in general, the trends observed in the paper and the conclusions of the

paper continue to hold, especially on the high-metallicity end, however the oxygen

abundance floor of the O3N2 based estimations cause the conclusions to be less solid

than as observed in the N2 based results of the main text.
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Figure B.2: Figure 3.5 Using the PP04 O3N2 Oxygen Abundance Calibration. Top:
The mass-metallicity relation for the IFU observed dwarf galaxy sample, along with
several low stellar mass galaxy observations and the ALFALFA/SDSS sample. Bot-
tom: The luminosity-metallicity relation for the IFU observed dwarf galaxy sample,
along with several low stellar mass galaxy observations and the ALFALFA/SDSS
sample. The scatter in both the MZR and the LZR fit around the bin means is 0.05
dex. For reference we plot a sun symbol at solar metallicity, showing that all of the
IFU observed dwarf galaxy oxygen abundances are below solar. The yellow regions
indicate the calibration limits of the D02 N2 oxygen abundance estimation. We have
used the published emission line fluxes from other authors to estimate the oxygen
abundance in the same PP04 O3N2 system. The mass-metallicity relation appears
to flatten out in the low stellar-mass/low luminosity regime.
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Figure B.3: Figure 3.6 Using the PP04 O3N2 Oxygen Abundance Calibration. The
mass-metallicity relation as seen in Figure B.2 color-coded by HI mass (top) and
SFR (bottom). The stars indicate individual observations within our IFU observed
sample of dwarf galaxies. The dashed lines indicate linear least squares fits to these
points, and the shaded regions indicate the 1σ standard deviations to these fits. The
solid curves indicate the mean values of the ALFALFA/SDSS sample, separated into
HI mass bins. Shown in the background are the ALFALFA/SDSS points which are
binned to produce the color-coded means. We find little overlap between the SFR
bins (bottom).
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Figure B.4: Figure 3.7 Using the PP04 O3N2 Oxygen Abundance Calibration. The
luminosity-metallicity relation as seen in Figure B.2 color-coded by HI mass (top)
and SFR (bottom). The stars indicate individual observations within our IFU ob-
served sample of dwarf galaxies. The solid curves indicate the mean values of the
ALFALFA/SDSS sample, separated into HI mass bins. Shown in the background
are the ALFALFA/SDSS points which are binned to produce the color-coded means.
We find little overlap between the SFR bins (bottom).
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Figure B.5: Figure 3.9 Using the PP04 O3N2 Oxygen Abundance Calibration.
FMRHI (top) and FMRSFR (bottom) as calculated using the α and β values found to
minimize scatter (Figure 3.8). We find that the FMRHI relation is consistent down
to the lowest HI-mass bin, where as the lowest SFR bin in the FMRSFR is offset 1σ
above the ALFALFA/SDSS derived FMRSFR.
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Figure B.6: Figure 3.11 Using the PP04 O3N2 Oxygen Abundance Calibration.
FMLHI (top) and FMLSFR (bottom) as calculated using the ζ and γ values found to
minimize scatter (Figure 3.10). We find that the FMLHI relation is consistent down
to the lowest HI-mass bin, where as the lowest SFR bin in the FMLSFR is offset 1σ
above the FMLSFR.
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APPENDIX C

SFR AND HI MASS MEAN BINS

To correspond to the linear fits, we provide a set of tables showing the mean

metallicity values in each one of the SFR and HI mass binned data for both the

MZR and LZR. These values could be used to reproduce the solid curves of the SFR

or HI-mass bins in Figures 3.6 & 3.7.
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Table C.1: ALFALFA/SDSS FMR Binned Mean Metallicity Values

Stellar Mass 12+log(O/H) 12+log(O/H) 12+log(O/H) 12+log(O/H) 12+log(O/H)
Bin Range SFR SFR SFR SFR

Unbinned SFR -2.6 to -1.7 -1.7 to -0.8 -0.8 to 0.1 0.1 to 1.0

7.75 to 8.0 8.22 8.22 - - -
8.0 to 8.25 8.23 8.25 8.17 - -
8.25 to 8.5 8.29 8.36 8.26 - -
8.5 to 8.75 8.35 8.41 8.33 - -
8.75 to 9.0 8.42 8.52 8.43 8.28 -
9.0 to 9.25 8.5 - 8.53 8.42 -
9.25 to 9.5 8.58 - 8.62 8.55 -
9.5 to 9.75 8.67 - 8.70 8.67 8.58
9.75 to 10.0 8.74 - 8.79 8.74 8.70
10.0 to 10.25 8.78 - - 8.79 8.77
10.25 to 10.5 8.81 - - 8.83 8.80
10.5 to 10.75 8.83 - - 8.84 8.82
10.75 to 11.0 8.82 - - - 8.82

Stellar Mass 12+log(O/H) 12+log(O/H) 12+log(O/H) 12+log(O/H) 12+log(O/H)
Bin Range Unbinned HI Mass HI Mass HI Mass HI Mass

HI Mass 7.6 to 8.45 8.45 to 9.3 9.3 to 10.15 10.15 to 11.0

7.75 to 8.0 8.22 8.30 - - -
8.0 to 8.25 8.23 8.22 8.25 - -
8.25 to 8.5 8.29 8.37 8.27 - -
8.5 to 8.75 8.35 - 8.35 8.35 -
8.75 to 9.0 8.42 - 8.44 8.40 -
9.0 to 9.25 8.5 - 8.53 8.48 -
9.25 to 9.5 8.58 - 8.63 8.57 -
9.5 to 9.75 8.67 - 8.72 8.67 -
9.75 to 10.0 8.74 - 8.78 8.74 8.67
10.0 to 10.25 8.78 - 8.78 8.78 8.75
10.25 to 10.5 8.81 - - 8.81 8.80
10.5 to 10.75 8.83 - - 8.83 8.82
10.75 to 11.0 8.82 - - 8.82 8.82

Binned means used to produce the solid lines observed in Figure 3.6.
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Table C.2: ALFALFA/SDSS FML Binned Mean Metallicity Values

Luminosity 12+log(O/H) 12+log(O/H) 12+log(O/H) 12+log(O/H) 12+log(O/H)
Bin Range SFR SFR SFR SFR

Unbinned SFR -2.6 to -1.7 -1.7 to -0.8 -0.8 to 0.1 0.1 to 1.0

-15.26 to -14.74 8.29 8.27 - - -
-15.78 to -15.26 8.33 8.34 8.28 - -
-16.3 to -15.78 8.37 8.40 8.33 - -
-16.81 to -16.3 8.38 8.43 8.36 - -
-17.33 to -16.81 8.47 8.56 8.46 8.43 -
-17.85 to -17.33 8.52 8.52 8.53 8.50 -
-18.37 to -17.85 8.59 - 8.61 8.57 -
-18.89 to -18.37 8.66 - 8.69 8.65 8.71
-19.41 to -18.89 8.73 - 8.81 8.73 8.72
-19.93 to -19.41 8.77 - - 8.78 8.77
-20.44 to -19.93 8.81 - - 8.82 8.80
-20.96 to -20.44 8.81 - - - 8.80

Luminosity 12+log(O/H) 12+log(O/H) 12+log(O/H) 12+log(O/H) 12+log(O/H)
Bin Range Unbinned HI Mass HI Mass HI Mass HI Mass

HI Mass 7.6 to 8.45 8.45 to 9.3 9.3 to 10.15 10.15 to 11.0

-14.74 to -14.22 8.24 8.24 - - -
-15.26 to -14.74 8.29 8.30 8.20 - -
-15.78 to -15.26 8.33 8.32 8.31 - -
-16.3 to -15.78 8.37 - 8.35 - -
-16.81 to -16.3 8.38 - 8.37 8.37 -
-17.33 to -16.81 8.47 - 8.48 8.46 -
-17.85 to -17.33 8.52 - 8.56 8.51 -
-18.37 to -17.85 8.59 - 8.61 8.59 -
-18.89 to -18.37 8.66 - 8.70 8.66 8.64
-19.41 to -18.89 8.73 - 8.79 8.73 8.72
-19.93 to -19.41 8.77 - - 8.77 8.77
-20.44 to -19.93 8.81 - - 8.80 8.82
-20.96 to -20.44 8.81 - - 8.81 8.80

Binned means used to produce the solid lines observed in Figure 3.7.
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APPENDIX D

TABLE OF FLUX VALUES

We provide our emission line measurements for the integrated spectra from each

galaxy’s IFU observations so that others may use them for their own analysis.

Table D.1: Observed Emission Line Fluxes of Dwarf Galaxies

Galaxy AGC# Hβ 4861 Å [OIII] 5007 Å Hα 6563 Å [NII] 6583 Å

AGC191702 82.1 ± 11.3 247.4 ± 25.5 249.6 ± 31.8 6.0 ± 2.3
AGC202218 56.3 ± 8.3 223.4 ± 28.0 223.7 ± 31.1 13.1 ± 4.0
AGC212838 47.0 ± 6.3 174.3 ± 21.3 151.1 ± 20.5 5.2 ± 2.2
AGC220755 10.7 ± 3.7 23.4 ± 7.7 43.0 ± 13.9 5.9 ± 2.3
AGC220837 12.3 ± 3.3 35.1 ± 9.8 65.1 ± 15.9 11.2 ± 3.9
AGC220860 60.7 ± 5.1 321.2 ± 23.3 212.2 ± 14.9 3.6 ± 1.5
AGC221000 125.1 ± 7.2 230.6 ± 12.5 492.5 ± 29.3 43.5 ± 6.3
AGC221004 38.1 ± 13.5 69.9 ± 23.4 126.2 ± 43.0 11.0 ± 4.1
AGC225852 21.8 ± 9.4 48.8 ± 19.1 66.5 ± 28.3 4.6 ± 2.6
AGC225882 52.4 ± 7.5 111.2 ± 12.8 142.0 ± 21.4 3.6 ± 1.9
AGC227897 14.3 ± 0.6 74.2 ± 1.3 41.7 ± 1.0 0.4 ± 0.6

All line fluxes measurements are in units of 10−16 erg cm−2 s−1 Å
−1

. These
are the line fluxes used to calculate oxygen abundance estimations throughout
this work.
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