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CHAPTER 1

Introduction

The life cycles of galaxies over cosmic time are yet to be fully understood. How
did galaxies evolve from their formative stages to the structures we observe today?
This dissertation details the identification and analysis of a sample of Luminous Blue
Compact Galaxies (LBCGs), a class of galaxy in the local (z < 0.05) universe exhibit-
ing blue colors, high surface brightness, and high star formation rates. These systems
appear to be very similar in their global properties to the early evolutionary phases
of most galaxies, however their locality permits detailed investigation over a broad
range of the electromagnetic spectrum in contrast to the smaller angular sizes and
extreme faintness of distant galaxies. We use a combination of optical, ultraviolet,
and infrared data to investigate a sample of LBCGs utilizing space and ground-based

data.

1.1 Luminous Blue Compact Galaxies

Blue compact galaxies continually receive attention since they were first identified
as starburst systems (e.g., Loose & Thuan 1985, Fanelli, O’Connell, &Thuan 1988,
Kong 2004, Gil de Paz, Madore, Pevunova 2003, Cairos 2003, Hopkins et al. 2002).

The majority of the effort at this point has been directed toward blue compact dwarf



systems (e.g. Thuan & Martin 1981, Cairos et al. 2001, Noeske et al. 2005). Over
the 40 years since their initial identification, most investigations of blue compact
systems have considered dwarf and low-luminosity objects, —14 > Mp > —18, and
have not concentrated on the more extreme luminous compacts with Mp < —19.
Gallagher (1990) showed the significance of luminous blue galaxies some time ago,
however little attention has been specifically directed at the bright end of the blue
compact luminosity distribution. Previously LBCGs have been classified as faint
blue galaxies, compact narrow emission line galaxies (Guzman et al. 1996), luminous
compact galaxies (Hammer et al. 2001), and blue compact galaxies (Pisano et al.
2001; Kong, & Cheng 2002), with varying selection criteria that can overlap our own.
To begin the project we define our selection criteria for LBCGs.

A luminous galaxy is defined as having an absolute magnitude that exceeds Mg <
—19. The most luminous blue compacts are comparable in total luminosity to large
spirals, yet display remarkably blue optical colors: [+0.3 ~ (B — V) & +0.6], which
are amongst the bluest optical colors found for the integrated colors of any galactic
system. Figure 1.1 shows the distribution of the absolute magnitudes for our LBCG
optical sample.

A blue galaxy is defined as having a (B — V) < 0.6, where B—V is one of the
color indices in the UBV photometric system. For comparison keep in mind that
the majority of regular type galaxies have a B—V between 0.5 and 1 (Prugniel,&

Heraudeau 1998). Young star forming regions are typically blue because the most
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Figure 1.1: Distribution of absolute magnitudes of the LBCG optical sample

massive stars, such as O’s and B’s, are blue. Main sequence stars that are the most
luminous put out energy at a higher rate, therefore their ”fuel” is used up faster. The
hottest stars, like the O and B stars, will live for about 10 million years or less. A
lifetime of a few million years is short compared to the life of a low mass star, such as

a red dwarf, that will burn fuel slowly and last tens to hundreds of billions of years.



An excess of blue light signifies that all the O and B stars have not had time to reach
the end of their life cycle, which for the ones massive enough will be a supernova.

Morphologically, the young population 1 stellar component produces one or more
regions of high surface brightness, inducing the ”compact” appearance on survey
images with small dynamic ranges. Compact galaxies were initially identified by
Zwicky and others as unusual high surface brightness (”compact”) systems seen in
the Palomar Sky Survey images (Zwicky 1964).

For comparison, Kong & Cheng (2002), defined a blue compact galaxy as having
a Mp < —21, (B-V) < 0.45, compact morphology, a saturated region surrounded by
small amounts of nebulosity, and no regular structures, like spiral arms. However,
they may have irregular features, like bridges. Note that there is some overlap in the

definition of the samples.

1.2 LBCGs as the Missing Puzzle Piece in Galaxy

Evolution

Before the astrophysical significance of LBCGs can be understood, a familiarity
with the classification of galaxies and theories of evolution should be reached. As
O’Connell (1997) states, morphology is a means of inferring the evolutionary state and
history of galaxies. The most accepted classification scheme is the Hubble-Sandage,

which used the criteria of brightness, openness of arms, disk-bulge ratios, and degree
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of resolution of arms into stars. The Hubble classification scheme shown in Figure
1.2 separates ellipticals by axial ratio, and organizes spiral galaxies by disk-to-bulge
ratio and the winding of arm structure.

Examining the Hubble fork one sees late-type galaxies on the right-hand side
and early-type galaxies on the left-hand side. The lay-out of the Hubble fork stems
from the thought that galaxies evolve from the left-hand to right-hand side. How-

ever, Eggen, Lynden-Bell, & Sandage (1962) showed that evolution from ellipticals



to spirals was unlikely. Later simulations suggest evolution occurs from right to
left along the Hubble diagram (Toomre & Toomre 1972). Spirals can interact and
merge, eventually developing into elliptical galaxies (Barnes 1985). However, this
theory has not been accepted either, which leads to the question, how did galaxies
evolve? No diagram exists by which structure, formation, and evolution of galaxies
can be interpreted on a physical basis similar to the Hertzprung-Russel diagram for
stars (Okamura 1988). A great need exists for an objective quantitative classification
system.

We believe LBCGs will provide fundamental insights into the galaxy assembly
process, through both large sample surveys and deep, high-resolution, pan-chromatic
observations of small, carefully selected ”best-case” samples. The data compiled
here, along with spectrophometric and dynamical modeling, will provide the local
calibrators for interpreting galaxy evolution at intermediate and high redshifts. Perez-
Gallego et al. (2005) reached the same conclusion as us with regard to the significance
of LBCGs for exploring galaxy evolution; they also noted the lack of statistical prop-
erties for LBCGs. LBCGs are likely to be the best analogs in the nearby universe to
the early evolutionary phases of most galaxies, and therefore act as probes of galaxy
evolution since a locally defined sample can be studied across the electromagnetic
spectrum with high spatial and spectral resolution. Luminous compact star-forming
galaxies appear to represent a prominent phase in the early history of galaxy forma-

tion. Important findings that have led to this belief include the fact that the number



density of luminous compact star-forming galaxies rises significantly out to z ~ 1 (Koo
et al. 1994; Guzman et al. 1997; Phillips et al. 1997; Lilly 1998; Mallen-Ornelas et
al. 1999). At z ~ 1 there is an era of transition; massive galaxies shut off their star
formation and their mass is mostly already in place (Twite et al. 2012; Glazebrook
et al. 2004; Bundy et al. 2006; Conselice et al. 2007; Perez-Gonzalez et al. 2008a;
Ilbert et al. 2010).The number of LBCGs decline with redshift, therefore evolution
into some other galaxy type is the only solution if LBCGs were rampant at higher z
(Garland et al. 2004).

As the Madau plot in Figure 1.3 shows, the universal star formation rate (SFR)
has declined steadily from z = 1, when the universe was 40% of its current age, to the
present day. Of very distant galaxies at z ~ 2-4, half are compact, meaning half of the
total star formation rate in the early universe were produced by these objects (Smail
et al. 1998). Because of their substantial angular extent ( 0.5 <Dgs< 1.5 arcminutes),
LBCGs in the nearby universe can be examined with sufficient spatial resolution to
determine the starburst life cycles and potential triggering mechanisms. Comparison
to young galaxies in the distant universe detected in deep ground and space-based
surveys, such as the Hubble Deep Fields, would be a natural follow up step. High-
redshift systems are extremely faint and subtend only a few arcseconds. Galaxies at
a redshift of 2 < 2z < 6 require long interactions with the largest telescopes just to
obtain minimal signal. Multiwavelength observations of samples of local (z < 0.05)

luminous blue compacts provide crucial data on the process of galaxy assembly.
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Figure 1.3: The Madau diagram, showing the volume-averaged total star formation
rate as a function of redshift. The diagram quantifies the rate of star formation over
the history of the universe.



One of the most promising results we have seen is the possibility of LBCGs being
evolved ultraluminous infrared galaxies (ULIRGs). ULIRGs are more than likely an
evolutionary stage of normal galaxies in which a large amount of dense gas, that has
been driven to the nucleus, is feeding a black hole and fueling high star formation
(Norman & Scoville 1988). Dust engulfing the ULIRGs absorbs the UV light being
produced by the high star formation and reradiates that light in the infrared part
of the spectrum. A significant portion of the bolometric luminosity of a galaxy is
absorbed by interstellar dust and re-emitted in the thermal IR, at wavelengths of
roughly 10-300pm (Kennicutt 1998). The total bolometric luminosity of these galaxies
exceeds 10'2L, (Sanders & Mirabel 1996). With continuous star formation in a
ULIRG, supernovae could eventually blow away enough dust that UV light could
begin to escape, creating the UV bright LBCGs described in this paper. Only in
cases where dust layers are disturbed does the dust appear to be a major factor in
UV morphologies of LBCGs (Marcum et al. 2001).

Some groups have postulated theories over the evolutionary stage of LBCGs other
than evolved ULIRGS, and it is important to evaluate all possibilities. Previous
papers have led to the belief that LBCGs are progenitors of different intermediate
and low mass galaxies in the local universe, they are just brightened by intense star
formation (Koo et al. 1995; Guzman et al. 1997). A subset of LBCGs at intermediate
redshift may be the progenitors of local low-mass dwarf elliptical galaxies (Koo et

al. 1994; Guzman et al. 1996). Werk, Jangren, & Salzer (2004) finds this theory
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unlikely because it requires that the gas present in the LBCG be removed, possibly
by supernovae driven outflows. Outflow should not occur but for the least massive
systems according to hydrodynamical models (Mac Low &Ferrara 1999).

Other LBCGs might be disk galaxies in the process of building a bulge to become
local luminous spiral galaxies (Phillips et al. 1997; Hammer et al. 2001). To constrain
this scenario (Noeske et al. 2006) completed a structural study of the extended
components in intermediate redshift LBCGs using the Hubble Space Telescope Ultra
Deep Field to search for extended disk components in 26 LBCGs defined the same
as by Garland and Werk. The Noeske group found that approximately 90% of the
LBCGs at a redshift between 0.2 and 1.3 were truly small galaxies. The remaining
10% that are large, disk-like galaxies with bright nuclei, support the scenario that
some LBCGs at higher z could be a bulge in a large disk.

Lowenthal et al. (1997) suggested that Lyman break galaxies at z = 3, because
of the compact cores and high surface brightness, may be high-redshift counterparts
of intermediate redshift LBCGs. A drop in density of LBCGs may link to the fall in
the star formation rate density between z = 1 and the present (Madau et al. 1996).
The LBCGs may still exist, they are just in a less active state.

Blue Compact Dwarfs (BCDs) have low luminosities, compact optical size, and
spectra similar to HII regions. BCDs are theoretically dwarf irregulars (dIs) during
their quit phases of low star formation, and they turn into dwarf ellipticals (dEs)

during their final evolutionary stage (Thuan 1985; Davies & Phillips 1988).
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Aloisi et al. (1999), Crone et al. (2002), Papaderos et al. (2002), and Ostlin et al.
(1998), performed studies on BCGs using single-star photometry to identify stars in
different evolutionary phases using the color-magnitude diagram. The consensus was
that BCGs are evolved stellar populations, and their star forming histories are dis-
continuous. Kong et al. (2003) used a population synthesis model approach to BCGs
and found a variety of star formation histories. Three main stellar components were
found including a current burst, an underlying older population, and some interme-
diate age populations. The nuclei are mostly dominated by young components, and
the star formation there is ongoing. Overall, Kong et al. (2003) found that the stellar
populations hint that BCGs are old galaxies undergoing intermittent star formation
periods. A typical BCG was not found with its first generation of stars.

The presence of a bar can have profound effects on the internal dynamics of a
LBCG that is also a spiral. Torque from a bar causes gases to fall inward ( Schwarz
1984, Wada & Habe 1992, Friedle & Benz 1993). Contini et al. (1998) showed that
fueling driven from the bar produces the activity seen at the core of barred spiral
galaxies. The effects that a bar has on a starburst is still controversial (Hawarden
et al. 1998). Chapelon et al. (1999) found that normal (non-starburst) late-type
galaxies are the first stage of galaxy evolution, and bars in early-type galaxies do not
have the same properties.

Blue compact dwarf galaxies (BCDGs) are less massive than normal galaxies, and

cannot sustain a spiral density wave. Therefore, they so do not suffer disk instabilities.
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The star formation is forced to burst activity (Casini & Heidman 1976, Boesfaard,
Edwards, & Heidmann 1982). Mueller & Arnet (1976) believed the SF process in
later type spirals were produced by shock waves from SN winds. Gerola & Seidan
(1978) expanded on this theory to include ”self-propogating stochastic SF”. Brinks
(1990), Taylor, Brinks, & Skillman (1993), Taylor et al. (1995, 1996) have proposed
that SF could be induced by tidal interactions with HI companions, which is the

running theory for Mrk 1094.

1.3 A Multiwavelength Diagnostic Approach

The question that is the umbrella to all others in this dissertation is: what are
the steps in galaxy evolution? Are mergers and interactions the main proponents of
star formation? How much of a role does early-type galaxies play in star formation
compared to interacting galaxies?

Chapter II details the study of luminous blue compact galaxies in the optical
wavelength range. The optical light from galaxies is a mixture of warm and cool
stellar components, in which older populations have significant influence (Marcum et
al. 2001). An optical study aids in the analysis of morphology and structure. Sur-
face brightness profiles and growth curves identify different stellar components and
distinguish the young star-forming regions from a possible underlying older popula-

tion. The profiles can further be used to find magnitudes and colors of the galaxy
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sample, many of which have never been cataloged. Optical imaging can analyze the
star formation process: how star formation proceeds and how it is triggered.

We present ultraviolet and far-infrared star formation rates for a sample of 188
luminous blue compact galaxies (LBCGs) in chapter III. The star formation rates
(SFRs) are calculated using archival far-ultraviolet data obtained from the Galazy
Evolution Ezplorer (GALEX), and the Infrared Astronomical Satellite (IRAS). A
comparison of the ultraviolet (UV) and far-infrared (FIR) star formation rates will
show if the FIR or UV is a more dominant factor. Since LBCGs are possible dece-
dents of ultra luminous infrared galaxies (ULIRGs), the far-infrared star formation
rates are expected to be high. However, since the LBCG galaxy sample was largely
selected for being UV luminous, the UV star formation rates could have taken a
dominant role. The ratio of FIR to UV SFRs is compared to the far-infrared lumi-
nosities. Studies have used this relation to find a dust attenuation correction for the
ultraviolet SFR based on a far-infrared luminosity dependence. A similar comparison
of the FIR(SFR)/UV(SFR) ratio to the ultraviolet luminosity does show a correla-
tion, showing the emergence of ultraviolet in galaxies with continuous star formation.
Finding a pattern that hints at an evolution of FIR dominated to UV dominated will
help address the ULIRG to LBCG theory. Viewing a comparison of the UV SFR to
B—V we will find if galaxies in our sample with the strongest ultraviolet are also the
bluest, also lending to the theory that with continued star formation ULIRGS can

evolve into LBCGs. The role of environment on star formation is investigated to find
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if interactions and mergers are the main trigger to high star formation. A correlation
between global stellar spatial distribution and SFRs is investigated to find if galaxies
with high SFRs have formed stars in large discrete knots over their disks, or just just
in their cores. Finally, K band data from the Two-micron All Sky Survey (2MASS)
is used to test the relation of high SFRs to galaxy mass. The lack of a correlation
between the K-band data and FIR star formation rates would mean the variation of
SFRs in our sample is due to factors other than mass, such as interactions, an internal
trigger, or just young star formation.

Massive young stars emit most of their energy in the ultraviolet part of the spec-
trum, and at least in star forming galaxies, they outshine the emission from any other
evolutionary stage of a composite stellar population (Bruzual &Charlot 2003). Stars
that have surface temperatures above 10,000K are brighter in the UV than at longer
wavelengths (Fanelli et al. 1992). The observation of nearby galaxies in the UV,
chapter 1V, is important in order to understand the evolution of galaxies from the
high-redshift universe (where their properties are commonly derived from rest-frame
UV observations) to the present. The analysis of the UV morphology of nearby galax-
ies as a local benchmark for studies in the optical at high redshift have been carried
out by several authors including Kuchinski et al. (2000, 2001), Marcum et al. (2001),
Windhorst et al. (2002), and Lauger et al. (2005). UV data can address fundamental
questions such as the relation between the qualitative (optical) morphology of these

galaxies and more quantitative properties such as colors, luminosities, total-infrared-
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to-UV ratios, etc. (Gil De Paz et al. 2007). The entire star formation rate of a
galaxy could not be found without observing the contribution of the UV. Up to 30%
of the early type galaxies imaged in the UV show rejuvination signatures (e.g. Yi et
al. 2005, Donas et al. 2007, Schawinski et al. 2007, Jeong et al. 2005). Comparing
UV and optical colors to evolutionary tracks of instantaneous burst models can help
us find the age range, and extinction values for the LBCG sample.

The combination of the optical, infrared, and ultraviolet wavelengths will give us
a better picture of luminous blue compact galaxies than if we used one band on its
own. To understand the entire story of a galaxy, each wavelength will need to be

studied.
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CHAPTER 2

Optical Structure and Environment

2.1 Optical Sample Selection

The candidate LBCG list was constructed in 2000 from the galaxy catalogs pro-
duced by Haro (1956), Markarian (1967) and Zwicky (1964), using the subset of
objects observed in HI reported by Gordon & Gottesman (1981) and Thuan & Mar-
tin (1980). The Haro and Mrk surveys attempted to identify galaxies with a "UV”
excess, where UV means the ground-based near-ultraviolet wavelength domain (3300-
4300 A) and ”excess” means an observed flux larger than the typical near-UV flux
observed from normal galaxies. Zwicky surveyed large sections of the sky for compact
galaxies; he defined a compact galaxy as one that can just be distinguished from stars
on plates obtained with the Palomar 48 inch Schmidt telescope (Zwicky 1964).

Only galaxies with known redshifts were considered. A distance was required
in order to derive the object’s luminosity, one of the primary criteria. Most of the
redshift data came from HI or optical spectroscopy. A Hubble constant, Ho = 73
km /sec, was used to assign a distance, and correct the measured recessional velocities
for motion of the galaxy within the Local Group and infall into the Virgo Cluster.

Dwarf galaxies (MB j -18.5) were excluded, based on extant photometry at the

time the sample was constructed, which almost completely consisted of photographic
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photometry measured from the original Palomar Sky Survey. Photographic blue
magnitudes from the POSS, mpg, were assumed to be approximately equivalent to a
”"B” magnitude in the Johnson system. The magnitudes have errors of £ 0.4 mag.
More accurate photometry is a goal of this project.

AGN were excluded where spectrophotometry indicated that the source of the
UV excess was radiation from an accretion disk surrounding a nuclear supermassive
black hole. The spectroscopic markers for an AGN are either broad emission lines or
specific emission line ratios which are interpreted as gas illuminated by an accretion
disk. Since many objects lacked high-quality optical spectra, it was expected that
some leakage of active galaxies into the sample might occur.

Global colors for most of the sample were not known at the time the sample was
first constructed; a primary motivation for this program was to obtain that data. The
candidates were assumed to be generally bluer than normal galaxies because they had
been selected by Haro and Markarian for an observed UV excess. Some objects were
expected to be blue-core galaxies, the property responsible for their inclusion in the
Haro and Mrk surveys, but that the global colors of such systems might cause them
to be redder than the cutoff in our LBCG criterion.

Morphological class was not a discriminant in the sample selection; the galaxy
type, or its environment, were not considered. Star formation rates inferred using
any technique were also not a discriminant in the sample selection. Blue galaxies

could be actively forming O, B, or A stars or be in a ”"post-burst” phase, in which
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the blue light arises from an aging population of B and A stars formed 107 to a few
108 years ago.

The input sample list was substantially larger than the data reported here - we
were constrained by weather and the need to observe objects across the full range
of right ascension, to maximize observing efficiency. The optical data sample is in
Table 2.1. The final sample of galaxies includes 49 galaxies. Only one galaxy, Mrk 33,
did not meet the magnitude cut-off, but it was included on purpose for comparative
purposes against published data. Thirteen galaxies were redder than our B—V max

limit by more than .09.
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Table 2.1. Properties of the Optical Sample
Name 2nd Name R.A. Dec \% D axb axb
(J2000.0) (J2000.0)  (kms~!) (Mpc) () (Kpc)
(1) (2) (3) (4) () (6) (7) (8)

Mrk 342 0038189 +133201 11139 152.6
Haro 15 Mrk 960 0048 35.9 -12 43 07 6324 86.6 09x0.6 227x15.1
Mrk 360 VV 790a 01 43 56.5 +17 03 43 8058 1104 04x04 12.8x12.8
Mrk 364 V Zw 155 01 57 49.4 +27 51 56 8172 112.0 0.3x0.3 9.8 x 9.8
Mrk 366 III Zw 042 02 11 33.5 +13 5502 7962 109.1 0.6 x0.6 19.0x 19.0
Mrk 367 CGCG 461-063 0213 37.1 +17 05 08 11042 151.3 05x04 22.0x17.6
Mrk 589 UGC 1716 02 13 45.0 +04 06 08 3403 46.6 0.5x0.5 6.8 x 6.8
Mrk 1184 02 45 54.8 -05 38 26 8686 119.0 0.7x0.3 24.2x 104
Mrk 1404 KUG 310-077 03 12 37.1 -07 34 22 10657 146.0 0.5x0.5 21.2x21.7
Mrk 1079 NGC 1509 04 03 55.2 -11 1045 8426 1154 0.8x 0.6 26.9x 20.1
Mrk 1094 UGCA 102 0510 48.1 -02 40 54 2728 374 0.7x0.6 7.6x6.5
Mrk 8 IC 2184 0729 25.4 +7207 44 3578 53.1 0.8 12.4
Haro 1 NGC 2415 07 36 56.7 435 14 31 3892 53.3 09x09 14.0x 14.0
Mrk 385  IRAS 800442514 08 03 28.0 +25 06 10 8335 1142  0.7x0.5 23.3x15.6
Mrk 1211 PGC 22728 08 05 45.7 407 35 27 15892 217.7 0.4 25.3
Mrk 390 KUG 8324307 08 35 33.0 4303203 7718 105.7 05x04 154x12.3
Mrk 18 UGC 04730 09 01 58.4 60 09 06 3324 49.0 09x03 128x4.3
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Name 2nd Name R.A. Dec \Y% D axb axb
(J2000.0)  (J2000.0) (kms~!) (Mpc) () (Kpe)
(1) (2) 3) (4) (5) (6) (7) (8)

Mrk 402 KUG 9324306 09 3519.2 430 24 32 7522 103.0 0.5x0.4 15.0x12.0
II Zw 44 CGCG 123-030 10 15 14.6 421 06 34 6244 8.5 05x04 124x99
Mrk 139 CGCG 211-034 10 1549.1 44347 17 5373 73.6 0.7x0.5 15.0x 10.7
Mrk 144 KUG 10234442 10 26 54.0 444 00 24 8440 1156 0.5x0.5 16.8 x 16.8
Mrk 33 UGC 5720 1032 31.9 4542404 1764 24.2 1.1x0.8 7.7x5.6
Mrk 148 UGC 5747 10 35 34.8 444 18 57 7408 101.5 08x0.4 23.6x11.8
Haro 25 Mrk 727 10 48 44.2 426 03 13 7755 106.2 03x0.3 9.3x9.3
Mrk 154 CGCG 241-021 10 50 47.3  +50 10 09 12770 1749 05x04 254x204
Mrk 171 NGC 3690 11 28 32.2 +58 33 44 3424 46.9 2.9 39.6
Mrk 181 UGC 6583 11 36 544 +1958 15 6325 86.6 0.7x04 17.6x 10.1
Haro 34 1C 3730 12 45 06.5 +21 10 10s 6874 94.2 0.3x0.3 8.2 x 8.2
Mrk 54 CGCG 188-030 1256 55.6 +32 26 51 13659 1871 0.7x0.4 38.1x21.38
Mrk 238 VV 605 1301 16.6 465 00 04 15171 2078 04x03 242x18.1
Mrk 248 UGC 8327 1315172 +44 24 26 11216 153.6 0.8x0.5 35.7x 223
Mrk 255  SBS 13204532 1322 59.7 452 58 10 9376 1284 0.5x0.5 18.7x 18.7
Mrk 271 ARP 239 13 41 41.7 45540 20 7763 106.3
Haro 42 Mrk 685 14 31 08.9 +27 14 12 4734 648 06x04 11.3x7.5
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Name 2nd Name R.A. Dec A% D axb axb
(J2000.0)  (J2000.0) (km s™t) (Mpc) () (Kpc)
(1) (2) 3) (4) () (6) (7) (8)

I Zw 101 ARK 467 1503 45.8 +42 41 59 5239 71.8 0.7x0.5 14.6x104
Mrk 492  KUG 1556+269 15 58 43.7 426 49 05 4562 62.5 09x0.6 16.4x10.9
Mrk 297 NGC 6052 16 05 12.9  +20 32 32 5009 68.6 0.9 18.0
Mrk 300 IC 1189 16 06 14.8 +18 10 58 11896 163.0 0.7x0.4 33.2x19.0
Mrk 697 PGC 57470 16 12 18.1  +29 04 46 9986 136.8 0.7x0.5 27.9x19.9
Mrk 499 UGC 10565 16 48 24.1 448 42 33 8117 1112 05x04 16.2x 129
IZw 191 PGC 60671 17 40 24.8  +47 43 59 6149 84.2 02x0.2 49x49
IT Zw 82 IC 1317 20 23 15.6 400 39 53 3955 54.2  0.7x0.6 11.0x9.5
Mrk 512 TRAS 21091-134 21 11 45.6 -01 22 19 9772 133.9
Mrk 518 UGC 11865 21 58 36.0 +1202 20 9464 1296 0.6x0.5 22.6 x 20.0
Mrk 303 NGC 7244 2216 26.8 +16 28 17 7711 1056 0.7x03 21.5x9.2
Mrk 306 UGC12066 22 3151.2 4194129 5763 789 1.1x0.7 252x16.1
IT Zw 185 IC 5243 2241245 +23 22 32 7307 100.1 0.7x0.6 20.4x17.5
Mrk 531 NGC 7648 23 23 54.0 +09 40 03 3652 50.0 16x1.0 233x14.5
Mrk 325 NGC 7673 232741.0 +23 3520 3564 48.8 13x12 185x17.0

Col. (1) Primary galaxy name. Col. (2) Alternate name. Most galaxies in this sample have
multiple alternate designations, reflecting their inclusion in a number of catalogs. Cols. (3)-(4)
Right Ascension and Declination, obtained from NASA’s Extragalactic Database (NED). The
coordinates are from the J2000 epoch. Col. (5) Recessional velocity, corrected for Galactic motion
and Virgo infall, obtained from NED. Col. (6) Distance in megaparsecs, derived using Col. (5) and
Hp = 73 km s~ Mpc~!. Col. (7) Angular diameter of the major and minor axes, expressed in
arcminutes. Col. (8) Corresponding physical diameter expressed in kiloparsecs derived using the
distances in Col. (6).
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2.2 McDonald Observatory

2.2.1 Observations

Although all-sky surveys are slowly changing astronomy to a field of online data
mining, being awarded time at McDonald Observatory gave us the opportunity to
obtain deeper images. While all-sky surveys such as the Sloan Digital Sky Survey
(SDSS) do provide extensive sky coverage, deeper imaging helps detect even the
faintest signs of mergers and interactions. Table 2.2 shows the 5 observing runs used
for this project. The SDSS exposure times in each of the five bands are only 54
seconds. Even coadding the gri bands in SDSS will provide a short exposure time of
162 seconds. To not miss out on low surface brightness characteristics, long exposure
times, on the order of ~60-900 seconds, were used while at McDonald. The 2.1 meter
Otto Struve telescope was used along with the WHT guider and the 1024 x 1024
TK4 CCD chip. We used a process called dithering in which a guide star was moved
between successive exposures, causing the result images to be on different pixels. The
dithering process minimized chip artifacts when exposures are combined. The WHT
guider was used to manually reposition the guide star, and to keep the guide star
in the correct location throughout the extent of the exposure. After 2 x 2 on-chip
binning the TK4 has a pixel scale of 0.348” pix~! and an angular field-of-view of 2.97’
x 2.97". A section of the observation log is shown in Table 2.3. The observing log

lists galaxies, filters, dates of observation, and exposure times.
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The wide-band filters used included the U, B, V, R, and 1 filters. The U filter
stands for ultraviolet, and it allows light of wavelengths between about 320 nanome-
ters (nm) and 400 nm to pass through. The B filter is for blue, and it filters light
of wavelengths between about 400 nm and 500 nm. Likewise, the V, R, and I filters
stand for visible, red, and infrared respectively, and their respective wavelength ranges
are approximately 500 nm to 700 nm, 550 nm to 800 nm , and 700 nm to 900 nm.
As for narrow-band filters, we used Ho which has an effective wavelength at 6562A.
However, due to redshift, the observed wavelength to the Ha lies between 6601 and
6895 A. A set of narrow-band interference filters were used which are designed to
be transparent over a small wavelength range, 50-100 A; each filter is described by a
central wavelength and this wavelength range. The central wavelengths are different

- designed to capture redshifted Ha emission.



Table 2.2.  Observing Runs

Starting Date

Number of Nights

(1) (2)
July 3, 2002 3
December 27, 2002 6
April 24, 2003 5
August 1, 2003 5
October 31, 2008 )
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Table 2.3.  Observing Log
Name Date of Observation U B \% R I Hao
(1) (2) @ @ 6 6 T ¥
Mrk 518 2008 Oct 60 60 60 570 1200
2003 Aug 900 540 720
Mrk 1404 2008 Oct 120 960 60 1140 5400
Mrk 367 2008 Oct 600
Mrk 385 2008 Oct 120 60 60 2280 4500
2002 Dec 600 600 600 480 600

Col. (1) Primary galaxy name. Col. (2) Date of Observation. Cols. (3)-(8) The exposure times
that are total on-object exposures and generally the sum of 3 dithered exposures for each

respective filter.
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2.2.2 Data Reduction

An extensive, custom, user-built reduction package coded in idl was used to flat
field and bias-subtract individual frames. A bias, taken with the shutter closed,
removes the camera system noise from an image. A flat-field, taken with shutter
open, and dome open at sunrise or sunset, removes gradients across the detector
where sensitivity drops off.

There are many components that contribute to night-sky light; the most powerful
is moonlight. Others include: airglow from collisions of atoms and molecules in the
upper atmosphere with charged particles and x-rays from the sun and outer space,
zodiacal light which is sunlight scattered by interplanetary dust, unresolved faint
stars and galaxies, galactic extinction due to absorption patches, and emission and/or
reflection nebulosities (Okamura 1988). To account for the extra light we perform a
sky subtraction on each image. To perform a sky-subtraction, I would hand draw a
region in the sky on each image individually that did not include any of the galaxy,
stars, light excess around the rim of the image, or image defect. Any flux in the hand
drawn region should be pure noise. Once the noise was found in the area selected, a
calculation could be made of the noise/area, and subtracted from the entire image.

For each galaxy in each filter the best image is chosen and labeled as the reference
image. Every other image is then aligned with this reference image, and scaled to
match the flux. To align an image to its reference, I would change the image contrast

until I could see the cores of the stars in both images. I would then zoom in on the



27

same stars in the reference and non-reference image and hand select the cores. The
alignment program records the cores of the stars in the images, and will decide how
much, and in which direction to shift an image for it to be aligned to the reference
image. In order to scale the flux I would zoom in on every flux point individually in
each reference image, including stars and the very center of the galaxy. However, this
time I was zooming in on the entire flux of the object, not just the core. In order to
accurately find the borders for each object, I would have to manipulate the contrast
in the image to find exactly where the light would fall off. Once I was zoomed in on
a flux point, I would select the lower left and upper right bounds and calculate the
flux within those bounds. After applying the boundaries and calculating flux, the
non-reference images were scaled to the reference images using the boundaries and
fluxes previously decided upon.

Every image is also masked to remove defects, and clip off the edges where light
could have leaked in. A defect could be a piece of dust that had fallen on the lens,
or a streak from a meteor or airplane. After fixing defects the images are coadded,
or stacked, in order to eliminate cosmic rays and detector artifacts. When taking
repetitive images of a galaxy, a cosmic ray will not hit the same place tw