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CHAPTER 1

Introduction to the Manuscript

The topic of the current study is an examination of one of the rarest galaxy types,
the isolated early-type galaxy. The dissertation details the identification and analysis
of a sample of early-type galaxies more isolated than those found in any previous
work. The work presented here will try to answer fundamental questions regarding
early-type galaxies: Are these isolated galaxies pristine, having formed free of past
mergers or interactions, or are they the remains of two merged disk galaxies or a
merged group of galaxies?” What signatures of the hot gas can be expected if an
isolated elliptical is a merged group remnant or a pristine system? The frequency of
pristine systems and of merger remnants can be used to quantify the importance of
interactions in early-type galaxy formation. The work presented here seeks to build
upon the candidate passively evolving ellipticals, KIG 557 and 824 (Marcum, Aars,
& Fanelli 2004). The ultimate goal of the dissertation is to find pristine early-type
galaxies that can serve as the zero-to-low interaction baseline necessary to study the
properties of early-type galaxies that are the result of environment or those which are

intrinsic to all E+S0 galaxies.



1.1 Aims of Current Study

The research presented herein seeks to better understand galaxy formation and
evolution via an examination of early-type galaxies in extreme isolation. As previ-
ous studies have searched for evidence of mergers and interactions around isolated
galaxies, results indicate that many such features are optically short-lived. There-
fore, we will evaluate whether X-ray emitting hot gas in galaxies can be used as a
long-lived diagnostic needed for galaxy evolution analyses. We anticipate that X-ray
wavelengths will provide astronomers with a powerful tool to study galaxy evolution,
because the hot X-ray emitting gas remains hot for ~Hubble time, meaning merger
signatures will be long-lived. More specifically we want to verify or refute the theory
that compact groups, isolated elliptical galaxies, and fossil groups form an evolution-
ary sequence based on their X-ray gas properties. Prior studies have indicated that
isolated ellipticals and fossil groups are the remains of a coalesced compact group.
We expect those galaxies to have similar X-ray luminosities and gas temperatures,
verifying the theorized evolutionary sequence.

We will also examine the X-ray emission in SO galaxies in an attempt to gain
insight into the formation and evolution of such systems. Formation mechanisms
of SO galaxies remains poorly understood and we expect that the first comprehen-
sive examination of the SO morphology at X-ray wavelengths will result in a better
understanding of the interaction processes SO galaxies encounter in different density

environments. Both components of the X-ray investigation are significant as they rep-



resent a complete Chandra archival analysis of compact groups, isolated ellipticals,
fossil groups, and S0s.

One issue arises from our X-ray investigation of isolated ellipticals. The galaxies
listed as isolated ellipticals in the Chandra archive were not selected using a uniform
isolation criterion. Without a consistent degree of isolation we cannot be sure that
the galaxies have remained unperturbed for much of their lifetimes. In order to
thoroughly evaluate formation and evolution theories, we require the creation of a
sample of isolated early-type galaxies that have been selected based on a robust
morphological classification and a quantifiable set of isolation criteria. The extreme
isolation of the candidate galaxies would make them ideal laboratories to examine
environmental effects in the evolution of early-type galaxies. Constraints could then
be placed on interaction-driven evolution and the processes intrinsic to all early-type
galaxies.

As the sample of isolated early-type galaxies was to be drawn from the ~675,000
galaxies spectrophotometered by the Sloan Digital Sky Survey (SDSS), a method of
selecting elliptical and SO galaxies was necessary. With many parameters available to
morphologically select a sample, we embarked on a test to determine which classifica-
tion method would yield the most early-type galaxies while minimizing the contam-
ination by spiral galaxies. We anticipated that the most robust classifier would use

some measure of the galaxy light profile to separate spheroidal from spiral systems.



Any sample drawn from a large population will suffer from some degree of contam-
ination as all observable galaxy properties have significant dispersion across multiple
morphologies. For the proposed investigation of isolated early-type galaxies, the con-
tamination that is most difficult to identify comes from Sa galaxies. An examination
of optical and infrared parameters was performed in order to find a division between
Sa and S0 galaxies. Visual inspection of galaxies images was expected to remain the
easiest process to find spiral galaxies within the isolated early-type galaxy sample.
However we hoped that a more quantitative and efficient method could be found.

In order to establish a sample of galaxies that have remained unperturbed for
much of their lifetimes, we required definition of a strict set of isolation criteria. The
advantage of selecting the isolated galaxy sample from the SDSS was the superior red-
shift information provided. A determination of galaxy isolation in three-dimensions
is groundbreaking, as all previous authors have defined only a two-dimensional, on
the sky isolation. The minimum two-dimensional distance between an isolated can-
didate galaxy and a companion, 2.5 Mpc, is the most extreme isolation value that
has ever been employed. Three-dimensional isolation was guaranteed by requiring
the recessional velocity difference between a candidate galaxy and a companion be
greater than 350 km s™!. The 3D isolation coupled with a robust mechanism to select
early-type galaxies was predicted to yield the most highly isolated sample of elliptical

and SO galaxies ever compiled. Based on prior studies, we expected to select forty



isolated early-type galaxies, three of which would possess properties suggestive of a
formation by monolithic collapse in the early universe.

One issue does arise from the use of recessional velocity to certify three-dimensional
isolation. The issue has to do with peculiar velocities, those velocities of a galaxy
that are not associated with the expansion of the universe. Determining a galaxy’s
peculiar velocity is a difficult task. Difficulty arises when, on the flat plane of the sky,
two objects appear side-by-side and they may actually be far apart and just happen
to lie along the same line of sight. The major uncertainty associated with determin-
ing the three-dimensional isolation stems from the inability to account for the true
peculiar velocities of a neighbor galaxy near an isolated candidate.

We have chosen to use the recessional velocity to estimate the contribution of
a neighboring galaxy’s peculiar velocity towards the candidate isolated galaxy. A

! was chosen as that velocity represents the average

recessional velocity of 350 km s~
loose group velocity dispersion. The radial component of the 350 km s~ velocity for

any projected separation, 0, between the candidate galaxy and a neighbor is given by

the following equation.

o Uradial
cos (0) = (350 kms*l) (1.1)

If we assume a worst-case scenario in which the neighbor galaxy had a peculiar
velocity of 350 km s~! directed towards the candidate we could determine the radial

velocity for any angular separation between the neighbor and the candidate.

Vpmaz = 350kms™ x cos (0) (1.2)



Constraining the evolution of the isolated galaxies is a major aspect of the research
presented here. An investigation into the optical and spectral properties were assumed
to be a viable means of detecting any merger or interaction features, such as shell
structures, tidal features, and enhanced star formation. Previous authors had found
evidence for large-scale mergers in ~50% of their samples and we expected to find
a similar proportion. The excellent spectral data produced by the SDSS was hoped
would provide information on the dominant stellar population, the star formation rate,
and the metal enrichment of the isolated galaxies. We expected the galaxy spectra
to be dominated by an older stellar population with no current star formation and
near solar metallicities, all features of a typical early-type galaxy spectra.

In chapter 2 we present the results of the X-ray investigation of Chandra archival
samples of compact groups, fossil groups, and isolated elliptical galaxies. The chapter
will detail the examination of the theorized evolutionary path where galaxies within
a compact group merge, resulting in an isolated elliptical and in time a fossil group.
Chapter 2 also explores the X-ray emission in a sample of SO galaxies across a variety
of environments.

Details of the classification of galaxy morphology are highlighted in chapter 3.
Also discussed in the chapter are the efforts to determine a quantitative process of
removing spiral galaxy contaminants from a sample of elliptical and SO galaxies.

Chapter 4 presents the three-dimensional isolation criteria employed in the cur-

rent investigation. The sample of isolated early-type galaxies is discussed for both the



SDSS and deep McDonald Observatory imaging. Data from the integrated photome-
try, surface brightness profiles, and fine structure analyses are examined to achieve a
better understanding of the formation and evolution mechanisms the sample galaxies
have experienced.

In chapter 5 we detail the results of the analysis of the SDSS spectra of the isolated
galaxies. The general trends observed for the spectra will be highlighted. Analysis
of the star formation rates, as determined by the Ha emission, are presented. The
metal content and nuclear activity will also be evaluated for the sample galaxies with

emission-line spectra.

1.2 Classification & Morphological Characteristics

Before one can understand why isolated early-type galaxies have astrophysical
significance, one first needs to become familiar with the classification of galaxies as
well as an understanding of the relationship between galaxy morphology, environment
and their effects on galaxy evolution. The predominant classification scheme was de-
veloped by Edwin Hubble (Hubble 1926). The Hubble classification and the majority
of classification systems that have followed have been based on the appearance of
a galaxy’s shape at optical wavelengths and as such do not account for a galaxy’s
physical properties.

The Hubble classification scheme, seen in Figure 1.1, separates ellipticals by axial

ratio and organizes spiral galaxies by disk-to-bulge ratio and the winding of arm



structure. Theories had postulated that Hubble’s Tuning Fork was an evolutionary
sequence, with galaxies evolving from ellipticals into spiral galaxies. Work by Eggen
(1962) showed that evolution from left to right along the Hubble sequence was an
unlikely scenario. Numerical simulations have shown that there is no process by which
an elliptical can begin to spontaneously rotate about a preferred axis and transform
into a spiral galaxy (Barnes 1989). 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). Support for
such a model comes from the fact that ellipticals and other early-type galaxies are
most often found in regions of increased merger activity, such as rich clusters and
groups. In these clusters, mergers are thought to be common and a likely mechanism
for forming ellipticals (D'Onghia et al. 2005).

Early-type galaxies are the catch-all term for elliptical and SO galaxies. SOs, also
referred to as lenticulars, are bulge-dominated systems having a disk but no arms.
The absence of arms and a deficiency in interstellar gas are the principle means of
distinguishing SOs from spirals (Binney & Tremaine 1987). SOs were envisioned to
be an intermediate class between ellipticals and spirals, an idea supported by de
Vaucouleurs (1961) and Hogg et al. (1993), which showed that SOs have colors and

interstellar medium intermediate between ellipticals and spirals, respectively.

Both ellipticals and SOs lack recent star formation and appear red in color, suggest-

ing a stellar population of old K and M stars. The important properties of elliptical
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Figure 1.1: Hubble Classification (Tuning Fork Diagram)

and lenticular galaxies (Zombeck 2006) are listed in Table 1. Early-type systems can
be identified by a number of properties, both physical and optical. E+S0 galaxies
are predominantly found in high-galaxy density environments, such as clusters and
groups. Normal elliptical galaxies exhibit red colors with 0.9 < B—V < 1.0, while
typical SO galaxies have 0.88 < B—V < 0.97 (Roberts & Haynes 1994). Most ellip-
ticals possess low-density gas at a temperature of 1 keV, visible in X-ray emission.

Lenticulars have been observed to have hot X-ray gas, but their X-ray emission is
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Table 1.1. Properties of Elliptical and SO Galaxies

Property Elliptical Galaxies SO galaxies
Shape Round or triaxial Bulge + small disk
ISM Low density, hot gas Some hot gas in the bulge
Mean age >10 Gyrs 3-10 Gyr
Stellar Content Old, metal-rich Old, metal-rich
B—V color 0.9 - 1.0 mag 0.88 - 0.97 mag
Gas temperature ~1 keV ~0.85 keV

often dominated by luminous point sources (Fabbiano 2006). Being more rare than

spirals, early-type galaxies account for ~18% of the bright galaxies in the universe.
Early-type galaxies display robust 2D symmetry, but may have three-dimensional

shapes that are oblate or triaxial. The amount of ellipticity, Ex, which is used in the

Hubble classification (EO0, E1, etc.) is determined by,

N =10 (1 - 9) (1.3)

a

The degree of elongation or ellipticity is not completely well defined, as many E+S0s
have radially varying ellipticities. The amount of flattening may be an artificial effect
of viewing angle. If the galaxy has a triaxial shape, a side-on viewing angle will cause

the galaxy to appear more elongated.



11

The final galaxy morphology discussed here is that of dwarf galaxies. These sys-
tems had remained unstudied until the advent of sensitive CCD technology capable
of detecting their low luminosities (Gallagher 1998). What separates a dwarf galaxy
from a ”"giant” elliptical or spiral, is the galaxy’s integrated luminosity. The defining
luminosity that separates a dwarf from a giant is highly debated and the value varies
across different samples. Galaxies fainter than Mg = —18.0 were selected as dwarfs
in the studies of Aaronson et al. (1985) and van Zee et al. (2000), while dwarfs were
classified as galaxies with Mp < —16.0 by Tammann (1980) and Gu et al. (2006).
The range in brightness for what is considered a dwarf galaxy can greatly affect the
understanding of properties and evolution of these galaxies. Dwarfs are of great rele-
vance in the current study, therefore a galaxy was considered a dwarf if its absolute B
magnitude was fainter than —16.5 (Hodge 1971). These faint galaxy systems are also
known to be gas-deficient and show no signs of recent star formation. Dwarf galaxies

also have typical colors of 0.6 < B—V < 0.7 (Hodge 1971).

1.3 Formation Mechanisms

Formation of early-type galaxies can be seen as a question of nature versus nurture.
A number of possible scenarios can account for the properties of elliptical galaxies. Did
ellipticals form by the dissipationless collapse of a cloud with no rotation (Aguilar &

Merritt 1986) or did they form as a result of merging spirals in a high-density region?
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The classical monolithic formation scenario for ellipticals is a single intense burst
of star formation at an early epoch (z > 5), followed by passive evolution of the
stellar populations to the present day (Partridge & Peebles 1967; Larson 1975; Chiosi
& Carraro 2002). Simple physical arguments show that if the collapsing gas cloud
has spin, the result could be an elliptical with disky structures. A monolithic collapse
elliptical likely would be extremely old, having formed in the early universe.

Alternatively, ellipticals may be the end result of a merger of two spirals galaxies.
Numerous simulations have shown that the remnants of colliding spirals have the
appearance and properties similar to those of observed elliptical galaxies (Barnes
1985; Naab et al. 2006). Figure 1.2 gives an example of a recent simulation with
two spirals interacting and merging. Ellipticals could also have formed from the
continual slow build-up, by accreting small satellites and gas. Such a formation is
thought to occur in clusters where mergers of spirals and dwarf companions results in
an elliptical galaxy. This scenario is one of many mergers throughout the elliptical’s
lifetime (Toomre & Toomre 1972; White & Frenk 1991). Such a gradual build-up of
smaller galaxies would likely cause the infusion of additional gas and bursts of star
formation (Kauffmann et al. 1993). The slight increase in the star formation rate
would produce regions of blue colors that should easily be detectable against the old,

red stellar population commonly seen in early-type galaxies (Kochefar & Burkertt

2003).
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t=0.5 Gyr t=1.0 Gyr

Figure 1.2: Numerical simulation of Mihos (1999): Spiral galaxies merging and form-
ing an elliptical galaxy

The scenarios for formation of lenticular galaxies are not as well defined or under-
stood. The current formation theories for SOs are primarily a function of environment.
S0 galaxies are most often found in clusters and groups and are subject to an increased
interaction and merger rate. The dominant theory for forming SOs is the stripping
of gas from spirals. Spitzer & Baade (1951) proposed that galaxy-galaxy interactions
could strip gas from spirals, while galaxy-cluster interactions were proposed by Goto
et al. (2003). The removal of gas from spirals is still an incomplete mechanism for
reproducing lenticular properties. The biggest issue arises from the theory’s inability

to increase the spiral bulge to match values found in SOs. While many ellipticals have
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been found in the field, isolated SOs are even more rare and no sufficient formation
mechanism has been postulated to explain such galaxies in low-density environments.

An internal process appears necessary to form a field lenticular (Larson et al. 1980;

Bekki, Shioya & Couch 2002).

1.4 Environmental Effects on Galaxies

Dressler (1980) first quantified the morphology-density relation noting that the
fraction of E4+S0 galaxies increases as the local galaxy density increased. Cluster
and group environments increase the possibility for gravitational interactions (Thom-
son & Wright 1990), which can cause significant changes to a galaxy’s morphology,
star formation rates and light distribution (Toomre & Toomre 1972). Tidal strip-
ping (Aguilar & White 1990) can cause stars and gas to be redistributed. Increased
star formation or the development of tidal tails can result from tidal stripping (Lee,
McCall, & Richer 2003).

Ellipticals and SOs are most likely to be members of a rich cluster. A rich cluster
is a gravitationally bound collection of galaxies often numbering in the thousands.
Up to 60% percent of the galaxies in rich clusters are early-type systems. Since
approximately one-fifth of the universe’s bright galaxies are ellipticals, the majority
of the brightest ellipticals are found in clusters.

Far more common than clusters are loose and poor groups. Typically, loose groups

are only a few percent as massive as rich clusters. The dominant galaxy morphology
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in these lower galaxy-density environments is, as expected, spirals. Of particular
importance to the current work is a special class of group, known as a compact
group. Compact groups generally consist of four to eight galaxies in an overall isolated
environment. Compact groups share much in common with clusters. While there are
only a few galaxies in a compact group, the densities have been found to reach values
equal to or exceeding the galaxy density of the cores of rich clusters (Hickson 1982;
Hickson et al. 1992).

A few galaxies do not belong to high-density galaxy configurations and are clas-
sified as field galaxies. Such low-density regions tend to be populated by spirals.
As compared to cluster and group members, the low-density field allows galaxies to
passively evolve having very low interaction and merger rates. A low interaction rate
makes field galaxies excellent laboratories to study how galaxies evolve.

As multiple formation scenarios can explain early-type galaxies, there exists the
possibility that field galaxies have experienced large-scale external interactions. The
formation process of some field galaxies was likely due to the coalescence of a small
group of galaxies. The merging of such a group would yield a galaxy in a low-density
environment. Such merged systems, fossil groups, (Ponman et al. 1994; Khosroshahi
et al. 2006) predict several distinct photometric and kinematic signatures, which
would identify them as having had existed in a high-density environment. Features
such as tidal tails, faint shells and non-uniform X-ray gas distribution would be telltale

signs of an early-type galaxy being a group remnant. As indicated by Grogin & Geller
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(1999) and Tovmassian et al. (2004), an E or SO formed via mergers would be expected
to be more luminous than a primordial, isolated early-type galaxy.

A primordial elliptical, the rare type of galaxy we are trying to find in the current
study, could be formed by a non-rotating nebular cloud, created via proto-galactic
collapse, that has undergone few interactions and hence is passively evolving (Eggen
et al. 1962; Jimenez et al. 1999). An isolated elliptical can also be explained as having
formed via the coalescence of a group of galaxies. Provided the group merged long
ago, the properties of a primordial elliptical and a merger remnant would appear the
same. One method for separating these two formation scenarios comes through the
analysis of the galaxy’s X-ray emitting gas. An investigation of the X-ray properties

is detailed in Part II.

1.5 Environmental Studies of Isolated Early-Type

Galaxies

Extensive work has been performed which studies the properties of samples of
isolated galaxies. A galaxy that has not undergone perturbations and harassment
over much of its lifetime stands as a powerful standard against which other similar
morphology galaxies can be compared. One caveat is that isolation criteria have var-
ied by study. Verification that a galaxy is isolated has often been done using a visual

search for neighboring galaxies. The reliance of a visual search can create systematic
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biases where chance alignments can cause an otherwise isolated galaxy to appear as
a member of a galaxy-dense region. In order to better assure isolation, redshift infor-
mation of nearby companions is needed. The accurate distance estimates provided
by redshifts can be used to determine true neighbors from projected companions.
Without redshifts for isolated galaxy candidates and neighbors, an isolated galaxy
sample is incomplete.

Previous authors have compiled samples of isolated early-type galaxies (IEGs)
using varying degrees of isolation. Many studies have found evidence of interactions,
which argues that some isolated galaxies were once located in higher-density envi-
ronments. Such findings illustrate the difficulty in detecting a population of galaxies
that have not experienced large-scale perturbations over much of their lifetimes. The
Catalog of Isolated Galaxies (Karachentseva 1973) has been used as the starting point
for defining numerous samples of isolated galaxies of all morphologies. The isolation
criteria employed by Karachentseva is based on a two-dimensional separation between
an isolated candidate and neighboring galaxies. The KIG galaxies are considered iso-
lated if no neighboring galaxy of diameter d (between 1/4 and 4 times the diameter
D of the candidate) lies within 20d. The KIG sample did not use redshifts and as
such, the possibility arises that many truly isolated galaxies were overlooked due to
chance projections.

An early paper by Fasano & Bonoli (1989) was concerned with the cause of isopho-

tal twists in a sample of isolated elliptical galaxies. The study selected from the UGC
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catalog all galaxies classified as ellipticals, which were not members of an Abell cluster
and had no UGC-observed companions. After a visual inspection for small compan-
ions, the final sample consisted of 110 elliptical galaxies. The authors found that the
occurrence of isophotal twists or a varying position angle in their sample was compa-
rable to estimates found for randomly selected galaxy samples. The isolation of the
ellipticals was sufficient to conclude that tidal interactions with a neighbor cannot be
invoked to explain the twists. The triaxial nature of some ellipticals and the growth
of inner bar structure could adequately result in changes in position angle.

A sample of isolated ellipticals by Colbert, Mulchaey, & Zabludoff (2001) was
drawn from the Third Reference Catalog of Bright Galaxies (RC3). The galaxies had

I and

no cataloged neighbor within a 1hjy, Mpc radius and velocity + 1000 km s~
the study was limited to a redshift, z < 0.033. Analysis revealed that ~40% of the
sample had shell structure and dust lanes were found in 75% of the isolated ellipticals.
The authors concluded that while tidal interactions were unlikely, the merger of a
companion could easily explain the observed shells. Malin & Carter (1983) further
noted that the shells in cluster environments might be quickly destroyed, yet persist

in the low-galaxy density regions of isolated ellipticals.
A sample of early-type galaxies in low-density environments was compiled and
analyzed by Kuntschner et al. (2002). Galaxies were selected using the FLAIR-
1

Shapley-Hydra redshift survey. All early-type galaxies within cz < 7000 km s,

having an apparent magnitude of m, < 16.1 and fewer than 2 neighbors within a
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redshift-scaled radius of 0.8° at cz = 7000 km s~ !, were deemed isolated. The derived
average age of the sample was 6.4 + 1.0 Gyr, which is lower compared to 8.9 +
0.7 Gyr for elliptical and SO galaxies in the Fornax cluster. More than half of the
sample displayed disturbed morphologies (56%), which was interpreted as evidence
of late-stage mergers.

Stocke et al. (2004) created a sample of 100 isolated galaxies by selecting the
brightest and most isolated early-type galaxies listed among the 1051 galaxies of the
KIG catalog. The authors find that based on luminosity functions, their sample
of isolated early-type galaxies is no different than comparably luminous ellipticals
in clusters. Following the formation paradigm of elliptical galaxies, the luminosity
functions of the ellipticals studied are consistent with formation by merger. To more
precisely determine the formation history of the sample, a comparison was made to
NGC 1132. Mulchaey & Zabludoff (1998) proposed that NGC 1132 was a remnant
of a coalesced group of galaxies based on an extended X-ray halo and high X-ray
luminosity. An X-ray observation of one sample galaxy, KIG 284, was inconclusive
regarding the connection between the KIG sample and a merged group hypothesis.

The sample of Madore et al. (2004) is a reworking of the sample and selection
criteria of Bothun & Sullivan (1977). The original sample yielded 34 galaxies selected

Iand no

from the RC3 all galaxies with recessional velocities less than 3000 km s~
neighbors within 75 kpc radius. A reanalysis of the 34 isolated ellipticals found that on

average there were 0.74 £+ 0.95 catalogued companions per elliptical. A larger search
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found that within 300 kpc, there were 4.5 companions per elliptical with published
redshifts of = 800 km s~ of the isolated elliptical. The results indicated the selected
isolated ellipticals are located in high-density regions than previously thought.

Marcum et al. (2004) analyzed 9 KIG galaxies with the goal of establishing a base-
line of properties for early-type galaxies in low-density environments and comparing
the nature of their sample with properties predicted for a merged group of galaxies.
The candidate galaxies were separated by 2.5 Mpc from neighbors brighter than My,
= —16.5. A recessional velocity separation of 350 km s~! ensured the candidate isola-
tion in redshift-space. The extreme separations used were to insure the candidate had
not interacted with an existing neighbor during its lifetime. Two isolated ellipticals
had blue colors, disturbed morphologies and tidal features, all interpreted as signs
of a merger. Additionally, two other candidate galaxies displayed blue colors but no
morphological peculiarities, suggesting these systems were advanced mergers. Based
on a bulge/disk decomposition, three systems were likely to be isolated SO galaxies.
Roughly half of the sample was considered probable fossil groups. Two galaxies in the
sample, KIG 557 and KIG 824, displayed no unusual features and were candidates
for passively evolving primordial ellipticals formed in early cosmic time.

Using the Lyon Extragalactic Database (LEDA), Reda et al. (2004) created a
sample of isolated early-type systems. The criteria for isolation were no neighbors
within 700 km s~!, 0.67 Mpc on the plane of the sky and a B-band difference of 2

magnitudes. The magnitude difference was included to ensure that any neighboring
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system would be a dwarf galaxy unlikely to exert large-scale perturbations. The
sample galaxies were found to have (B—R) colors similar to early-type systems in
higher-density environments. Approximately 44% of the sample has fine structure
features indicative of a past merger. Four sample galaxies have published X-ray
luminosities, yet only NGC 1132 has group-like X-ray properties. The X-ray data,
while not for the complete sample, suggests that the Reda et al. sample was formed
as a result of mergers but not the coalescence of a galaxy group.

Smith et al. (2004a, 2004b) searched the LEDA and NED databases to select all
galaxies with Mp < —19 and morphological T-type < -4 within a redshift range of
1500 km s~ <z < 10,000 km s~!. Galaxies were considered isolated if they met the
conditions of Amag = 0.7 (2.2) for galaxies within 1 Mpc (500 kpc). The purpose of
study was to characterize the environments around so-called isolated galaxies. The
authors detect down to a limiting magnitude of mp = 14.6, 45 4+ 15 dwarfs within a
500 kpc radius of the isolated primary. The findings illustrate the difficulty in defining
a truly isolated galaxy baseline. Ellipticals have dwarfs out to ~500kpc, with —16
< Mp < —15 dwarfs within a 500 kpc radius of the isolated primary. The findings
illustrate the difficulty in defining a truly isolated galaxy baseline.

An examination of the stellar populations of isolated early-type systems was per-
formed by Denicolo et al. (2005). Galaxies were selected using LEDA where isolation
1

was determined as no neighbors within 2 B-band magnitudes, within 700 km s~

recessional velocity and within 0.67 Mpc on the sky. The final sample consisted of
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40 isolated early-type systems. Most of the sample shows no signs of disturbance
or tidal features, although 11 sample galaxies are included in the Arp catalog of pe-
culiar galaxies (Arp 1966). The line-strength index - oy was found to be similar to
high-density ellipticals.

The Sloan Digital Sky Survey (SDSS; Stoughton et al. 2002) was used in the
creation of the catalog of very isolated galaxies of Allam et al. (2005). Sample
selection used a variation on the KIG isolation criteria. A projected sky separation
of greater than 40 galaxy diameters in the g-band and Amg less than 3.0 were used
to select the isolated systems. The sample had 2980 isolated galaxies from the first
data of the SDSS. The authors found that on average, the selection algorithm detects
1.4 isolated galaxies deg=2? and the nearest neighbor to sample galaxies is 4.2 & 0.24
h~! Mpec.

Work by Galletta et al. (2006) examined a sample of isolated galaxies of all
morphologies. Galaxies were extracted from the CfA2 catalog (Huchra et al. 1999)
with isolation criteria of galaxies having no sizable companions within a volume large
enough to ensure their evolution was not affected by other systems in the last Gyr.
The Galletta et al. investigation found that the isolated systems were smaller, bluer
and less massive than a comparison sample of higher-density galaxies.

Hau and Forbes (2006) used a subsample of isolated elliptical galaxies from Reda
et al. (2004) to understand radial stellar kinematics. Forty percent of the sample con-

tained galaxies with kinematically decoupled cores (KDCs) or velocity substructure,
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which are interpreted as a merging event. Overall, the sample features comparable
kinematic properties with higher-density ellipticals.

A reanalysis of the KIG sample of galaxies has been performed by the AMIGA
project (Verdes-Montenegro et al. 2005; Sulentic et al. 2006; Lisenfeld et al. 2007;
Verley et al. 2007). The work intends to obtain optical (B & Ha), infrared (FIR and
NIR) and radio data for all KIG galaxies. An in-depth morphological refinement and
a cataloging of neighbor galaxies are being performed. The goal of the study is to
understand the interstellar medium and star forming properties of some of the most
studied isolated galaxies.

Another group of studies have examined field and isolated early-type galaxies
as part of larger projects. The findings of these studies all reached similar results.
Work by Collobert et al. (2006) found that galaxies in low-density environments
have younger stellar populations than those found in clusters. The authors speculate
that low-density galaxies experienced merger-induced star formation over longer and
more recent periods compared to cluster galaxies. These results are very compatible
with the conclusions of Reda et al. (2004), that found field galaxies possessing bluer
colors. Some field early-type galaxies had colors that are too blue to be consistent
with high-redshift monolithic collapse (Menanteau et al. 1999).

Prior work into isolated early-type galaxies has proven to be an on-going effort. As
can be seen from past work, the data regarding isolated systems have been inconclu-

sive. Many authors have found isolated galaxies to have similar properties to galaxies
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in higher-density environments, while other have detected distinct trends unique to
a low-density environment galaxy. Previous studies have all used isolation criteria
that may not have been sufficient to assure the isolated galaxies have not undergone
merging or interaction.

One issue is that many previous studies have relied solely on sky separation when
selecting IEGs. The absence of a redshift isolation criterion effectively overlooks
isolated galaxies hidden as a result of projection effects. A complete sample of truly
isolated systems therefore requires the use of redshifts.

The SDSS, in its depth and breadth, provides a unique source for finding many
isolated galaxies. The large sky coverage and extensive spectroscopic survey has
yielded a database of considerable size that can easily be culled for samples of isolated
galaxies. The sample of IEGs described in the current study represents the largest
sample compiled using the strictest set of isolation criteria.

All of these previous works confirm that searching for early-type galaxies in low-
density environments is possible. Work is needed to define exactly what the full set
of properties is for field early-types and how those compare to cluster galaxies of
the same morphology. Most importantly, no other study has effectively utilized the
redshift data provided by the SDSS. With the addition of a more precise determination
of isolation by use of redshifts, the current work will create a robust sample of isolated

early-type galaxies.



CHAPTER 2
Analysis of X-ray Emitting Gas
Around Collapsing and Collapsed

Galaxy Systems

2.1 Introduction

The study of galaxies was, for a long time, constrained by the fact that observa-
tions were only made at optical wavelengths. Our understanding of galaxy formation
processes and evolution was severely limited to a narrow wavelength regime. As obser-
vations at IR, radio and UV wavelengths became available, astronomers began seeing
a much more dynamic interplay between the gas, dust and stars within a galaxy.
One important window into extragalactic astronomy was opened with the first X-ray
imaging telescope, the Einstein Observatory (Giacconi et al. 1979). The Einstein
Observatory performed the first systematic study of normal galaxies in the 0.3 — 4
keV range with a resolution of 57— 45”. Extended emission, highly disturbed hot
gas, and individual point sources were found. Hot gas halos in and around elliptical

galaxies were first observed, confirming that if stars in Es moved at ~200 km s™!, the

25
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stellar ejecta would have temperatures given by,

1
émHO'Z ~ ng — T ~10°K (2.1)

The above equation represents the expected temperatures halo gas would reach if the
gas were stirred by the motion of the group galaxies. The temperature indicates the
halo gas would be best observed at X-ray wavelengths.

ROSAT (Truemper 1983) and ASCA (Tanaka, Inoue, & Holt 1994) X-ray observa-
tories furthered the revolution in high energy astrophysics, extending the energy range
to 0.5-10 keV. Unfortunately, the ROSAT and ASCA data lacked the needed physical
and spectral resolution to answer questions raised by the Einstein data. The field of
X-ray astronomy was provided a second major revolution with the high angular and
precision energy resolution of the Chandra X-ray Observatory.

Early-type galaxies have been known to be luminous X-ray sources since the Ein-
stein era (Forman et al. 1979). The X-ray emission from elliptical and SO galaxies
has been shown to arise from numerous sources. Emission from massive ellipticals is
dominated by thermal diffuse gas, with the gas possibly having been enriched with
metals from supernovae outflows or stellar winds. Diehl & Statler (2006), in a study of
a large sample of elliptical galaxies, found that a large fraction of hot gas is expected
to come from stellar mass loss. A fraction of the X-ray halo gas is expected to be
acquired through mergers (Brighenti & Mathews 1998). For galaxies that have lost
much of their diffuse gas through tidal or ram-pressure stripping, the contribution

of emission from low-mass X-ray binaries (LMXBs) becomes increasingly important
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to the total X-ray luminosity. Kim et al. (1992) and Matsumoto et al. (1997) first
noted the contribution to the spectra from the point source population in Einstein
and ASCA observations.

X-ray bright early-type galaxies have spectra that are best modeled using thermal
bremsstrahlung and line emission codes, with temperatures of kT ~ 1 keV (Forman,
Jones, & Tucker 1985; Canizares, Fabbiano, & Trinichieri 1987; Jeltema et al. 2006).
X-ray faint early-type galaxies exhibit a two-component emission consisting of a soft
component at kT ~ 0.3 (Fabbiano, Kim, & Trinichieri 1994) and a hard component
best fit by a power law or thermal bremsstrahlung with kT > 5 keV (Matsumoto et
al. 1997; Allen, di Matteo, & Fabian 2000; Blanton, Sarazin, & Irwin 2001). Rich,
massive galaxy clusters have bremsstrahlung emission near 10 keV, while poor clusters
of galaxies produce diffuse gas emission at temperatures intermediate to ellipticals
and rich clusters. Estimates of the underlying gravitational mass of X-ray emitting
systems can be determined provided the X-ray surface brightness profile is well fitted

by the 5 model, the total gravitational mass is simplified to (Jeltema et al. 2006),

36Trcore z?
M graw = 2.2
gran(T) Gum,, ( 1+ 22 ) (2.2)

r

where x = - G is the gravitational constant and m,, is the proton mass. Derivation

core ’
and explanation of thermal bremsstrahlung radiation, calculating the gravitational
mass, and beta models is given in Appendix A.

The hard component of extragalactic X-ray emission is nearly proportional to the

optical luminosity of the galaxy which suggests an origin associated with LMXBs.
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The origin of the soft diffuse emission seen in faint galaxies has remained elusive
(Fabbiano et al. 1994; Pellegrini 1994; Kim et al. 1996; Irwin & Sarazin 1998). Some
possibile explanations for the low temperatures of the soft emission may be hot gas
lost to galactic winds or via ram-pressure stripping due to intracluster gas. There
is general agreement that the creation of X-ray binaries must be a continuous and
ongoing phenomenon in the evolution of galaxies, because the binary lifetime ranges
(Grimm et al. 2002) from ~ 107 yr for high-mass X-ray binaries (HMXBs) to ~ 10°
yr (LMXBs). The X-ray binary population may be related to the bulk of the stars
in the galaxy and that the variance in the binary population is related to the star
formation history of the host galaxy (White & Ghosh 1998; Wu 2001). For a sample
of early-type galaxies with typical photometric colors (Sandage 1973; Frogel et al.

1978), one would not expect the point source population to contain many HMXBs.

2.2 Previous X-ray Analyses

Nearly half of all galaxies are found in bound groups (Tully 1987). Compact
galaxy groups have close configurations with the group members being separated by
a few galactic nuclei. The low velocity dispersions and high galaxy densities found
in compact groups, which are comparable to or exceed the cores of rich clusters,
make them ideal locations to study galaxy interactions and mergers (Barnes 1989;
D’Onghia et al. 2005). The Hickson compact groups (HCGs) are some of the most

well studied high-galaxy density configurations (Hickson 1982), with many showing
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signs of interaction, such as tidal tails (Mendes de Oliveira & Hickson 1994) and H I
gas deficiencies due to stripping (Verdes-Montenegro et al. 2001).

Numerous multi-wavelength studies have observed the galaxy members of the
HCGs (Hickson, Kindl & Auman 1989; Rubin, Hunter & Ford 1991; Severgnini et
al. 1999; Merluzzi, Shaker & Longo 2000). X-ray observations of the HCGs have
been performed since the Einstein observatory, in attempts to better understand the
emission mechanisms as well as to use the hot gas emission as a means to assure
galaxy member concordance. The results of ROSAT analysis found the hot gas in
the HCGs can be used to estimate the evolutionary stage of the group (Ebeling et al.
1994; Pildis et al. 1995; Ponman et al. 1996).

Simulations by Barnes (1989) showed that if galaxies in a compact group (CG)
were to merge, an elliptical galaxy could be formed on a timescale shorter than a
Hubble time. The motivation for studying a collapsing CG was work done by Merritt
(1985) and Barnes (1985). They found that the relatively low velocity dispersion of
galaxies in groups make such environments ideal for mergers. Simulations predict that
such merger remnants will display an r'/4 surface brightness profile (Mihos 1999), as
is seen in elliptical galaxies.

The utility of X-ray observations also extends to understanding the connection
between compact groups, isolated ellipticals and fossil group galaxies. Following the
current formation theories, fossil groups are the remnants of a coalesced compact

group of galaxies (Ponman et al. 1994; Vikhlinin et al. 1999). Through the use
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of the ROSAT all-sky survey, many fossil groups (FG) have been found, with fossil

I and with a

groups being defined as an elliptical galaxy having Lx > 10*? ergs s
companion at least 2 R-band magnitudes fainter than the FG primary. The short
crossing times, with HCG median of 0.016Hy ™!, argues for short lifetimes although
a large population of post-group remnants has remained elusive (Zepf et al. 1991;
Sulentic & Rabaca 1994). Evidence that fossil groups are the result of a merged
system of compact groups has been found through the existence of large halos of hot
gas with high X-ray luminosities, which are typical of a group of galaxies.

As the merger of remaining companions with the fossil group will result in an iso-
lated elliptical galaxy, there should exist a sequence of evolution where galaxies in a
compact group merge and form a fossil group and in time the remaining companions
accrete leaving an isolated elliptical. Toomre (1977) first suggested that field ellipti-
cals could be the end result of a merged compact group. We intend to study diffuse
X-ray emission along the proposed sequence in order to test the likelihood of such a
formation scenario. The remnants of merger and interaction in the form of signatures
in the diffuse hot gas, are expected to be visible in X-ray and will remain detectable
for a few billion years longer than structures at optical wavelengths (Mulchaey &

Zabludoff 1999). The signature of the X-ray emitting gas will remain observable for

the estimated cooling time given by,

T
o SETPV pre
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where kT is the temperature of the gas, V is the volume (in cm™3), Ly is luminosity
(in ergs s71), p is electron number density (in cm™) and p. and p are the mean
mass per electron and the mean particle mass of the gas, respectively. The above
equation assumes that the gas has reached thermal equilibrium and has a constant
density. For a low-density (p ~1073) 1 keV gas, teon = 6.9 Gyrs, the cooling time will
quickly approach a Hubble time. The cooling time allows for an estimate that any
features found in the hot gas can be used as a long-lived diagnostic for determining
galaxy evolution. We will use X-ray luminosities, gas temperatures and abundances as
diagnostics to understand how the hot gas evolves along the compact group-isolated
elliptical formation sequence.

While formation and evolution theories can be used to explain the X-ray emission
of hot gas in the HCG-FG-isolated elliptical evolution pathway, lenticular galaxies
remain a puzzle. Understanding how SO galaxies form is a long-standing goal in extra-
galactic astronomy. One proposed formation mechanism is the fading of the arms of
spiral galaxies (Christlien & Zabludoff 2004). Passive spirals have been suggested as
the transition between spirals and SOs. Samples of passive spirals have been observed
(Couch et al. 1998; Dressler et al. 1999; Poggianti et al. 1999; Goto et al. 2003)
with spectral features indicating star formation has ceased. Using theoretical models,
Bekki et al. (2002) found that as spirals are "starved” due to galaxy-intracluster
medium interactions and no further accretion occurs, spiral arms fade within ~ 3

Gyr. GALEX observations of passive spirals in a cluster environment (Moran et al.
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2005) found that while starved spirals cannot build the entire population of local SOs,
passive spirals represent an important transition population at intermediate-redshift.
An investigation of the X-ray properties and populations of a sample of lenticular
galaxies could be used to shed light onto the formation and evolution of SOs in a
variety of environments.

The excellent spatial resolution of the Chandra X-ray observatory has allowed
the diffuse emission and the LMXB population to be separated and both emission
mechanisms extensively investigated. An early analysis of the X-ray populations of
the SO galaxy NGC 1553 was performed by Blanton et al. (2001). NGC 1553 was
found to have 49 discrete sources which accounted for 30% of the total X-ray emission,
while diffuse gas made up the remainder of the emission. Most of the resolved sources
had X-ray colors similar to those of the faint elliptical galaxy, NGC 4697 (Sarazin
et al. 2000). NGC 1553 lacks the supersoft point sources found in NGC 4697. The
central source, CXOU J041610.5-554646, has hard X-ray colors suggesting a strongly
absorbed AGN. The point source population was found to have a break luminosity,
Ly = 4.1 x 10%® ergs s7!. The soft component of the total X-ray spectrum was
modeled using MEKAL (Fabbiano, Kim, & Trinichieri 1994) and the temperature
was found to be ~ 0.47 keV with an abundance of ~ 0.16 solar. The temperature
and abundance are consistent with the temperature — velocity dispersion correlation

and the temperature — abundance relation (Davis & White 1996). The total emission
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of NGC 1553 was found to be Lx = 1.0 x 10" ergs s~! and the sum of the point
sources yielded Lx = 4.08 x 10% ergs s=1.

Work by Irwin et al. (2002) analyzed Chandra observations of NGC 1291. The
morphology of NGC 1291 is cited as either an Sa or SO galaxy. The diffuse emission
was observed to be circularly symmetric, with some asymmetries at intermediate radii.
Forty-eight point sources were detected within the bulge region. The authors find one
supersoft source and a number of very soft sources. The central source displays hard
colors, but there appears to be an unexpected over-abundance of soft emission. There
were no LMXB sources with luminosity greater than 3 x 10%® ergs s~!, while seven
were expected based on scaling with the point source population of NGC 4697. The
diffuse emission was fit using a MEKAL model, with a temperature of 0.32 keV and
metallicity of 0.06 solar.

NGC 5102 was examined at X-ray wavelengths by Kraft et al. (2005) in an
extensive examination of the properties of the X-ray source populations. Previously
observed with ROSAT, NGC 5102 was theorized to have a significant population of
HMXBs due to its recent star formation. The authors detected 55 sources in the
X-ray image, with only 11 sources falling within the D5 boundary. In the 0.5 —
5.0 keV band, the 11 sources had an X-ray luminosity of 5.6 x 1037 ergs s7!. NGC
5102 has significantly fewer X-ray binaries than expected from an extrapolation of
more massive early-type galaxies. The best-fit temperature and X-ray luminosity of

1

the diffuse emission were found to be 0.31 keV and 4.1 x 1037 ergs s~!, respectively.
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Arguments have been made suggesting that the low luminosity of the majority of
point sources and the large on-going star formation is consistent with the population

of HMXBs found in our Galaxy (Grimm et al. 2002).

2.3 Chandra X-ray Observatory

The third of NASA’s Great Observatories, Chandra X-ray Observatory was launched
on July 23, 1999. Consisting of the smoothest mirrors and the most precisely shaped
and aligned telescope system ever constructed, Chandra is able to obtain images
twenty-five times sharper than recorded by any prior X-ray telescope (Weisskopf et
al. 2000).

The Chandra telescope system consists of four pairs of mirrors. Due to their high
energies, X-ray photons will penetrate into the mirrors, necessitating the need for the
mirrors to be aligned nearly parallel to the incoming X-rays. With a field of view of
1.0 degree, spatial resolution of 0.5 arcseconds, and an energy range of 0.2 — 10 keV,
the Chandra X-ray Observatory stands as the most sophisticated X-ray telescope ever
built (Weisskopf et al. 2000). The unique energy and spatial resolution allows for
the separation of diffuse gas and point sources emission, which is needed in order to

answer the major questions in high-energy astrophysics.
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2.4 Selection Criteria

Samples of compact groups, isolated ellipticals and fossil groups, were created to
study the relations between the X-ray properties of isolated galaxies and their likely
progenitors, compact groups. All Hickson compact groups in the Chandra archive
were selected. The compact group sample includes eleven Hickson compact groups,
HCG 16, 30, 37, 40, 42, 51, 62, 80, 90, 92, and 97. With velocity dispersions of 100 —
400 km s, the HCGs are expected to have gas temperatures between 0.2 — 1.2 keV,
well within the Chandra energy range. Dynamical properties of the HCGs and data
on each group member are listed in Tables 2.1 and 2.2, respectively.

The HCG sample is comprised of systems in many different states of dynamic
evolution. Following the evolutionary sequence defined by Coziol, Brinks & Bravo-
Alfaro (2004), HCGs 16, 30 and 80 are in a low stage of evolution, dominated by
spiral galaxies. Evolution type B, where members galaxies are in apparent close
contact and possibly in a pre-merging phase, are predicted for sample members HCG
37, 40, 51, 90 and 97. Sample compact groups, HCG 42, 62 and 92 are in the type C
evolutionary stage. Type C is defined as a group dominated by elliptical galaxies and
with group members lacking nuclear activity. The variety of compact groups allows
for an objective comparison on the properties of the hot gas and an estimate of the
state of the hot gas during multiple evolutionary stages.

The fossil group and isolated elliptical galaxy samples were also selected using the

Chandra archive. All observing programs listed in the archive that described a study
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of either isolated ellipticals or fossil groups were examined for candidate galaxies. Ten
fossil groups and nine isolated ellipticals comprise those samples, respectively. Tables
2.3 and 2.4 list the names and positions of the fossil group and isolated elliptical
samples, respectively.

All of the galaxies in the fossil group sample have previously been studied at X-ray
wavelengths and had results published. A detailed study of the sample fossil groups
was performed, including ESO 306G170 (Sun et al. 2004), NGC 1550 (Sun et al.
2003) and RXJ1340.64+4018 (Jones et al. 2000).

There is no intrinsic difference between a fossil group and isolated elliptical galaxy.
In essence, both systems are isolated early-type galaxies. The samples presented here
have not been selected based on a uniform definition of isolation. Isolated elliptical
galaxies in our sample are found in numerous other isolated studies. The elliptical
galaxies, NGC 766, NGC 1132, NGC 3209 and NGC 7618 are found in the sample
of isolated galaxies of Colbert et al. (2001) and have no cataloged neighbors within
1h19o Mpc and + 1000 km s~!. Other members of the isolated ellipticals sample can
be found in the samples of Madore et al. (2004), Reda et al. (2004) and Smith et
al. (2004). Our sample of isolated ellipticals has varying degrees of isolation, ranging
anywhere between 300 kpc and 1.3 Mpc. While we are confident that these galaxies
are sufficiently isolated, differences among the X-ray parameters might be due to the

variation in samples isolation criteria.
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The sample of lenticular galaxies was created to study the point source population,
diffuse emission, and the relations between the X-ray and optical properties. All SO
galaxies in the Chandra archive were selected. The sample includes eleven SOs: NGC
1023, 1332, 1553, 2329, 3115, 4382, 4406, 5102, 5353, 5866, and 6407. The sample
represents SOs in high-galaxy density environments of clusters and groups, but also
contains a field SO. The galaxies are local, with redshifts less than 0.019, yet the
sample contains a variety of star formation histories as evidenced by the (B — V)
colors. The stellar populations display signs of recent star formation, NGC 5102
(B — V = 0.64) and old stellar systems, NGC 3115 (B — V = 0.91). Of particular
interest is the field SO, NGC 3115, as isolated and low-galaxy density SOs are extremely
rare. The X-ray properties of NGC 3115 could be used to inform on the emission
mechanisms found in other isolated S0s, such as KIG 412 and 684 (Marcum, Aars, &

Fanelli 2004). Dynamical properties of the SO galaxy sample are found in Table 2.5.

2.5 Data Reduction

The data were reduced using CIAO 3.4 and CALDB version 3.4.0, following the
standard data processing. CIAO is distributed by the Chandra X-ray Center (CXC).
Beginning with the level 1 event file, the data were reprocessed to include the latest
tools to redetect hot pixels, afterglow events and to apply the most recent gain file.

The level 2 event file was further filtered keeping only events with ASCA grades

0, 2, 3, 4, and 6. Good Time Intervals (GTI) were also applied. Filtering excluded
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periods when the count rate, with the exception of point sources and extended emis-
sion, was not within 20% of the quiescent rate. The energy range was restricted to
0.3 — 7.0 keV band. Sources were detected using the CIAO wavelet detection tool,
wavedetect. Wavelet scales of 1, 2 and 4 pixels were set to give approximately one
false detection per image. Point source regions were removed and filled via a lin-
ear interpolation using the CIAO tool dmfilth. Source regions were filled using the
counts in background regions of radii equal to twice the source region radii. The point
source-removed images were smoothed to highlight the hot diffuse emission.

Using the CTAO tool, dmextract, radial surface brightness profiles were extracted
from the 0.3 — 7.0 keV bands. Radial profiles were determined for all of the isolated
galaxies studied. The surface brightness profiles were then modeled using the Sherpa
analysis package. The core radii and the beta values can be used to estimate the
dynamic state of a galaxy:.

Spectra were extracted for the diffuse emission in circular regions that extended to
where the surface brightness profile reached 1o above the background, similar to the
procedure of Saracco & Ciliegi (1995) for ROSAT observations of Hickson Compact
Groups. For compact groups, where the diffuse emission does not extend beyond
the individual galaxies, spectra were extracted for the individual galaxies and for
the sum of the galaxies. Background spectra were extracted from annular regions
surrounding the source regions. Response files, RMFs and ARFs, were determined

for the location of the diffuse emission, with the individual spectra being binned to
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have 15 counts per bin. While the point sources were removed, some obscured point
sources may still remain. To account for obscured sources, spectra were fit with a two-
component model, comprised of a power law and either a thermal Meka model (Mewe,
Gronenschild & van den Oord 1985) or thermal APEC model (Smith et al. 2001).
Spectra were fit in the 0.3 — 5.0 keV range. During the spectral fitting, the neutral
hydrogen column density was fixed to the galactic value, while the temperature and
abundance were allowed to vary. The fit temperatures, abundances and luminosities
for the HCG, FG, and isolated elliptical galaxy samples are reported in Tables 2.6,
2.7 and 2.8. Additionally, we list the effective X-ray radius, which was defined as the
radius where the X-ray surface brightness profile falls to 20 above the background.

Dynamical properties of the SO galaxy sample are presented in Table 2.9, while
the X-ray characteristics can be found in Table 2.10. Data for the point source
population of the SO galaxy sample was also analyzed. Procedures similar to those
used for the extraction of the diffuse gas spectra were employed to extract the spectra
for point sources having greater than 20 counts. Circular regions enclosing the point
source and annular regions surrounding the source were used to extract the source
and background spectra, respectively. Individual spectra were binned to have 15
counts-per-bin. Spectra were fit in the 0.3 — 7.0 keV energy range.

Hardness ratios were used to study the spectral properties of the point source
population, which has the advantage that these ratios can be determined for fainter

sources while detailed spectra cannot. X-ray colors were used to study Milky Way
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X-ray binaries (White & Marshall 1984) and the integrated X-ray emission of galaxies
(Kim et al. 1992). We have used three energy bands: soft S, 0.3 — 1.5 keV; medium
M, 1.5 - 2.5 keV; and hard H, 2.5 — 8.0 keV. We have defined the two hardness ratios
as done by Sarazin et al. (2000), H21 = (M — S)/(M + S) and H31 = (H — S)/(H +
S). Plots of luminosity functions for the point source populations were also created.

Fits to the luminosity functions will be detailed in a later analysis.

2.6 Hickson Compact Groups

Eleven Hickson compact groups were studied. The point sources population was
separated from diffuse emission in order to determine the hot gas properties and relate
them to observed dynamical features. Information regarding the dynamical state and

X-ray properties are discussed below.

2.6.1 HCG 16

The group is composed of four late-type galaxies at a redshift of 0.0132. All
group members with the exception of HCG 16b are known infrared and radio sources
(Menon 1992; Allam et al. 1996). The left panel of Figure 2.1 shows a Digital Sky
Survey II image of the HCG 16 group and the right panel displays the same image
with contours of diffuse X-ray emission overlaid. From the image, one can see that

the emission comes primarily from HCG 16¢ and d. No emission is detected around
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Figure 2.1: Diffuse emission contours of HCG 16 overlaid on DSS II image. The
image is 140 kpc on a side.

the interacting pair HCG 16a and b or in the intragroup medium. A Meka model
was used to fit the spectra of the entire HCG 16 group. The temperature of the hot
gas was determined to be 0.662 keV with an abundance of 0.22 solar. The X-ray
luminosity is then 7.9 x 10%° ergs s™!, making HCG 16 one of the fainter compact
groups in our sample. Our estimate of the Lx closely matches the value of log Ly =
40.74 as found by Mulchaey et al. (2003). Contrary to the results of Jeltema et al.
(2008), we do not find a common X-ray halo around HCG 16¢ and d. We found no
significant emission from HCG 16¢ or d, however due to the interaction of these two

galaxies, stripped neutral gas will likely be heated to X-ray temperatures.

2.6.2 HCG 30

At z = 0.0154, two spirals and two early-type galaxies compose the group. Figure

2.2 displays the X-ray contours overlaid onto a DSS image of HCG 30. The emission
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is not centered on any individual galaxy, as was seen in HCG 16. The HCG 30 system
has gas at 0.99 keV with a solar abundance. The group has an X-ray luminosity of
2.1 x 10*! ergs s~*. The group evolution appears to be at a low level with the gas yet
to have been distributed into the intragroup medium. HCG 30 has been determined
to be the most H I-deficient HCG in a study by Verdes-Montenegro et al. (2007).
The possibility remains that as the galaxies interact, any H I in the intragroup region

will be heated to X-ray temperatures.

2.6.3 HCG 37

Two ellipticals and three late-type galaxies at redshift z = 0.0223 make up the
HCG 37 group. Diffuse emission contours can be found in the middle panel of Figure
2.2. Emission seen centered on 37a, is symmetric and extends only slightly into the
group. The luminosity is estimated to be 1.9 x 10 ergs s™!, higher than the derived
value of the spiral only system HCG 16. The hot gas has a temperature of 1.08 keV

and an abundance of 0.13 solar.

2.6.4 HCG 40

The group consists of five galaxies, two early-type systems and three late-type
galaxies at a redshift of 0.0223. The groups Ly is 2.9 x 10%! ergs s7!. The temperature
and abundance of the X-ray emitting gas is, 0.97 keV and 1.0 solar, respectively. The

diffuse emission contours, shown in the lower panel of Figure 2.2, indicates that the
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X-ray gas is concentrated around 40d. A single contour encompassing 40ace indicates

there is some gas distributed into the intragroup region.
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Figure 2.2: Diffuse emission contours overlaid on DSS II images. The images are 140
kpc on a side. The upper panel displays HCG 30, the middle HCG 37, and the lower
HCG 40.
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2.6.5 HCG 42

The four early-type galaxies in the group are centered at z = 0.0133. The diffuse
emission contours in the upper panel of Figure 2.3 show emission primarily due to
the brightest group member 42a. The contours are roughly symmetric in the outer
regions, but have a great deal of asymmetry in the core. The hot gas extends towards
42¢, indicating interaction between 42a and c. The gas has a temperature of 0.76
keV and an abundance of 0.61 solar. The group X-ray luminosity is estimated to be
3.5 x 10* ergs s~!. The gas temperature and X-ray luminosity closely match the

Mulchaey et al. (2003) temperature of 0.73 keV and log Lx = 41.59.

2.6.6 HCG 51

At a redshift of 0.0258, HCG 51 has six members, four early-type galaxies and
two late-types. The X-ray gas was determined to have a temperature of 6.0 keV with
an abundance of 1.05 solar. Both values are the largest among our HCG sample.
The diffuse emission contours can be seen in middle panel of Figure 2.3. The diffuse
gas is seen to be concentrated on galaxy members, 5la, ¢, and e. A large amount
of intragroup gas can also be seen. The only group member that was not detected
is 51b. The X-ray luminosity of the group is 3.6 x 10*? ergs s7!, the HCG sample
maximum. We theorize that the high Lx value is due to high X-ray luminosities from

the individual galaxies and a large amount of X-ray emitting intragroup gas. The
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estimated Ly value and the gas temperature indicate HCG 51 is an ideal candidate

to become a fossil group.

2.6.7 HCG 62

Four early-type galaxies at a redshift of 0.0137 make up HCG 62. An AGN has
been detected in HCG 62a, while other group members are quiescent. Ponman &
Bertram (1993) first studied the X-ray emission in great detail. The lower image of
Figure 2.3 displays the X-ray contours. The diffuse emission extends throughout the
intragroup region and encompasses HCG 62a, b, and c¢. X-ray cavities to the NE
and S are clearly seen. These cavities likely originate from the AGN activity of HCG
62a. The spectrum, seen in Figure 2.4, was very well fitted by an APEC model. The
temperature of the gas is 0.79 keV with a sub-solar abundance of 0.89. The group's
X-ray luminosity was determined to be 6.5 x 10*! ergs s~!, placing it among the more

X-ray luminous HCGs in our sample.
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Figure 2.3: Diffuse emission contours overlaid on DSS II images. The images are 140
kpc on a side. The upper panel displays HCG 42, the middle HCG 51, and the lower
HCG 62.
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Figure 2.4: The X-ray spectrum of the diffuse hot gas in the compact group, HCG
62. The red line is an APEC thermal plasma model fit to the data.

2.6.8 HCG 80

The spiral-only group, at z = 0.0298, consists of an Sd, Sa and two Im galaxies.
Figure 2.5 displays the X-ray contours in the upper image. The emission only comes
from 80a and only some emission extends beyond the optical extent of 80a. The group

has Ly = 5.9 x 10" ergs s7!, kT = 0.62 keV and 0.16 solar abundance.
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2.6.9 HCG 90

The group, at z = 0.0088, is composed of three bright ellipticals and a disturbed
spiral galaxy (HCG 90d) interacting with HCG 90b. In a study by Plana et al. (1998),
results suggested that the group core, HCG 90bcd, is in the process of merging.
The middle panel of Figure 2.5 displays the X-ray contours of the group core. The
emission extends beyond the optical extent of the galaxies and is distributed into the
intragroup region. The derived Ly is 3.8 x 10 ergs s7!, making HCG 90 the lowest
X-ray luminosity in our sample. The hot gas is at a temperature of 0.65 keV and an
abundance of 0.09 solar. Mulchaey et al. (2003) estimate the group to have log Lx

= 40.60, in excellent agreement with our values.

2.6.10 HCG 92

Also known as Stephans Quintet, HCG 92 is the best studied of the Hickson
compact groups. The group, at z = 0.0215, is made up of a foreground spiral (90a)
and two late-type and two early-type galaxies. An AGN is found in HCG 90c¢, with the
other members being quiescent. The estimated X-ray luminosity is found to be 5.0 x
104! ergs s—!. Using an APEC model, the derived gas temperature and abundance are
0.74 keV and 0.10 solar, respectively. The X-ray contours of the group are shown in
Figure 2.5. The diffuse emission, in general, resides outside of the individual galaxies.
The gas has begun to settle into the central group potential and the group members

are likely near coalescence.
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Figure 2.5: Diffuse emission contours overlaid on DSS II images. The images are 140
kpc on a side. The upper panel displays HCG 80, the middle HCG 90, and the lower
HCG 92.
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2.6.11 HCG 97

The group at a redshift of 0.0218 has two late-type and three early-type galaxies.
The estimated gas temperature is 0.833 keV with a subsolar abundance of 0.12. The
Ly is determined to be 7.8 x 10%! ergs s~!. The X-ray contours are shown in Figure
2.6. The contours provide very interesting insights into the dynamics of the group.
The diffuse X-ray gas is seen to extend from the group core of HCG 97a and d
towards 97b and encompassing 97e. The extension towards 97b is the likely result of
97b having recently passed through the group core. The temperature and Ly values
are in rough agreement with values obtained by Pildis et al. (1995) while both the

derived temperature and abundance agrees with values of Saracco & Ciliegi (1995).

Figure 2.6: Diffuse emission contours overlaid on DSS II image of HCG 97. The
image is 140 kpc on a side.
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2.7 Isolated Ellipticals & Fossil Groups

Other authors have discussed the dynamical and X-ray properties of the fossil
group sample and as such, we choose to list our estimated X-ray values in Table 2.7.
The fossil group sample has gas temperatures in the range of 0.64 to 3.2 keV, with
the average value temperature of 1.85 keV. The abundance of the X-ray emitting gas
has an average value of 0.77 solar and the sample minimum of 0.13 and a maximum
of 3.18 times solar. The samples Lx values vary between 1.1 x 10* and 2.7 x 10%3
ergs s, with an average value of 9.3 x 10*? ergs s~

The fossil group sample galaxies have X-ray contours that are symmetric, suggest-
ing that the hot gas halos have come to thermodynamic equilibrium. The reader is
referred to previously discussed studies on fossil groups for examples of X-ray contour
images.

Ten fossil groups and nine isolated elliptical galaxies were studied. As was done
for the HCG sample, the X-ray point source population was separated from diffuse
emission in order to determine the hot gas properties and relate them to observed
dynamical features. Information on the individual isolated ellipticals is presented

below.

2.7.1 NGC 1132

At a redshift of 0.0231, NGC 1132 was studied at X-ray wavelengths by Mulchaey

& Zabludoff (1999) and an image of the diffuse emission contours can be found therein.
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The contours are only loosely symmetric, which could be a result of disturbed gas or
low-resolution data. A reanalysis of the galaxy yields kT = 0.81 keV and 0.90 solar
abundance for the hot halo. The halo emits an X-ray luminosity of 7.6 x 10* ergs

s71. All of our estimates fall below those derived by Mulchaey & Zabludoff.

2.7.2 NGC 4555

Chandra observations of this galaxy at z = 0.0223 were made by O’Sullivan &
Ponman (2004). An image of the gas contours was produced by O’Sullivan & Ponman,
which shows very symmetric emission indicative of gas at hydrostatic equilibrium.
Our analysis determined a gas temperature of 0.77 keV with an abundance of 0.79

solar. The derived Ly value is 3.4 x 10* ergs s=.

2.7.3 NGC 766

A member of the sample of Colbert, Mulchaey & Zabludoff (2001), NGC 766 is
isolated by a projected radius of 1hjy, and 4= 1000 km s~ from any cataloged galaxies.
NGC 766, at z = 0.027, has its X-ray diffuse emission contours displayed in Figure
2.7 (upper panel). Clearly, the contours are symmetric to the 1o above background.
The galaxys hot gas has an abundance of 0.1 and a temperature of 0.67 keV. The

X-ray luminosity was determined to be 2.5 x 10*! ergs s~
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2.7.4 NGC 3065

With a redshift of 0.00667, NGC 3065 is the X-ray faintest isolated elliptical,

1

0% ergs s71.

with an X-ray luminosity of 2.1 x 1 The X-ray gas has an estimated
temperature of 1.0 keV and a solar abundance. The contours can be seen in the
middle image of Figure 2.7. The X-ray gas is an anomaly for our sample, as the gas
is entirely within the optical extent of the galaxy. The diffuse gas is not extended
and shows no signs of past interactions or mergers. The X-ray faintness and modest
amount of hot gas suggests that NGC 3065 was not formed as a result of coalescence
of a compact group. The isolation of NGC 3065 coupled with the lack of extended

emission and absence of interaction features suggest the galaxy may be a candidate

primordial isolated elliptical.
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Figure 2.7: Diffuse emission contours overlaid on DSS II images. The images are 140
kpc on a side. The upper panel displays NGC 766, the middle NGC 3065, and the
lower NGC 3078.
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2.7.5 NGC 3078

A member of the Madore, Freedman & Bothun (2004) sample of isolated ellipticals
and their companions, NGC 3078, was determined to have three comparably bright
galaxies within 150 kpc. The existence of neighbors at such a close distance calls into
question the validity of NGC 3078 being classified as isolated. NGC 3078 remains in
the sample because it is still the brightest member of a loose group. At a redshift of
0.00832, the galaxy has the isolated elliptical galaxy samples highest gas temperature
of 2.02 keV and the lowest abundance of 0.04 solar. The X-ray luminosity was esti-
mated to be 9.3 x 10% ergs s=!. In the lower panel of Figure 2.7, the gas contours

are seen to be symmetric and are tightly confined to the galaxys optical extent.

2.7.6 NGC 3209

Also part of the Colbert et al. (2001) sample, at z = 0.02075, the spectrum of
NGC 3209 was fit using an APEC model. The X-ray gas has the lowest Lx value at
7.2 x 100 ergs s! of any isolated elliptical sampled. The halo gas has kT = 0.67
keV with an abundance of 0.15 solar. The X-ray contours can be seen in the upper
image of Figure 2.8. The contours are mainly symmetric, however we note that the
contours extend slightly to the NE and compress to the SW. Such features have been
interpreted as the galaxy moving through a larger gaseous medium, generally seen in

a group or cluster.
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2.7.7 NGC 5546

Figure 2.8 displays the X-ray contours of this isolated elliptical at redshift 0.0244.
The diffuse gas is distributed symmetrically and primarily within the optical extent
of the galaxy. The hot gas has a temperature of 0.57 keV and an abundance of 0.16
times solar. NGC 5546 has the isolated elliptical samples largest Lx value at 8.8 x

104! ergs s~

2.7.8 NGC 6487

The lower panel of Figure 2.8 displays the diffuse gas contours of the isolated
elliptical at z = 0.02549. The gas shows no signs of activity or interaction and is
symmetrically centered on the galaxy. The X-ray luminosity was derived to be 4.5

1

x 10%! ergs s7!. The temperature was determined to be 0.76 keV with a sub-solar

abundance of 0.31.
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Figure 2.8: Diffuse emission contours overlaid on DSS II images. The images are 140
kpc on a side. The upper panel displays NGC 3209, the middle NGC 5546, and the

lower NGC 6487.
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2.7.9 NGC 7618

Studied in X-ray by Colbert et al. (2001) and Kraft et al. (2006), NGC 7618
may be the remains of a group — group merger. The galaxy’s X-ray luminosity was
determined to be 7.7 x 10*' ergs s7!. The hot gas has kT = 0.94 keV and an
abundance of 0.55 solar. The contours of the diffuse X-ray emission, seen in Figure
2.9, are highly disturbed. There are numerous twists in position angle, X-ray fingers
and the emission does not remain centered on the galaxy. The complex nature of the

hot halo in NGC 7618 argues for relatively recent formation by multiple mergers.

Figure 2.9: Diffuse emission contours overlaid on DSS II image of the isolated elliptical
galaxy, NGC 7618. The image is 140 kpc on a side.
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2.8 Lenticular Galaxies

2.8.1 NGC 1023

NGC 1023 is an SBO galaxy at redshift, z = 0.002125. First detected as the
brightest member of the NGC 1023 group by Humason, Mayall, & Sandage (1956)
and subsequently listed as Lyon Group of Galaxies (LGG) 70 (Garcia 1993). The
diffuse gas was fit by a Meka model and the hot gas was determined to have a
temperature of 1.06 keV, an abundance of 0.14 solar. The model fit yielded an X-ray
luminosity, log Lx = 39.2 ergs s~*. Figure 2.10 shows an image of the diffuse emission
overlaid on a DSS image of the galaxy. The hot gas is symmetric and largely confined
to the optical extent of the galaxy.

The galaxy has 25 resolved sources, including four supersoft sources (H31 & H21
< —0.6) and two very hard sources (H31 & H21 = 1.0). Table 2.11 lists the positions,
hardness ratios, fluxes, and X-ray luminosities of the point sources. Figure 2.11
displays the point sources overlaid onto a DSS image. More than half of the sources
lie within or very near to the optical extent of the galaxy, which argues that these
sources are truly related to NGC 1023. A plot of H31 versus H21 hardness ratios
can be seen in Figure 2.12. In prior X-ray galaxy studies, point sources were found
to lie along a broad diagonal strip from (H21, H31) ~ (—0.3, —0.7) to (0.4, 0.5) and

the sources in NGC 1023 fall well into that region. Plots such as these are meant to
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highlight the overall number of sources as well as a rough estimate of the fraction of

soft or hard X-ray sources. The X-ray color-color
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Figure 2.10: Diffuse emission contours overlaid on DSS II images. The images are 8.4
arcseconds on a side. The upper panel displays NGC 1023, the middle NGC 1332,
and the lower NGC 1553.
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plot shows the majority of NGC 1023 point sources are soft, with one exception. A
single source can be seen to have extremely hard colors (H21, H31) = (1, 1).

The spectrum of the central source in NGC 1023 was fit using a Meka + disk
blackbody model. The central source, CXOU J024023.9+390347, was found to have
a temperature of 7.47 keV and log Ly = 38.9 ergs s~!. The luminosity of the central
source is well within the viable range of a LMXB and therefore is difficult to ascertain
whether the source is an X-ray binary or an AGN.

The X-ray flux of the point sources which were unable to be fit by a model were
estimated using a conversion of 1.89 x 1075 counts s™! to a flux of 8.38 x 1074 ergs
s7! em™2. An additional source, CXOU J024013.0+390052, was found to have the

same X-ray luminosity as the central source.

Figure 2.11: Point source population of NGC 1023 overlaid on DSS II image.
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H21

Figure 2.12: Hardness ratio plot for the point sources in NGC 1023.

2.8.2 NGC 1332

NGC 1332 is an SO galaxy in the NGC 1315-1332 group. Located at a redshift
of 0.005084, NGC 1332 is a typical lenticular, with B-V color of 0.91 mags and Mp
= —20.4. The spectrum of the diffuse gas, fit with a Meka model, reveals a sub-solar
abundance of 0.20 and a temperature of 0.58 keV. NGC 1332 was determined to have
an X-ray luminosity of 2.1 x 10%° ergs s7'. The contours associated with the diffuse
emission, seen in Figure 2.10, are symmetric yet extend beyond the optical extent of
the galaxy. No signs of ram pressure stripping or large-scale interactions with the
group potential are observed.

An image of the point source population overlaid on a DSS image of NGC 1332 is

displayed in Figure 2.13. Seventy-two point sources were detected. Chandra obser-
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vations of the point sources in NGC 1332 were first studied by Humphrey & Buote
(2004). Their Table 1 highlights the positions, count rates and luminosities of the
source population. A number of sources lie far from NGC 1332 and hence may not

be associated with the galaxy.
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Figure 2.13: Point source population of NGC 1332 overlaid on DSS II image.

Thirteen sources are classified as super-soft. Figure 2.14 displays the X-ray color-
color plot for the point sources. The central source, CXOU J032617.2-212007, is
the most super-soft source with H31 = —0.93 and H21 = —0.84. Super-soft sources
with hardness ratios near (—1, —1) indicate that those sources have no detectable
emission above 1 keV and would be well fit by a blackbody spectrum model with

Galactic absorption and a temperature of 0.1 keV (Sarazin et al. 2000).
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Figure 2.14: Hardness ratio plot for the point sources in NGC 1332.

Similar to NGC 1023, the spectrum of the central source of NGC 1332 was fit using
a Meka + disk blackbody model. The fit resulted in a temperature of 0.56 keV, an
abundance of 0.56 solar and a log Lx = 39.99 ergs s~1. The large luminosity of CXOU
J032617.2-212007 suggest an unlikely X-ray binary and an ideal AGN candidate.

The X-ray flux of the remaining sources was found using a conversion of 1.714 X
107% counts s7! = 3.87 x 1071 ergs s~! cm~2. In addition to the central source, three
sources have X-ray luminosities greater than 1.0 x 10% ergs s™!, making them further
examples of ultraluminous X-ray sources (ULXs). Humphrey & Buote (2004) found
the X-ray luminosity function was well fit by a steep and unbroken power law. Fig. 8

of Humphrey & Buote displays their calculated luminosity function. The power-law
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fit found by Humphrey & Buote is given by the following equation,

dN Lyx\ "
oKk 2.4
dL (L38) (24)

where Lsg = 10% ergs s™! . The best fit yielded 3 = 2.34 0.4 and an amplitude K =
60 + 25. Unlike X-ray luminosity functions derived for the point sources populations
in other early-type galaxies (Sarazin, Irwin, & Bregman 2000; Irwin, Sarazin, &

Bregman 2002), a broken power law was not needed.

2.8.3 NGC 1553

NGC 1553 is a shell galaxy in the group LGG 112 (Garcia 1993) that is seen
interacting with a companion, NGC 1549. Bridges & Hanes (1990) found the two
galaxies separated by 11’.8. NGC 1553 is known to have cool gas and dust, being
detected in all four IRAS bands (Bally & Thronson 1989). A Chandra investigation
into the low-mass X-ray binaries of NGC 1553 was performed by Blanton et al. (2001).

The model-fit spectrum of the hot gas can be found in Blanton et al. (see their

1 a sub-solar

Fig. 8). Our analysis found the gas to have log Lx = 40.1 ergs s~
abundance of 0.11 and a temperature of 0.64 keV. Previous X-ray observations by
Trinichieri, Noris, & di Serego Alighieri (1997) found evidence of X-ray substructures.
Figure 2.10 displays the diffuse emission contours. The aforementioned substructures

are evident. The is no symmetry observed and a strong position angle twist can

clearly be seen. The hot gas has extension along the axis perpendicular to the disk.



68

Also roughly coincident with the disk are X-ray fingers or regions of higher X-ray
emission. The cause of the X-ray fingers is uncertain.

The point source population was first listed in Table 1 and Fig. 4 of Blanton et al.
(2001). We found fifty-six sources making up the point source population. The count
rate-to-flux conversion for sources whose spectra couldn’t be fit with a model is, 2.63

'em~2. Thirteen point sources had

x 107% counts s7! to a flux of 4.49 x 1071 ergs s~
super-soft colors. A single hard source, CXOU J041606.0-554627, was found with H31
= 0.33 and H21 = 0.17. CXOU J041610.4-554648, the central source, was observed to
have intermediate hardness (H31 = —0.17 & H21 = —0.19) and an X-ray luminosity

fit with a broken power law yielding log Ly of 40.0 ergs s™!.

The central source, a
ultra-luminous X-ray source, had an X-ray luminosity that would correspond to the
Eddington limit for spherical accretion by a ~ 120 solar mass object. Plots of the

hardness ratio and the luminosity function can also be found in Blanton et al. Figs

5 & 6, respectively. The luminosity function was fit by Blanton et al. using a broken

dN Lag\ ™ “
= N, [ = 2.
Ly ( Lb) (25)

The best fit gave Ny = 8.7 and a break luminosity, L, = 4.1x 103 ergs s7!. Below the

power law of the form,

break luminosity, «; was determined to be —0.1, while above Ly, ay, = 2.7 (Blanton

et al. 2001).
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2.84 NGC 2329

The optically dominant member of Abell cluster 569, NGC 2329 is a bright (—21.4
mag), red (B—V = 0.9 mag) SO galaxy at z = 0.01933. The galaxy harbors a wide-
angle tail radio source (Feretti et al. 1985) and Schombert (1986) has shown that an
r1/4 law fits the galaxy over its entire radial range. NGC 2329 is the farthest galaxy
in our sample. The X-ray spectrum, was well fit using a Meka model. The galaxy
displays the sample’s second highest diffuse gas luminosity of log Ly = 41.9 ergs s~
The hot gas has solar abundance and one of the sample’s largest temperatures, kT
= 1.94 keV. The high temperature, approximately 1.0 keV larger than the typical
early-type galaxy (Forman et al. 1985; Trinichieri et al. 1986), could be attributed to
additional heating by the cluster potential and cluster members. The diffuse emission
contours are seen in Figure 2.15. The emission is centered on the galaxy, yet extends
well beyond the optical extent. The extension of the contours to the NE could be
indicative of ram pressure stripping or the gravitational pull due to other cluster
members and the cluster potential. While the gas is being pulled away from the
galaxy, the gas to the SW of NGC 2329 is not compressed, ruling out ram pressure
stripping. The cluster potential is likely gravitationally pulling hot gas from NGC
2329.

The point source population of NGC 2329 is extremely small, with only the central

source observed. The lack of additional sources is most likely due to the short exposure

time of the galaxy. The central source was found to have a soft X-ray colors, with
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Figure 2.15: Diffuse emission contours overlaid on a DSS II image for SO galaxy, NGC
2329. The image is 8.4 arcseconds on a side.

H31 = —0.54 and H21 = —0.46. The source spectrum was fit using a disk blackbody
+ thermal bremsstrahlung model. The temperature of the source was estimated to be
3.23 keV, with an X-ray luminosity of 6.3 x 10* ergs s~!. The high X-ray luminosity

suggests that the central source is an AGN.

2.8.5 NGC 3115

NGC 3115, a field SO galaxy at z = 0.002212, has colors (B—V = 0.9 mag) and
brightness (Mp = —20.1 mag) typical of a lenticular galaxy. Originally classified
as an E7 galaxy, Silva et al. (1989) studied the color distributions and Capaccioli
et al. (1987, 1988) modeled the galaxy. The X-ray spectrum was fit with an Apec
model. The diffuse X-ray gas was determined to have a temperature of 0.99 keV, an
abundance of 0.38 solar, and a log luminosity of 39.9 ergs s™!. The gas temperature

is exactly the expected value for a typical early-type galaxy. Figure 2.16 displays the
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Figure 2.16: Diffuse emission contours overlaid on a DSS II image of the field SO,
NGC 3115. The image is 8.4 arcseconds on a side.

diffuse contours over a DSS image. The hot gas is completely contained within the
optical extent of NGC 3115. No significant structure can be seen in the diffuse gas.
The point source population of NGC 3115 is made up of 87 sources, displayed in
Figure 2.17. The majority of the sources lie close to or within the optical galaxy. The
central region of the galaxy has a large concentration of point sources. The positions,
hardness ratios, fluxes, and X-ray luminosities of the point sources can be found in
Table 2.12. The hardness ratios of sources 30, 36, 38, and 40, are hard with H31 > 0.4
and H21 > 0.33. The hard sources may be unrelated, strongly absorbed AGNs that
produce the hard X-ray background. The X-ray color plot of the point sources can
be seen in Figure 2.18. Super-soft hardness ratios are observed for fourteen sources.
The spectrum of the central source is fit with a broken power law, giving an X-ray
luminosity of 5.0 x 1038 ergs s7!. The central source has an Lx value consistent with

either an AGN or a LMXB. The X-ray flux of the sources unable to be fit by a model,



Figure 2.17: Point source population of NGC 3115 overlaid on DSS II image.

H21

Figure 2.18: Hardness ratio plot for the point sources in NGC 3115.
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were estimated using a ratio of 7.14 x 1075 counts s™! to a flux of 2.73 x 1074 ergs

s em~2.

2.8.6 NGC 4382

A lenticular galaxy in Virgo, NGC 4382 is bright (Mp = —20.0 mag) with a
fairly blue color (B—V = 0.83). An Apec model fit to the spectrum yielded a gas
temperature of 0.42 keV and an extremely sub-solar abundance of 0.16. The galaxy’s
X-ray luminosity was derived as log Lx = 39.8 ergs s—!. Both the temperature and
abundance are very low, suggesting that the hot gas is nearly primordial and little
heating has occurred. An image of the diffuse X-ray contours is seen in the top image
of Figure 2.19. The contours are symmetric in the core, with slight distortion in the
outer regions of the galaxy.

The 78 point sources found in NGC 4382 are highlighted in Figure 2.20. The
sources extend nearly symmetrically around NGC 4382. The core has approximately
eight sources in a tight configuration. The hardness ratios of 3 sources are classified as
hard, while 14 sources meet the criteria for super-soft sources. The super-soft sources
are similar to those found in the Large Magellanic Cloud and M31 (Kahabka & van
den Heuvel 1997). The X-ray color-color plot is seen in Figure 2.21. The estimated
count rate-to-flux conversion is 2.39 x 107 counts s~ = 1.92 x 107 ergs st cm~2.

The central source has an X-ray luminosity of 5.0 x 10%® ergs s~!, as modeled
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Figure 2.19: Diffuse emission contours overlaid on DSS II images. The images are 8.4
arcseconds on a side. The upper panel displays NGC 4382, the middle NGC 4406,
and the lower NGC 5102.
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Figure 2.20: Point source population of NGC 4382 overlaid on DSS II image.
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Figure 2.21: Hardness ratio plot for the point sources in NGC 4382.
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by a broken power law. No sources were found with ULX luminosities. Table 2.13

summarizes the properties of the point source population.

2.8.7 NGC 4406

NGC 4406 is a very well studied SO galaxy in the Virgo cluster. Also known as
M86, NGC 4406 resides at a redshift of 0.000814 and is one of the brighter (Mp =
—20.7 mag) galaxies investigated. The hot gas is found to have a sub-solar abundance
of 0.29 and a temperature of kT = 0.75 keV. The spectrum was fit using an Apec
model, giving an X-ray luminosity of 1.65 x 103° ergs s—*.

An image of the diffuse gas can be seen in the middle panel of Figure 2.19. The hot
gas is the most unusual found in the sample. X-ray gas is absent from approximately
1/3 of the NW portion of NGC 4406. A ROSAT contour image of the Virgo region
around NGC 4406 in a study by Kikuchi et al. (2000) shows M87 being the dominant
galaxy both gravitationally and in its X-ray emission. We speculate that M87 has
pulled a significant fraction of hot gas out of NGC 4406. The location of M87, toward
the SE of NGC 4406, supports our claim of gravitational stripping. Most probably,
NGC 4406 is also undergoing strong ram pressure stripping from the surrounding
cluster gas.

NGC 4406 was observed to have 24 point sources, seen in Figure 2.22. The

majority of the sources were found very close to the galaxy, which argues for their

true association to NGC 4406. Table 2.14 lists the important feature of the point
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sources. The central source spectrum was fit by a disk blackbody model that gave an

estimated luminosity of 8.0 x 1037 ergs s~

The central source also has soft X-ray
colors, H31 = —0.71 and H21 = —0.47. The remaining sources included nine super-
soft sources and a single hard source (source 25). Three sources meet the criteria as
being ULX sources. Plots of hardness ratio is displayed in Figures 2.23. For sources
whose spectra could not be modeled, a conversion of 1.73 x 1075 counts s~! to 4.35

x 107 ergs s7! em ™2

Figure 2.22: Point source population of NGC 4406 overlaid on DSS II image.
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Figure 2.23: Hardness ratio plot for the point sources in NGC 4406.

2.8.8 NGC 5102

The sample’s bluest (B—V = 0.64 mag) lenticular, NGC 5102 is a member of the
Centarus A group. Table 1 of Kraft et al. (2005) highlights the properties of the
point source population. Also found in Kraft et al. are the point sources overlaid
onto a 2MASS J-band image and a plot of the luminosity function (Figs. 2 and 3,
respectively). The X-ray spectrum, modeled using Apec, gives an X-ray luminosity
calculated as 1.6 x 1038 ergs s7!, the lowest of the sample. Additionally, NGC 5102
had the sample’s lowest temperature of 0.33 keV and a solar abundance. The low
temperature matches values found for X-ray faint elliptical galaxies, which are often
assumed to have total luminosities dominated by point sources. An image of the

diffuse emission contours is displayed in the lower panel of Figure 2.19. Features of
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the contours are similar to NGC 1553, with regions of hot gas found along the edges
of the galaxy’s disk.

The point sources can be seen in Figure 2.24. Only two sources, the central source
and an additional LMXB, fall within the optical extent of NGC 5102. Most of the
remaining twenty-nine sources surround the galaxy and fall near the same radii. The
spectrum of the central source was fit with a broken power law model that resulted
in a luminosity of 7.9 x 103" ergs s~!. In order to estimate the X-ray luminosity of
other sources, a conversion of 8.1 x 107% counts s™! = 1.92 x 107'* ergs s™! cm2

was used. No ULX sources were detected and the X-ray luminosities were found to

be much lower than the point sources in the other SO galaxies sampled.
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Figure 2.24: Point source population of NGC 5102 overlaid on DSS II image.
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Figure 2.25: Hardness ratio plot for the point sources in NGC 5102.

The hardness ratios of the sources are seen in Figure 2.25. Eight sources had super-
soft colors, including the central source, CXOU J132157.4-363751. Three sources had

very hard ratios, including one source with X-ray colors of H31 =1.0 and H21 = 1.0.

2.8.9 NGC 5353

A member of the Hickson compact group 68, NGC 5353, is a bright (Mp = —20.6
mag) lenticular galaxy 32.3 Mpc away. Fit using an Apec model, the diffuse gas
was found to have a temperature of 0.83 keV and a super-solar abundance of 1.09.
NGC 5353 was the only sample galaxy to have such enriched gas. The galaxy has an

estimated log X-ray luminosity of 40.6 ergs s~'. The diffuse emission contours can be
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seen in Figure 2.26. The possibility remains that the derived abundance and emission

could
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Figure 2.26: Diffuse emission contours overlaid on DSS II images. The images are
5.3, 3.5, and 8.4 arcseconds on a side top to bottom. The upper panel displays NGC
5353, the middle NGC 5866, and the lower NGC 6407.
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be due to a near neighbor seen in Fig. 2.26. The hot gas extends well beyond NGC
5353 and encompasses the neighbor, NGC 5354.

The galaxy has only three detected sources, which can be seen in Figure 2.27.
Table 2.15 lists the dynamical and X-ray properties of the point sources. Based
on the locations of the non-central sources, there is a high possibility that only the
central source is associated with NGC 5353. The central source is an extreme super-
soft source with H31 = —0.91 and H21 = —1.0. Source 3, CXOU J135316.9+401356,

has a hard H31 ratio of 0.56.

O

Figure 2.27: Point source population of NGC 5353 overlaid on DSS II image.

The central source, CXOU J135326.7+401659, and CXOU J135338.94+401613 are

ULX sources. The third source falls just below the ULX value of 103 ergs s=!. Due
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to the lack of sources, plots of the X-ray luminosity function and X-ray colors were

not calculated.

2.8.10 NGC 5866

NGC 5866 is a member of the group LGG 396 (Garcia 1993) at redshift, z =
0.002242. The X-ray spectrum of the moderately blue (B—V = 0.78) SO was fit using
an Apec model and yielded an X-ray luminosity of 2.6 x 103 ergs s7'. The hot gas
had a temperature of 0.64 keV. Similar to most of the other SO galaxies in the sample,
NGC 5866 has a sub-solar abundance, with a value of 0.24. Figure 2.26 shows the
hot gas of NGC 5866. The contours are symmetric and show no signs of interaction

with the surrounding group environment.

Figure 2.28: Point source population of NGC 5866 overlaid on DSS II image.
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The point source population of NGC 5866 can be seen in Figure 2.28. The optical
extent of the galaxy can be seen to contain many sources, with many found in the core
region. The properties, both dynamical and X-ray, are listed in Table 2.16. Fourteen
of the 56 sources are classified as super-soft, while five sources have very hard X-ray
colors. Figure 2.29 displays a plot of the hardness ratios.

The central source was determined to have super-soft X-ray colors, H31 = -0.53
and H21 = -0.76. The spectrum of the central source, CXOU J150629.74554547, was
fit with a Meka+disk blackbody model giving an estimated log luminosity of 38.5

ergs s~!. A conversion of 3.67 x 1077 counts s~! to 8.27 x 10716 ergs s7! cm~2 was

used. No sources were determined to have greater than log Ly = 38.5 ergs s~

H21

Figure 2.29: Hardness ratio plot for the point sources in NGC 5866.
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2.8.11 NGC 6407

The final sample galaxy, NGC 6407 is a member of the LGG 411 group, found
64.3 Mpc away. NGC 6407 is also the sample’s reddest and brightest galaxy, Mp =
—20.6 mag. A Meka model fit to the X-ray spectrum gave a total diffuse gas X-ray
luminosity of 1.3 x 10*? ergs s™!, making NGC 6407 the most X-ray luminous of
the sample. The gas, seen in Figure 2.26, has a temperature of 0.75 keV and an
abundance of 0.26 solar. The hot gas can be seen to extend well beyond the galaxy
and into the group region. Based on Lx, NGC 6407 is one of the more luminous
early-type galaxies. Assuming that the group members merge into a single galaxy, a

fossil group would be formed, having an extended, highly luminous X-ray halo.

Figure 2.30: Point source population of NGC 6407 overlaid on DSS II image.
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The point source population of NGC 6407 is very sparse, with only five sources
detected. Table 2.17 lists the features of the point source population. Figure 2.30
shows the galaxy and two sources. The remaining two sources are much farther
extended from NGC 6407 and are possibly not associated with the galaxy. Three
sources are classified as having super-soft hardness ratios, including the central source,
CXOU J174457.9-604424. Source 4, CXOU J174526.1-604227, is the only super-hard
source, with H31 & H21 equal to 1.0. All five sources were estimated to have X-ray
luminosities well in excess of the ULX minimum. Hardness ratio and luminosity plots

were not created due to the scarcity of sources in NGC 6407.

2.9 Discussion

2.9.1 HCG, FG, & isolated elliptical galaxy samples

The Hickson compact group sample is seen to have narrow ranges for all of the
X-ray properties studied. With the exception of HCG 51, the gas temperature has a
range of 0.62 — 1.08 keV and an average value of 0.81 keV. The average gas abundance
is 0.19 solar and spans the range of 0.09 — 1.0 solar. The X-ray luminosities of the
HCG sample have a range of 3.8 x 10 — 7.8 x 10*! ergs s7!, with an average of 3.7 x
10%!. The fossil group and isolated elliptical galaxy samples display more symmetric

and undisturbed hot gas halos when compared to the active and stirred gas seen in
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the sample of HCGs. Features such as these are to be expected since the HCGs are
dynamic regions, while the isolated galaxies have had few outside perturbations.
The fossil group sample has X-ray luminosities in the range of 1.1 x 10* and 3.2

1

x 10" ergs s71, with an average value of 9.3 x 102 ergs s7!. The isolated elliptical

I and values ranging from 2.1 x 104

sample has an average Lx of 4.0 x 10! ergs s~
to 8.8 x 10* ergs s7!. The isolated ellipticals Ly values fall well into the range found
for the HCG sample, with the fossil groups having much larger X-ray luminosities.
The hot gas temperature of the isolated ellipticals had a minimum of 0.57 keV and
a maximum of 1.0 keV, with an average value of 0.91 keV. The fossil group sample had
an average temperature of more than double the observed average isolated elliptical,
at kT = 1.85 keV. The fossil groups also had a larger dispersion, with gas temperatures
ranging from 0.82 keV to 3.22 keV. Again, the isolated ellipticals fall well within the
range of HCG gas temperatures, while the fossil groups have much hotter halo gas.
In order to understand the emission from the HCG sample, we investigated the
relation between a groups X-ray luminosity and velocity dispersion. Using the line-
of-sight velocity dispersions from Hickson et al. (1992), Figure 2.31 displays log Lx
against . Equation 2.1, which describes the expected gas temperatures due to the
motion of galaxies within the gas, suggests that low velocity dispersion galaxy groups
would have lower X-ray luminosities. As expected, the larger the velocity dispersion,

the higher the X-ray luminosity. With the exception of HCG 51, the HCGs appear to

reach a maximum log Lx value just below 42.0. HCG 51 likely has a large luminosity
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due to high emission in the individual galaxies as well as an extensive amount of X-ray
emitting diffuse gas distributed in the intergroup medium. The maximum luminosity

is difficult to determine due to the limited sample size.
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Figure 2.31: Relation between HCG ¢ and hot gas X-ray luminosity. Velocity disper-
sion values come from Hickson et al. (1992).

Previous authors have examined possible correlations between the spiral fraction
and X-ray luminosity. In the study of Ponman et al. (1996), an anticorrelation was
found. Contrary to the results of Ponman et al., Pildis et al. (1995) observed extended
X-ray emission to be preferentially found in groups with low spiral fractions. Groups

with a high spiral galaxy fraction are assumed to be young groups where galaxy
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interactions have not distributed and heat gas to X-ray temperatures (Pildis et al.
1995). Based on the theory that large spiral fraction groups are young, we would
not expect large Lx values for spiral-only compact groups. Plotted in Figure 2.32 is
the log Lx — fsp. Our results indicate no correlation between the number of spiral
galaxies and the amount of emission. We recognize the possibility that because our
sample was derived from archival pointed observations, the HCG sample represents

the brightest known Hickson groups irrespective of galaxy member morphology.
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Figure 2.32: Fraction of spiral galaxies in the HCGs plotted against the Ly of the

group. There appears to be no correlation between fy, and X-ray luminosity. The
small sample size may influence the lack of trend in the data.



91

The connection between fossil groups and isolated ellipticals can also be studied
using the optical brightness. Evidence that FGs and isolated ellipticals formed via
mergers can be determined if the galaxies have large group-like X-ray halos and large
optical brightness. The merger hypothesis would suggest a trend where the optically
brightest FGs and isolated ellipticals would also be the X-ray brightest galaxies. The
trends followed by the FG and isolated elliptical galaxy samples are shown in Figure
2.33. The straight line is not a fit to the data, but is instead used to highlight the
overall trend. As the galaxys optical brightness increases, its X-ray brightness does
as well. The isolated ellipticals follow the same general trend as the fossil groups, but
display lower absolute magnitudes and Lx values.

Figure 2.34 displays the logarithm of X-ray luminosity against our estimated of
the effective X-ray radius. The effective radius, R,.,, was defined as the radius where
source counts fell to 20 above the background. The X-ray effective radius was devel-
oped as a means to quantify the size of the X-ray halo, as no satisfactory methods
currently exist. The highest Lx values, namely the brightest FGs, were left off of Fig.
2.34 in order to focus on the compact groups and isolated ellipticals. Clearly seen,
the effective radius increases with X-ray brightness. For the majority of the HCGs
and isolated ellipticals, the R., remains below 2 Mpc. The four FGs not shown in
Fig. 2.34 have effective radii as small as 6.64 Mpc and up to 12.83 Mpc. The effective
X-ray radii of the samples indicate a number of intriguing features. The FGs not

displayed in Fig. 2.34 have X-ray halos similar to those of clusters. The compact



92

400/ e e ]

-20 -21 22 -23 -24 -25
M,

Figure 2.33: Log Lx plotted versus the galaxy absolute B magnitude. FGs are
displayed as red diamonds and isolated ellipticals as black triangles.

groups, isolated ellipticals, and approximately half of the fossil groups have R, in
the sub-Mpc range. Fig. 2.34 also appears to show that at log Lx greater than 42.0,
the effective radii becomes significantly large.

Prior studies of groups and clusters have found correlations between X-ray bright-
ness and gas temperature. Figure 2.35 displays the Lx-kT relation for the HCG,
isolated elliptical and fossil group samples. The line drawn highlights the trend fol-
lowed by all three samples. The HCG (orange circles) and isolated ellipticals (filled

triangles) are observed to fall in the same locus, with temperatures near 1 keV (log kT
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Figure 2.34: X-ray luminosity versus X-ray effective radius for the HCG, FG, and
isolated elliptical galaxy samples. Red diamonds represent FGs, black triangles are
isolated ellipticals, and orange circles represent HCGs. Population 1 FGs, HCGs,
and isolated ellipticals have R, in the same sub-Mpc range. Population 2 FGs have

considerably larger effective X-ray radii, suggesting a link between pop. 2 FGs and
clusters.

~0.0) and log Ly between 40.5 and 42. The fossil group sample features a bimodal
population. Population 1 fossil groups have properties similar to the HCG and iso-
lated ellipticals. The X-ray luminosities of the population 1 FGs are fractionally larger
than the HCG sample. Population 2 FGs are significantly hotter with temperatures
of ~3.0 keV (log kT ~0.5) and more luminous, log Ly near 43.0 ergs s~'. Notably,

HCG 51 sits far from the common trend of the samples. As the hottest and most
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X-ray luminous Hickson compact group in our sample, HCG 51 shares traits more in
common with population 2 FGs. As X-ray gas temperature is a direct tracer of gravi-
tational potential, the population 1 fossil groups exist in more massive potential wells
than either the HCGs or isolated ellipticals. Larger gravitational potentials further
argue that population 2 FGs are the remnants of a coalesced poor cluster. Similar
conclusions were made for RXJ1416.44-2315 (Khosroshahi et al. 2006a), which was

determined to be the remains of a poor cluster of galaxies.
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Figure 2.35: Lx:kT relation for the compact group, fossil group, and isolated elliptical
samples. The symbols are the same as Fig. 2.34. An estimate of the average error of
the three samples is included. The HCG, FGs, and isolated ellipticals all follow the

same general trend in Lx:kT.
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Figures 2.36 and 2.37 show the histograms of Lx for the HCG-isolated elliptical
galaxy samples and for the HCG-fossil group samples, respectively. The HCG sample
is displayed as a solid line in both figures. The Lx values of the HCGs are comparable
yet slightly lower than the isolated ellipticals. Again, the fossil groups are significantly
more luminous than the HCG sample. A visual inspection of the histograms would
argue that, based on Ly, the HCG and fossil groups have little in common. A K-S
test was performed on the Lx values of the three samples. A K-S test reveals, with
99% probability, that the Lx values of the HCGs and isolated ellipticals appear to be
drawn from the same parent population. The K-S test points towards the FGs and
HCGs being to distinct populations.

Based on the Figs. 2.35-2.37, less than 50% of all FGs are the results of a merged
compact group of galaxies. The fact that the HCG and isolated elliptical galaxy sam-
ples reside at the same locus of Fig 2.35 argues strongly that the galaxy members of a
compact group will merge and result in an isolated elliptical. The possibility remains
that compact groups could evolve into a population 1 FG. The major difference be-
tween the population 1 FGs and the isolated ellipticals is simply a single companion
galaxy yet to be accreted. The connection between population 1 FGs and population
2 FGs is still unclear. The two populations could simply be the opposite ends of a
naturally occurring mass distribution. Larger samples of compact and fossil groups
and isolated ellipticals would be needed to further determine evolutionary and mass

connections.
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Figure 2.36: Histogram of X-ray luminosities for the compact groups and isolated
ellipticals.The solid line represents the HCG Ly values, while the dashed line is the
isolated elliptical galaxy values.

The data suggests that there is likely not a sequence of evolution between compact
groups and fossil groups. The data suggests that at least the population 2 fossil groups
are the remains of a merged poor cluster. Mendes de Oliveira (2006) found that the
environment around the Hickson groups 31, 79 and 92 are too sparse to evolve into
a fossil group. Their results suggest that HCG 42 or 62, both containing a wealth of
dwarf galaxies, would be ideal candidates to become fossil groups. While these two
HCGs may have the necessary environments, our results suggest that they are X-ray

underluminous and the gas too cold to fulfill the fossil group requirements.
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Figure 2.37: Histogram of X-ray luminosities for the compact groups and fossil group
galaxies. The solid line represents the HCG Ly values, while the dashed line indicates
values of the fossil group sample.

2.9.2 SO galaxy sample

The diffuse X-ray gas in our sample of lenticulars can be used to understand both
environmental influences and general trends that would be expected for future X-ray
observations of SO galaxies. The diffuse gas in NGC 1332, 5353, 5866, and 6407 all
show signs of extended gas, representing four of the sample’s 11 galaxies (36%). The
common thread amongst these galaxies is that they are all members of groups, with
NGC 5353 being a member of a Hickson compact group. Ram pressure stripping

is most likely too weak to remove gas from the galaxies. The group gravitational
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potential may be sufficient to pull gas away from the parent galaxy, but not to the
extent that the hot gas becomes fully displaced into the intragroup region.

One sample galaxy, NGC 6407, had a very high X-ray luminosity and extended
halo of hot gas, suggesting a precursor fossil group. NGC 6407 would be one of the
first SOs found that matches the requirements of a future fossil group. Observations of
the other group members would help determine the likelihood that the group coalesces
into a single bright early-type galaxy with a large hot gas halo.

Two galaxies, NGC 2329 and NGC 4406, show signs of unusual or asymmetric
diffuse emission. Both of these galaxies reside in high-density cluster environments.
The presence of the strong cluster potential seems to cause major asymmetries. The
strongest cause for such a scenario is NGC 4406, which is having its gas pulled by
MS87 and the potential of the Virgo cluster.

NGC 1553 and NGC 5102 both have diffuse emission with intensity peaks along
the SO disk. Both galaxies reside in group environments. The cause of the emis-
sion is unknown, however the emission may be evolutionary traces of past spiral
arms/features. The features may arise from rotation in the disk. While the wing-like
features are common to both galaxies, the core regions differ greatly. NGC 1553 has
hot gas extending perpendicular to the galaxy disk, while NGC 5102 has roughly
symmetric emission in the core.

The hot gas in NGC 3115 and NGC 1023 are both confined to optical extent

of the galaxy and are highly concentrated in the galaxy core. The two galaxies
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have very little in common, NGC 1023 is a member of a group and NGC 3115 is
classified as a field SO. NGC 3115 is particularly important given that only a handful
of field/isolated SOs have been observed (Marcum et al. 2004; Fuse et al. (2008)
in prep.). If NGC 3115 formed via the collapse of a primordial gas cloud and has
remained unperturbed, the hot gas would likely remain tightly bound to the galaxy
and have little extension. Such a model would suggest a near quiescent evolution
of the X-ray gas throughout the lifetime of the galaxy. The same features found in
NGC 1023 are more difficult to explain. Residing in a group environment, NGC 1023
would have to lie on the outskirts of the group or be a relatively new group member.
Either scenario would result in the group’s potential well not having enough time to
sufficiently pull gas from the galaxy.

The individual point sources were found to fall in a range of luminosities between
1036 — 10%° ergs s7!. The most luminous sources were generally the central source.
The total luminosity of the point sources ranged from 4.9 x 1038 to 6.5 x 10* ergss—*.
The SO galaxies with the two most luminous total point source populations are NGC
2329 and NGC 6407, had a total of one and five detected sources, respectively. The
low number of sources in these two galaxies, coupled with the very high luminosities,
are yet another argument that the central sources in these lenticulars are AGN.

The formation mechanism of SO galaxies is still poorly constrained. If mergers
and interactions have dominated the evolution of SOs, then X-ray luminosity should

increase as optical brightness increases. The relation between X-ray luminosity and
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optical brightness is shown in Figure 2.38. A very strong trend is seen where Lx in-
creases with increasing absolute magnitude. There is little dispersion observed, which
may be due to the limited number of galaxies in the sample. The point of greatest
dispersion comes from NGC 4406. We speculate that NGC 4406 is underluminous
in its X-ray emission, due to gas having been removed by MS87. While the X-ray
brightness spans a fairly large range of 4 orders of magnitude, the range of the opti-
cal brightness only covers two orders of magnitude. A clearer understanding of the

observed trend would come with a sample containing fainter lenticular galaxies.
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Figure 2.38: Diffuse gas Lx plotted versus absolute B magnitude for the SO galaxies.
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Figure 2.39 highlights the relation between X-ray luminosity and gas temperature.
The SO sample follows similar trends previously seen in ellipticals (Helsdon & Ponman
2000; O’Sullivan et al. 2003). Previous observations have found that the hot gas in
lenticular galaxies rarely reaches ”high” temperatures (kT > 1.5 keV) and are often
classified as typical or faint early-type galaxies. The absence of a significant number
of faint SOs with kT < 0.4, makes the determination of the exact relation difficult.
Until a larger sample is compiled, all that can be noted is that the SO sample follows

the general trends of elliptical galaxies.
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Figure 2.39: Lenticular galaxy sample correlation between X-ray brightness and dif-
fuse gas temperature.
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The correlation between exposure time and the number of detected point sources is
displayed in Figure 2.40. The plot was made to determine whether the source counts
were intrinsic to the galaxy or were a reflection of the exposure time. It should
be obvious that as exposure time increases, more sources should be detected. That
trend can be seen, as the exposure time increases, the number of sources increases.
An increase in dispersion for larger exposure times is expected, as the total number
of sources associated with the galaxy is a fixed value and the number of sources will

reach a maximum value.
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Figure 2.40: Chandra Observatory exposure time plotted against the number of de-
tected point sources.
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Figure 2.41: Histogram of integrated point source population Lxs for the lenticular
galaxy sample.

The total X-ray luminosity of the point sources is highlighted in a histogram of
Figure 2.41. The sample shows only a moderate number of total point sources with
extremely large luminosities. A larger number of high luminosity point sources would
have been incontrovertible evidence that a central black hole exists in all SO galaxies.
The characteristic luminosity for the total point source population lie around 6.0 x
103 ergs s7!. The X-ray luminosity due to the point sources is futher investigated

in Figure 2.42. For a small number of sources, the dispersion in Ly is very large.

That trend is expected, as a powerful, unobscured central source could comprise a
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large fraction of the point source population’s brightness. Assuming the two brightest
points are due to AGN, a trend can be seen in the remaining data. While the band of
possible luminosities is large, as expected, the greater the number of sources results

in a larger Lx for the total point source population.
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Figure 2.42: Total point source X-ray luminosity plotted against the number of de-
tected sources.

Also of note is the lack of possible high-mass X-ray binaries (HMXBs). Although
the study of NGC 5102 (Kraft et al. 2005), found a large population of HMXBs, we
found that the sources in NGC 5102 were most likely LMXBs. We find approximately

15 candidate HMXBs in the entire SO sample.
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All sample galaxies had distinct sources located at the galaxy center. Based on
X-ray luminosities, four of the eleven sample SOs (36%) have a strong likelihood of
harboring an AGN at their core. The majority of the sample’s central sources had
X-ray luminosities falling in the range consistent with either an AGN or a low-mass
X-ray binary. Longer exposures would help to clear any ambiguity in the nature of

the central sources.

2.10 Conclusions

An investigation into the diffuse X-ray gas properties of compact groups, fossil
groups, and isolated elliptical was performed on archival Chandra Observatory data.

The results of the X-ray analysis have yielded the following conclusions:

e There is a correlation between optical brightness and X-ray luminosity of the
fossil groups and isolated ellipticals that is interpreted as evidence the galaxies

have formed as a result of major mergers.

e The X-ray properties of the isolated ellipticals most closely resemble the prop-
erties of the compact groups. The implication of the common X-ray features is

that the isolated ellipticals are likely the remains of a coalesced compact group.

e There exist two populations of fossil groups. The population 1 FGs have prop-

erties similar to the compact groups and isolated ellipticals. Population 2 FGs
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display X-ray luminosities an order of magnitude larger and have gas tempera-

tures significantly hotter than the compact groups.

e The data suggests that less than 50% of the fossil groups are the remains of
a merged compact group. Instead the population 2 fossil groups have X-ray

properties that suggest a merged poor cluster origin.

e X-ray analysis has proven to be the long-lived diagnostic needed to evaluate the

formation and evolution of galaxies.

In the first large-scale investigation into the hot gas properties of SO galaxies, a
number of general trends were discovered. Provided the current sample of SO galaxies

is a fair representation of all lenticular galaxies, the results presented here suggest:

e The halo of hot gas extends beyond the optical boundaries when the galaxy
is located in a group environment, shows signs of stripping when found in a
cluster, or for field /isolated SOs the hot gas would have little extension beyond

the optical extent of the galaxy.

e The temperature of the X-ray emitting gas loosely follows the Lx:kT and
Lyx:Mpg relations observed for ellipticals. Additionally, the gas has sub-solar

abundances, ~ 0.25 solar.

e Twenty to seventy-five point sources would be detected in each lenticular galaxy.
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e A central source with super-soft X-ray colors and an X-ray luminosity of ap-

1

proximately 103° ergs s™' would be detected. The nature of the central source

is unable to be determined.

e Approximately 10% of sources will have super-soft X-ray colors and ~ 1% of

the sources would have very hard colors.



Table 2.1. Properties of the Hickson Compact Group Sample

Group « ) Dist  number of members fg

(1) (2) (3) (4) () (6)
16 02:09:31.3 —10:09:31  52.8 4 6.4
30 04:36:28.6 —02:49:57 61.6 4 4.5
37 09:13:35.6  +30:00:51  89.2 ) 3.2
40 09:38:54.5 —04:51:07  89.2 5 1.7
42 10:00:21.8 —19:38:57 53.2 4 6.0
51 11:22:20.9  +24:17:35 103.2 6 4.5
62 12:53:08.1 —09:13:27 54.8 4 3.7
80 15:59:12.3  +65:13:33 119.6 4 1.7
90 22:02:05.6 —31:58:00 35.2 4 7.4
92 22:35:57.5  +33:57:36 86 5 3.2
97 23:47:22.9 —02:19:34  87.2 5 5.2

Note. — Col. (1): HCG group number. Col. (2): Right ascension

as listed in NED. Col.

(3): Declination as listed in NED. Col. (4):

Distance, in Mpc, as listed in NED. Col. (5): Number of group members

as listed in Hickson et al. 1992. Col. (6):

arcminutes, as listed in Hickson 1982.

Angular size of group, in
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Table 2.2.

Properties of Galaxy Members of the Hickson Compact Groups

Galaxy Q ) Type  vypqq Dist.
(1) (2) (3) 4 (6 (6
16a 02:09:24.7 —10:08:11 SBab 4073 54.3
16b 02:09:20.9 —10:08:00 Sa 3864 51.5
16¢ 02:09:38.6 —10:08:46 S0 3851 51.3
16d 02:09:42.9 —10:11:03  Spec 3874 51.7
30a 04:36:18.6 —02:49:53 SBO 4697 62.6
30b 04:36:30.2 —02:51:59 SABO 4625 61.7
30c 04:36:23.4 —02:48:00 SBbc 4508 60.1
30d 04:36:36.6 —02:50:35 S0 4666 62.2
37a 09:13:39.4  429:59:35 E 6745 89.9
37b 09:13:33.1  430:00:01  Sbc 6758 90.1
37c 09:13:37.3  429:59:58 S0/a 7356 98.1
37d 09:13:33.8  +30:00:57 SBdm 6131 81.7
37e 09:13:34.0  +30:02:23 E 6469 86.3
40a 09:38:53.5  —04:50:57 E 6628 88.4
40b 09:38:55.0 —04:51:57 SAO0 6842 91.2
40c 09:38:53.6 —04:51:37 SBb 6406 85.4
40d 09:38:55.7 —04:50:13 SBO/a 6492 86.6
40e 09:38:55.4 —04:51:30 SABa 6633 884
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Table 2.2 (continued)

Galaxy « 1) Type vyqq Dist.
(1) (2) 3) 4 6 (6
42a 10:00:14.3 —19:38:13 E 3964 529
42b 10:00:33.1 —19:39:43 SBO 4228 56.4
42¢c 10:00:10.3 —19:37:19 E 4005 534
42d 10:00:13.0 —19:40:23 SO 4042 53.9
5la 11:22:26.3  42417:57 E 7626 101.7
51b 11:22:14.2  +24:18:01 SBbc 8219 109.6
5lc 11:22:30.0 +24:16:45 E/SO 8902 118.7
51d 11:22:30.5 +24:17:59 Sab 7529 100.4
5le 11:22:13.3  +24:19:01 E 7700 102.7
51f 11:22:26.4 +24:17:44 SO 7532 1004
62a 12:53:05.7 —09:12:14 SO 4259  56.9
62b 12:53:04.4 —09:12:00 SO 3561 47.5
62c 12:53:09.9 —09:11:55 E 4432 59.1
62d 12:53:06.6 —09:15:28 E/SO0 4174  55.7
80a 15:59:19.1 +65:13:58 Sd 8975 119.7
80b 15:59:21.6  +65:13:22  Sab 9584 127.8
80c 15:59:07.2 +65:14:02  Sd 9550 127.3
80d 15:59:12.0  +65:13:19  Im 9108 1214
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Table 2.2 (continued)

Galaxy « 1) Type Vyqq Dist.
(1) (2) (3) 4 () (6
90a 22:02:01.9 —31:52:11  Sa 2603 34.7
90b 22:02:08.4 —31:59:23 E 2511 335
90c 22:02:03.2 —31:58:25 E 2497  33.3
90d 22:02:06.5 —31:59:34 Sab 2659 35.5
92a 22:36:03.4 +33:56:53 Scd 786  10.5
92b 22:35:58.4 433:57:57 SBbc 5774 80.2
92¢ 22:36:03.5 +33:58:33 SBbc 6747 93.7
92d 22:35:56.7  +33:57:56 E 6630 92.1
92e 22:35:51.9  433:56:42 E 6599 91.7
97a 23:47:23.0 —02:18:02 SBO 6932 96.3
97b 23:47:37.8 —02:19:00 Sc 6666 92.6
97c 23:47:23.8 —02:21:04 S 6003 83.4
97d 23:47:18.9  —02:18:49 E 6328 87.9
97e 23:47:19.9 —02:16:50 S0/a 6665 92.6

Note. — Col. (1): HCG group number. Col. (2): Right
ascension as listed in NED. Col. (3): Declination as listed
in NED. Col. (4):
1982. Col. (5): Heliocentric velocity in km s~ as listed in
NED. Col. (6):

with the velocity in Col. (5) and a Hubble constant of 72

km s~ Mpc!.

Morphological type listed in Hickson

Distance determined using Hubble’s law
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Table 2.3. Properties of the Fossil Group Sample

Group « 1) Mp Dist
(1) (2) 3) RN
NGC 777 02:00:14.9 +31:25:46 —22.0 69.7
NGC 1550 04:19:37.9 4+02:24:36 —21.1 51.6
NGC 4936 13:04:17.1 —30:31:35 —21.6 43.3
NGC 5419 14:03:38.8  —33:58:42 —22.3 574
ESO 3060170 05:40:06.7 —40:50:11 —22.7 149.2
ESO 5520200 04:54:52.3 —18:06:56 —22.5 130.9
RXJ1256.042556 12:56:04.9 +25:56:52 —24.0 966.7
RXJ1331.54+1108 13:31:29.6 +11:07:57 —22.9 329.2
RXJ1340.6+4018 13:40:33.4 +40:17:48 —23.0 718.3
RXJ1552.242013 15:52:12.3 +20:13:45 —24.0 566.7

Note. — Col. (1): Galaxy Name. Col. (2): Right ascension
as listed in NED. Col. (3): Declination as listed in NED. Col.

(4): Absolute B-band magnitude as listed in LEDA. Col. (5):

Distance, in Mpc, as listed in NED.
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Table 2.4. Properties of the Isolated Elliptical Galaxy Sample

Group o ) Mp Dist
(1) (2) (3) @ 06
NGC 766 ~ 01:58:42.0 +08:20:48 —21.5 112.6
NGC 1132 02:52:51.8 —01:16:29 —22.0 964
NGC 3065 10:01:55.3 +72:10:13 —20.7 27.8
NGC 3078 09:58:24.6 —26:55:35 —20.9 34.7
NGC 3209 10:20:38.4 +25:30:18 —21.1 86.5
NGC 4555 12:35:41.2 +26:31:23 —21.7 92.9
NGC 5546  14:18:09.2 407:33:52 —21.9 101.8
NGC 6487 17:52:41.8 +429:50:19 —22.5 106.2
NGC 7618 23:19:47.4 +42:51:09 —-21.3 72.1

Note. — Col. (1): Galaxy Name. Col. (2): Right
ascension as listed in NED. Col. (3):
listed in NED. Col. (4): Absolute B-band magnitude as

listed in LEDA. Col. (5): Distance, in Mpc, as listed in

NED.

Declination as
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Table 2.5. Dynamical Properties of the SO Sample

Galaxy Ra Dec radial velocity Distance My

(1) (2) 3) (4) () (6)
NGC 1023 02:40:24.0 +39:03:48 637.5 8.9 —19.7
NGC 1332 03:26:17.3 —21:20:07 1525.2 21.2 —-20.4
NGC 1553 04:16:10.5 —55:46:49 1080.6 15.0 —20.6
NGC 2329 07:09:08.0 +48:36:56 5799 80.5 —21.4
NGC 3115 10:05:14.0 —07:43:07 663.6 9.2 —20.1
NGC 4382 12:25:24.0 +18:11:28 729.6 10.1 —20.0
NGC 4406 12:26:11.7 +12:56:46 244.2 34 —21.4
NGC 5102 13:21:58.0 —36:37:49 468.3 6.5 —-19.1
NGC 5353 13:53:26.7 +40:16:59 2326.5 32.3 —20.6
NGC 5866 15:06:29.5 +55:45:47 672.6 9.3 —-19.0
NGC 6407 17:44:57.7 —60:44:23 4628.1 64.3 —21.6

Note. — Col. (1): Galaxy name. Col. (2): Right ascension as listed in
NED. Col. (3): Declination as listed in NED. Col. (4): Radial velocity as
listed in NED. Col. (5): Distance in Mpc, calculated using Col. 4 and 72

km s~ Mpe~! (6) Absolute B-band magnitude as listed in LEDA.
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Table 2.6.

X-Ray Properties of the Hickson Compact Group Sample

Group logL, kT R., Observer comments

(1) @ 6 & () (6)
16 409 0.66 0.29 Mamon a
30 41.3 099 0.99 Ponman a
37 41.3 1.08 0.42 Ponman a
40 41.5 097 0.37 Ponman a
42 41.5 0.76 0.54 Ponman a
51 42.6 6.06 3.07 Vrtilek a, b
62 418 0.79 0.73 Vrtilek b, c
80 418 062 1.75 Ota a,
90 40.6 0.65 0.63  Bothun a, b
92 417 0.74 1.32 Trinchieri b, d
97 419  0.83 1.30 Vrtilek a, b

Note. — Col. (1): HCG group number. Col. (2):
Model derived luminosity in the 0.3 - 2.5 energy band, in
ergs s~ 1. Col. (3): Log of model derived gas temperature
in keV. Col. (4): Effective X-ray radius defined as radius
where the X-ray source counts fell to 20 above the back-
ground, in Mpc. Col. (5): PI of Chandra observation.
Col (6): a — emission confined to indiv. galaxies. b —
emission in intragroup region. ¢ — depressions in diffuse

emission. d — emission peak in intragroup region.
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Table 2.7. X-Ray Properties of the Fossil Group Sample

Galaxy log L, kT R., Observer comments
(1) 2 6 (5) (6)
NGC 777 41.98 0.64 129  Murray a
NGC 1550 422 096 1.09 Murray a
NGC 4936 41.0 082 0.79  Murray a
NGC 5419 419 3.16 059  Murray ¢
ESO 3060170 43.1 249 12.83 Murray a
ESO 5520200 42,7 297 5.18  Forman b
RXJ1256.0+2556  43.5  2.36 11.16 Jones a
RXJ1331.5+1108 422 0.89 2.92 Jones a
RXJ1340.6+4018 43.0 0.99 10.90 Jones a
RXJ1552.2+2013 434 3.22 6.64 Jones a

Note. — Col. (1): Galaxy name. Col. (2): Log of model derived
luminosity in the 0.3 - 2.5 energy band, in ergs s~1. Col. (3): Model
derived gas temperature in keV. Col. (4):
defined as radius where the X-ray source counts fell to 20 above the
background, in Mpc. Col. (5): PI of Chandra observation. Col (6):

a — symmetric, undisturbed diffuse emission. b — diffuse emission

undisturbed yet lacks symmetry. ¢ — hot gas is entirely bound within

the optical extent of the galaxy.

Effective X-ray radius
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Table 2.8. X-ray Properties of the Isolated Elliptical Galaxy Sample

Galaxy log L, kT R., Observer comments
(1) 2 6 @& (5) (6)
NGC 766 414 0.67 0.78 Garmire a
NGC 1132 419 0.81 1.01 Zabludoff b
NGC 3065  40.3 1.0 0.16 Murray ¢
NGC 3078 409 2.02 0.16 Murray a
NGC 3209 409 0.67 041 Garmire b
NGC 4555  41.5 0.77 0.64 Ponman a
NGC 5546 419 0.57 0.83 Murray a
NGC 6487 41.7 0.76 0.59  Murray a
NGC 7618 419 094 1.81 Zabludoff d

Note. — Col. (1): Galaxy name. Col. (2): Log of model
derived luminosity in the 0.3 - 2.5 energy band, in ergs s~ *.
Col. (3): Model derived gas temperature in keV. Col. (4): Ef-
fective X-ray radius defined as radius where the X-ray source
counts fell to 20 above the background, in Mpc. Col. (5):
PI of Chandra observation. Col (6): a — diffuse emission
is symmetric and undisturbed. b — diffuse emission appears
undisturbed yet lacks symmetry. ¢ — hot gas is entirely bound

within the optical extent of the galaxy. d — diffuse emission

is disturbed and lacks symmetry.
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Table 2.9. X-ray Properties of the SO Sample

Galaxy log Lx # pt. sources Model fit total pt. source log Lx
(1) (2) 3) (4) (5)
NGC 1023  39.2 25 Apec 39.5
NGC 1332 40.3 72 Meka+Raymond 40.5
NGC 1553 40.1 56 Bkn pwr law 40.3
NGC 2329 41.9 1 Disk BB+Bremsstrahlung 41.8
NGC 3115 39.9 87 Bkn pwr law 39.9
NGC 4382  39.8 78 Meka 39.9
NGC 4406 39.2 24 Meka+bkn pwr law 38.7
NGC 5102  38.2 31 Meka+bkn pwr law 38.9
NGC 5353  40.6 3 Meka+bkn pwr law 40.3
NGC 5866  39.4 56 Meka+bkn pwr law 39.6
NGC 6407 42.1 5 Meka+bkn pwr law 41.5

Note. — Col. (1): Galaxy name. Col. (2): Log of model derived gas X-ray luminosity, using
Hy = 72 km s~ Mpc~!. Col. (3): Number of detected point sources. Col. (4): Model used

to fit the total point source spectrum. Col. (5): Log of total point source X-ray luminosity, in

ergs s~ 1.
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Table 2.10. Point Sources Population in NGC 1023

Number Source H21 H31 Flux log Lx
(1) (2) 3) @ (6)
1 CXOU J024023.9+390347 —0.51 —0.53 8.38 38.9
2 CXOU J024028.7+390350 —0.65 —0.41 2.94 38.4
3 CXOU J024027.9+390412 —04 —1.0 1.35 38.1
4 CXOU J024025.1+390403 0.2 —-1.0 0562  37.7
5 CXOU J024024.34+390427 —0.52 —0.39 4.94 38.7
6 CXOU J024017.84-390151 —0.68 —0.83 4.61 38.6
7 CXOU J024013.04+390052 —0.98 —1.0 7.67 38.9
8 CXOU J024036.44+390417 —0.53 —0.63 2.25 38.3
9 CXOU J024034.8+390645 —0.43 —0.5 2.92 384
10 CXOU J024032.94-390441 —0.33 0.0 0.562  37.7
11 CXOU J024032.4+385917 —0.42 —0.33 4.72 38.6
12 CXOU J024026.0+390350 —0.14 —0.14 1.12 38.0
13 CXOU J024023.6+390343 —-0.39 —-0.8 1.57 38.2
14 CXOU J024022.94-390326  0.25 -0.2 1.12 38.0
15 CXOU J024022.6+390238 —1.0 —1.0 0.674  37.8
16 CXOU J024022.54+390151  —1.0 0.0 0449 376

17 CXOU J024021.1+390630 —0.33 —0.31  3.37 38.5



Table 2.10 (continued)

Number Source H21 H31 Flux log Lx
(1) (2) 3) @ (5 (6)
18 CXOU J024021.14+390531 —0.65 —0.58 3.14 38.5
19 CXOU J024019.74+390425 0.0  —0.71 1.46 38.1
20 CXOU J024013.6+390133 —0.64 —0.39 1.68 38.2
21 CXOU J024010.54+390226 —0.67 —1.0  1.07 38.0
22 CXOU J024030.54+390440 —1.0 0.0 0.535  37.7
23 CXOU J024014.94385920 1.0 1.0 1.16 38.0
24 CXOU J024013.74+390404 1.0 1.0 0446 376
25 CXOU J024005.14+390508 —0.67 —1.0 0.535  37.7

Note. — Col. (1): Source number. Col. (2)
Chandra naming convention. Col. (3): Derived medium-to-soft hardness
ratio. Col. (4): Derived hard-to-soft hardness ratio. Col. (5): Flux deter-

mined using a model fit to the point source X-ray spectrum, in 10~ '# ergs

s cm—2

. Col. (6):

and a Hubble constant of 72 km s~! Mpc~".

: Point source name, using

Log of X-ray luminosity determined using Col. (5)
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Table 2.11. Point Sources Population in NGC 1332
Number Source H21 H31 Flux log Lx
(1) 2) 3) 4 () (6)

1 CXOU J032617.2-212007 —0.84 —0.93 18.2 39.9
2 CXOU J032636.5-211809 —0.54 —0.64 4.13 39.3
3 CXOU J032622.9-211917 —0.21 —0.18 0.387 38.3
4 CXOU J032620.6-211713 —0.06 —0.29 0.181 37.9
5 CXOU J032620.2-211958 —0.56 —0.56 0.132 37.8
6 CXOU J032619.9-212018 —0.52 —0.68 0.206 38.0
7 CXOU J032618.9-212031 —0.62 —-0.66 1.09 38.8
8 CXOU J032618.8-211814 —0.46 —0.36 0.296 38.2
9 CXOU J032618.2-212014 —0.31 —0.62 0.921 38.7
10 CXOU J032616.7-211953 —0.28 —0.52 0.929 38.7
11 CXOU J032616.4-211958 —0.49 —0.63 0.469 38.4
12 CXOU J032616.3-211953 —0.61 —0.57 0.387 38.3
13 CXOU J032615.5-211941 —0.54 —0.54 0.263 38.1
14 CXOU J032615.3-211924  —0.2 0.67 0.173 37.9
15 CXOU J032615.3-212001 —0.2 —0.26 0.509 384
16 CXOU J032614.9-212126 —0.40 —0.43 5.20 39.4
17 CXOU J032614.7-211903 —0.56 —0.59 0.543 38.5
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Table 2.11 (continued)

Number Source H21 H31 Flux log Lx
(1) (2) 3) (4) () (6)
18 CXOU J032613.9-211943 —0.53 —0.3 0.206  38.0
19 CXOU J032613.2-212019 —-0.14 —-0.26 0.239  38.1
20 CXOU J032611.9-211811 —0.33 -—0.6 0.058  37.5
21 CXOU J032631.3-211530 —0.06  0.03  0.789  38.6
22 CXOU J032630.9-211823 —-0.6 —0.52 0.206  38.0
23 CXOU J032628.7-211735 0.0 0.0 0.074  37.6
24 CXOU J032628.3-212120 —0.41 -—0.65 0.271 38.2
25 CXOU J032625.5-211622  0.09 —0.25 0.115  37.8
26 CXOU J032625.2-212043 —0.64 —0.39 0.123  37.8
27 CXOU J032624.2-212040 —0.78 —0.46 0.107  37.7
28 CXOU J032623.4-212002 —-1.0 —0.78 0.074  37.6
29 CXOU J032623.1-211945 0.0 —0.33 0.082 376
30 CXOU J032622.8-211621 —0.33 —-0.33 0.107  37.7
31 CXOU J032622.4-212131 —0.6 —-0.91 0.222 38.1
32 CXOU J032621.9-212023 —0.47 —0.56 0.206  38.0
33 CXOU J032621.8-211929 —0.78 —0.78 0.336  38.3
34 CXOU J032621.5-212030 —0.4  —0.56 0.099  37.7
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Table 2.11 (continued)

Number Source H21 H31  Flux log Lx
(1) (2) 3) 4 06 (6)
35 CXOU J032620.8-211957 —0.33 —0.2 0.107  37.7
36 CXOU J032620.8-212151  0.24 0.75 0.708  38.6
37 CXOU J032620.6-212112 —-0.29 —1.0 0.139  37.9
38 CXOU J032620.6-212041 —0.54 —0.82 0.115  37.8
39 CXOU J032620.2-211455 —0.58 —0.52 0.247  38.1
40 CXOU J032620.1-212023 —0.70 —0.53 0.279  38.2
41 CXOU J032619.4-212020 —-0.5 —0.64 0.230 38.1
42 CXOU J032619.3-212051 —0.62 —0.70 0.222  38.1
43 CXOU J032619.1-212008 —0.8 —0.5 0.107  37.6
44 CXOU J032618.4-212011 —-0.78 —0.5 0.289  38.2
45 CXOU J032617.6-212013 —0.78 —0.78 0.575  38.5
46 CXOU J032617.6-211507 —0.37 —0.53 0.189  38.0
47 CXOU J032616.7-211927 —-0.71 —-0.09 0.115  37.8
48 CXOU J032616.6-211920 —-0.6 —0.45 0.107  37.8
49 CXOU J032615.8-212017 —0.8 —0.64 0.099  37.7
50 CXOU J032615.8-212039 —0.89 —0.7 0.189  38.0
51 CXOU J032615.4-211949 —0.56 —0.56 0.099  37.7
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Table 2.11 (continued)

Number Source H21 H31  Flux log Lx
(1) (2) 3) 4 06 (6)
52 CXOU J032613.9-212005 —0.11 —0.11 0.123  37.8
53 CXOU J032612.9-211959 —0.33 —-0.33 0.139  37.9
54 CXOU J032611.9-211959 —1.0 —0.47 0.131  37.8
55 CXOU J032610.4-211843 —0.18 —0.43 0.197  38.0
56 CXOU J032607.9-211828 —-0.64 —1.0 0.090  37.7
57 CXOU J032606.9-212043  0.43 0.0 0.082 376
58 CXOU J032606.9-212016 —0.36 —0.46 0.584  38.5
59 CXOU J032605.7-212058 —0.46 —0.58 0.419 384
60 CXOU J032605.5-212050 —1.0  0.43 0.068  37.5
61 CXOU J032604.6-211859 —0.78 —0.23 0.115  37.8
62 CXOU J032603.1-211920  0.19 —0.30 0.379  38.3
63 CXOU J032601.7-211728 —0.55 —0.55 1.25 38.8
64 CXOU J032637.1-211902 —-0.41 —-0.5 0.173  37.9
65 CXOU J032634.7-211755 0.2 0.0 0.068 375
66 CXOU J032631.1-212018 —0.67 —0.67 0.058  37.5
67 CXOU J032630.2-211631 —1.0 —-1.0 0.041 37.3
68 CXOU J032628.7-211431  —0.11 0.0 0.115 378
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Table 2.11 (continued)

125

Number Source H21 H31 Flux log Lx
(1) (2) ) I CO RN ) (6)
69 CXOU J032619.8-212201 —-0.4 —0.08 0.156  37.9
70 CXOU J032606.7-211731 —0.6 —0.6 0.099  37.7
71 CXOU J032606.2-212008 —-1.0 —0.86 0.139 379
72 CXOU J032606.7-211731 —1.0 —0.2 0.082  37.6

Note. — Col. (1):

using Chandra naming convention. Col. (3):

Source number.

Col.

(2): Point source name,

Derived medium-to-soft

hardness ratio. Col. (4): Derived hard-to-soft hardness ratio. Col. (5):

Flux determined using a model fit to the point source X-ray spectrum,

in 107! ergs s7! cm™2. Col. (6): Log of X-ray luminosity determined

using Col. (5) and a Hubble constant of 72 km s~ Mpc~?!.



Table 2.12. Point Sources Population in NGC 3115
Number Source H21 H31 Flux log Lx
(1) (2) (3) (CONNN () (6)
1 CXOU J100513.9-074307 —0.59 —0.62 5.02 38.7
2 CXOU J100527.4-074316 —0.44 —0.39 5.53 38.7
3 CXOU J100525.4-074339  —0.5 —0.54 1.19 38.1
4 CXOU J100518.5-074138 —0.47 —0.91 1.32 38.1
5 CXOU J100517.7-074318 —0.44 —0.37 1.02 38.0
6 CXOU J100516.7-074318 —0.39 —0.55 1.68 38.2
7 CXOU J100516.5-074230 —0.44 —0.44 1.37 38.1
8 CXOU J100516.3-074235 —0.56 —0.16 0.428 37.6
9 CXOU J100515.1-074252 —0.54 —0.42 0.639 37.8
10 CXOU J100514.9-074252 —0.27 —0.36  8.29 38.9
11 CXOU J100514.7-074314 —0.28 —0.28 0.746 379
12 CXOU J100514.5-074318 —0.35 —0.52 0.979 38.0
13 CXOU J100514.3-074304 —0.56 —0.52 0.895 37.9
14 CXOU J100514.2-074257 —0.37 —0.49 2.73 38.4
15 CXOU J100514.3-074233 —0.86 —0.86 0.319 37.5
16 CXOU J100514.2-074544 —0.44  —0.5 1.32 38.1
17 CXOU J100513.8-074301 —-0.29 —-0.32 1.62 38.2
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Table 2.12 (continued)

Number Source H21 H31  Flux log Lx
(1) (2) 3) 4 06 (6)
18 CXOU J100513.8-074416 —0.57 —0.53 0.979  38.0
19 CXOU J100513.4-074337 —0.19 —-0.24 2.02 38.3
20 CXOU J100513.3-074312 —0.36 —0.51 1.53 38.2
21 CXOU J100513.2-074217 —0.22 —0.65 0.554  37.8
22 CXOU J100513.1-074239 —-0.58 —0.79 4.65 38.7
23 CXOU J100513.1-074305 —0.46 —0.6 0.277 374
24 CXOU J100513.1-074338 —-0.5 —0.71 0.192  37.3
25 CXOU J100510.4-074449 —0.5 —0.06 0.447  37.7
26 CXOU J100510.3-074413 —0.48 —0.59 0.788  37.9
27 CXOU J100510.1-074530 —0.63 —0.95 1.98 38.3
28 CXOU J100509.8-074445 —0.43 —0.48 1.49 38.2
29 CXOU J100509.6-074200 —0.49 —0.51 1.88 38.3
30 CXOU J100508.9-074543  0.57 046 0470  37.7
31 CXOU J100508.2-074460 —0.62 —0.62 1.32 38.1
32 CXOU J100507.9-074534 —0.30 —0.36 0.639  37.8
33 CXOU J100506.1-074428 —0.24 —0.38 6.35 38.8
34 CXOU J100504.5-074410 —0.4 —0.47 0.554  37.8
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Table 2.12 (continued)

Number Source H21 H31  Flux log Lx
(1) (2) 3) 4 06 (6)
35 CXOU J100502.3-074437 —0.27 —0.39 1.34 38.1
36 CXOU J100501.0-074326  0.64 0.79 0.597 378
37 CXOU J100527.3-074204 —0.49 —-0.72 3.77 38.6
38 CXOU J100524.1-074338  0.33 0.85 0.319 375
39 CXOU J100522.2-074402 —0.54 —0.43 0.363  37.6
40 CXOU J100521.8-074339 0.6 0.71 0.234 374
41 CXOU J100521.5-074139 —0.2 —0.29 0.428  37.6
42 CXOU J100519.2-074301 —0.43 —0.67 0.171  37.2
43 CXOU J100518.7-074239 —0.67 —0.54 0.341  37.5
44 CXOU J100517.2-074217 —-0.8 —1.0 0.234 374
45 CXOU J100516.8-074646 —0.27 —0.27 0.319  37.5
46 CXOU J100516.8-074256 —1.0 —0.5 0.085  36.9
47 CXOU J100516.6-074208 —1.0 —0.67 0.256 374
48 CXOU J100515.7-074258 —0.11 —0.11 0.298  37.5
49 CXOU J100515.4-074558 —0.33 —0.14 0.192  37.3
50 CXOU J100514.6-074258 —0.71 —0.5 0.405  37.6
51 CXOU J100514.4-074250 —0.5 —0.8 0.298  37.5
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Table 2.12 (continued)

Number Source H21 H31  Flux log Lx
(1) (2) 3) 4 06 (6)
52 CXOU J100513.9-074252 —0.75 —0.75 0.192  37.3
53 CXOU J100513.8-074246  —0.2 0.0 0363 37.6
54 CXOU J100513.5-074330  —0.6 0.2 0.256 374
55 CXOU J100513.1-074249 —0.27 —0.65 0.554  37.8
56 CXOU J100512.7-074348 —-0.78 —-1.0 0.192  37.3
57 CXOU J100512.5-074134 —0.25 —0.25 0.256 374
58 CXOU J100512.4-074329 —0.27 —04 0.299  37.5
59 CXOU J100512.3-074153 —0.67 —0.25 0.234 374
60 CXOU J100511.4-074460 —0.4 —0.56 0.256 374
61 CXOU J100509.1-074136 —1.0 —1.0 0.171 37.2
62 CXOU J100508.8-074444 —0.65 —0.81 0.554  37.8
63 CXOU J100508.6-074401 —1.0 —0.82 0.234 374
64 CXOU J100506.6-074342 —0.67 —1.0 0.128  37.1
65 CXOU J100506.6-074707 —1.0  0.33 0.128  37.1
66 CXOU J100506.1-074708 0.0 —0.14 0.234 374
67 CXOU J100505.7-074142 —0.25 —0.54 0.405  37.6
68 CXOU J100505.2-074637 —0.6 —0.33 0.299  37.5
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Table 2.12 (continued)

Number Source H21 H31  Flux log Lx
(1) (2) 3) 4 06 (6)
69 CXOU J100504.6-074440 —0.2 —0.72 0.234 374
70 CXOU J100500.0-074607 —0.37 —0.3 0.554  37.8
71 CXOU J100524.1-074710 —-0.26 —0.54 1.11 38.1
72 CXOU J100523.5-074027 0.0 -1.0 0.128 37.1
73 CXOU J100522.5-074733 —0.25 —0.25 0.256 374
74 CXOU J100520.1-074154 —0.43 —0.67 0.171  37.2
75 CXOU J100519.8-074330 0.2 —-0.33 0.128 37.1
76 CXOU J100518.4-074243 —0.4 —0.56 0.277 374
7 CXOU J100515.5-074254 —0.67 —0.54 0.341  37.5
78 CXOU J100512.7-074553 —0.75 —0.75 0.192  37.3
79 CXOU J100511.3-074410 —0.75 —0.75 0.192  37.3
80 CXOU J100511.2-074012 0.0 —-0.71 0.277 374
81 CXOU J100510.3-074216 0.0 06 0128 371
82 CXOU J100508.1-074706 —1.0 —0.43 0.149  37.2
83 CXOU J100506.4-074041 —-0.6 —1.0 0.127  37.1
84 CXOU J100505.8-074016 —0.5  —0.2 0.405  37.6
85 CXOU J100501.3-074145 0.0 0.33 0.085  36.9
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Table 2.12 (continued)

Number Source H21 H31  Flux log Lx
(1) (2) 3) 4 () (6)
86 CXOU J100500.4-074208 —1.0 —0.75 0.171 37.2
87 CXOU J100459.4-074809 —0.33 —0.06 1.75 38.3
Note. — Col. (1): Source number. Col. (2): Point source name, using

Chandra naming convention. Col. (3): Derived medium-to-soft hardness
ratio. Col. (4): Derived hard-to-soft hardness ratio. Col. (5): Flux
determined using a model fit to the point source X-ray spectrum, in 10~14
ergs s7! em™2. Col. (6): Log of X-ray luminosity determined using Col.

(5) and a Hubble constant of 72 km s~ Mpc~1.



Table 2.13. Point Sources Population in NGC 4382
Number Source H21 H31 Flux log Lx
(1) (2) ®3) 4 () (6)

1 CXOU J122524.1+181127 —0.62 —0.66 2.86 38.5
2 CXOU J122527.5+181158 —0.42 —0.38 0.578 379
3 CXOU J122526.9+181150 —0.54 —0.73 1.28 38.2
4 CXOU J122525.5+180937 0.33 0.33  0.206 374
5 CXOU J122524.94+181206 —0.48 —0.44 1.57 38.3
6 CXOU J122524.8+181049 —0.69 —0.57 0.234 37.5
7 CXOUJ 122524.7+181141  —0.53 —0.49 0.592 37.9
8 CXOUJ 122524.6+181135 —0.31 —0.29 0.661 37.9
9 CXOUJ 122524.0+181122 —0.39 —0.61 0.838 38.0
10 CXOU J122523.94+181131  —-0.5 —0.71 0.496 37.8
11 CXOU J122523.6+181138 —-0.59 —0.76 1.13 38.1
12 CXOU J122523.6+181126  —0.48 —0.53 0.536 37.8
13 CXOU J122523.3+180758 —0.67 —0.72 0.467 37.8
14 CXOU J122522.8+181053 —0.93 —0.93 0.414 37.7
15 CXOU J122522.1+181043 —0.15 —0.42 0.799 38.0
16 CXOU J122521.7+181026 —0.44 —0.29 0.483 37.8
17 CXOU J122521.64+180929 —0.29 —-0.4 1.14 38.1
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Table 2.13 (continued)

Number Source H21 H31  Flux log Lx
(1) (2) 3) “4) 6 (6)
18 CXOU J122520.74+180955 —0.86 —0.44 0.262  37.5
19 CXOU J122520.3+181302 —0.50 —0.84 1.72 38.3
20 CXOU J122518.44181136  0.54 0.65 0.785  37.9
21 CXOU J122518.14+180841 —0.33 —0.6 0.193 374
22 CXOU J122517.24+181346 —0.65 —0.79 6.34 38.9
23 CXOU J122516.8+181234 —0.48 —0.84 0.454  37.7
24 CXOU J122513.04+181016 —0.57 —0.35 0.799  38.0
25 CXOU J122509.7+180930 —0.53 —0.46 2.02 384
26 CXOU J122536.54+181003 —0.63 —0.63 0.262  37.5
27 CXOU J122532.2+181015 —-1.0 —-1.0 0.110 37.1
28 CXOU J122532.2+180926 —-1.0 —1.0 0.083  37.0
29 CXOU J122531.74+181052 —0.78 —0.68 0.316  37.6
30 CXOU J122530.3+181312 —0.2 —0.43 0.427  37.7
31 CXOU J122529.54+181152 —0.56 —0.56 0.165  37.3
32 CXOU J122528.84181108 —0.5 —0.71 0.124  37.2
33 CXOU J122528.64+180809 —0.64 —0.64 0.179 373
34 CXOU J122528.5+180821  —0.2 0.5 0.083 37.0

133



Table 2.13 (continued)

Number Source H21 H31  Flux log Lx
(1) (2) 3) “4) 6 (6)
35 CXOU J122528.3+181206 0.6 0.71 0.302 376
36 CXOU J122528.0+181417 —0.41 —0.71 0.276  37.5
37 CXOU J122527.54+181314 —0.69 —0.69 0.234 374
38 CXOU J122527.34+181215 —0.6 —0.68 0.316 37.6
39 CXOU J122525.84-181221 —0.67 —0.11 0.138  37.2
40 CXOU J122525.7+181141 —-0.75 —0.4 0.342  37.6
41 CXOU J122525.34+181114 —0.39 —-0.73 0.289  37.6
42 CXOU J122525.14+181057 —-0.5 —0.5 0.138  37.2
43 CXOU J122522.74+181037 —0.33 —0.14 0.124  37.2
44 CXOU J122522.54+181147 —0.56 —0.75 0.138  37.2
45 CXOU J122522.24+181344 —0.056 —0.25 0.342  37.6
46 CXOU J122521.6+181232 —0.64 —0.39 0.220 374
47 CXOU J122520.9+181141 —-1.0 —-1.0 0.083  37.0
48 CXOU J122520.74+181052 —0.5 —0.5 0.138  37.2
49 CXOU J122520.3+181122 —1.0 —-0.25 0.151  37.3
50 CXOU J122519.84181236 —0.5 —0.5 0.206 374
51 CXOU J122519.74+181125 —0.71 —0.6 0.234 375
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Table 2.13 (continued)

Number Source H21 H31  Flux log Lx
(1) (2) 3) “4) 6 (6)
52 CXOU J122517.6+181350 —0.5 —0.42 1.03 37.1
53 CXOU J122515.4+180730 0.5 0.71  0.526  37.8
54 CXOU J122515.04+181018 —0.23 —0.23 0.248 375
55 CXOU J122513.84181249 —0.8 —0.29 0.206 374
56 CXOU J122513.74+180819 —-0.6 —0.6 0.165  37.3
57 CXOU J122513.44+180937 —0.67 —0.43 0.110 37.1
58 CXOU J122512.84181409 —0.52 —-0.73 0.894  38.0
59 CXOU J122511.24181007 —-0.5 —0.8 0.193 374
60 CXOU J122509.34+-181016 —0.33 —0.14 0.124  37.2
61 CXOU J122509.3+181115 —1.0 0.0 0.096 37.1
62 CXOU J122508.94+180948 0.0 0.0 0.041 36.7
63 CXOU J122506.6+180825 —0.38 —0.43 1.55 38.3
64 CXOU J122506.24+181045 —0.63 —0.47 0.483  37.8
65 CXOU J122505.84-180913 —0.47 —0.36 0.923  38.1
66 CXOU J122504.84181133 —0.13 —0.03 0.703 379
67 CXOU J122503.84181124 —0.47 —-0.63 0.509  37.8
68 CXOU J122535.44181253 —0.33 —0.33 0.248  37.5
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Table 2.13 (continued)

Number Source H21 H31 Flux log Lx
(1) (2) (3) (4) () (6)
69 CXOU J122535.44+181224 —1.0 —-0.2 0.151 37.3
70 CXOU J122527.1+181141 —0.54 -—0.54 0.248 37.5
71 CXOU J122521.7+180748  —0.2 —-0.5  0.165 37.3
72 CXOU J122520.3+180653  —0.2 —1.0 0.069 36.9
73 CXOU J122518.2+181255 —0.4  —0.56 0.193 374
74 CXOU J122517.7+180914 —0.56 —0.75 0.138 37.2
75 CXOU J122509.3+181336 —0.29 —0.16  0.358 37.6
76 CXOU J122508.1+181229 —0.4 —-1.0 0.138 37.2
77 CXOU J122505.9+181159 —0.27 —0.45 0.592 37.9
78 CXOU J122505.5+181120 0.0 0.5 0.069 36.9

Note. — Col. (1): Source number. Col. (2): Point source name, using

Chandra naming convention. Col. (3): Derived medium-to-soft hardness
ratio. Col. (4): Derived hard-to-soft hardness ratio. Col. (5): Flux deter-
mined using a model fit to the point source X-ray spectrum, in 10~'* ergs
s~! em=2. Col. (6): Log of X-ray luminosity determined using Col. (5) and

a Hubble constant of 72 km s~ Mpc~!.
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Table 2.14. Point Sources Population in NGC 4406

Number Source H21 H31 Flux log Lx
(1) (2) 3) @ (6)
1 CXOU J122611.84125649 —0.47 —0.71 4.35 37.8
2 CXOU J122607.84-125703 —0.4 —0.75 0.435  36.8
3 CXOU J122603.6+125658 —0.33 —0.65 0.949  37.2
4 CXOU J122619.6+125757 —0.91 —0.83 1.98 37.5
5 CXOU J122614.14+125706 —0.44 —0.8  1.07 37.2
6 CXOU J122613.94+125700 —0.33 —-0.6 1.11 37.2
7 CXOU J122613.34+125652 —0.71 —0.63 0.988  39.2
8 CXOU J122612.6+125646 —0.66 —0.81 1.03 37.2
9 CXOU J122612.4+125640 —0.75 —0.92 1.16 37.2
10 CXOU J122611.74+125702 —0.58 —0.43 0.988  37.2
11 CXOU J122611.54+125646 —1.0 —-0.93 1.31 37.3
12 CXOU J122611.14+125648 —0.64 —0.89 3.72 37.7
13 CXOU J122609.94+125643 —0.46 —0.79 0.949  37.2
14 CXOU J122609.5+125705 —0.24 —0.39 1.46 39.3
15 CXOU J122609.44+125558 —0.15 0.4 2.41 37.6
16 CXOU J122608.94+125735 —0.54 —1.0 0.514  36.9
17 CXOU J122608.4+125831 —1.0 —0.85 0.507  36.9
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Table 2.14 (continued)

Number Source H21 H31  Flux log Lx
(1) (2) 3) @ (6)

18 CXOU J122607.5+125619 —0.47 —-1.0 0.751 39.1

19 CXOU J122606.2+125554 —1.0 —0.75 0.316  36.7
20 CXOU J122554.2+130223 —0.18 —-0.39 2.53 37.6
21 CXOU J122551.2+125644 —0.56 —0.56 0.435  36.8
22 CXOU J122609.8+125603 —0.65 —1.0 0.672  37.0
23 CXOU J122555.0+125409 —0.14 —0.71 0.909 37.1
24 CXOU J122552.74+125601 0.5 0.6 0316  36.7
Note. — Col. (1): Source number. Col. (2): Point source name, using

Chandra naming convention. Col. (3): Derived medium-to-soft hardness
ratio. Col. (4): Derived hard-to-soft hardness ratio. Col. (5): Flux deter-

mined using a model fit to the point source X-ray spectrum, in 104 ergs

—1 -2

S cm

. Col. (6):

and a Hubble constant of 72 km s~! Mpc™!.

Log of X-ray luminosity determined using Col. (5)
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Table 2.15. Point Sources Population in NGC 5353

Number Source H21
(1) (2) 3)
1 CXOU J135326.74+401659 —1.0
2 CXOU J135338.9+401613 —0.33
3 CXOU J135316.94+401356 —0.33
Note. — Col. (1): Source number. Col. (2): Point source name, using

Chandra naming convention. Col. (3): Derived medium-to-soft hardness
ratio. Col. (4): Derived hard-to-soft hardness ratio. Col. (5): Flux deter-
mined using a model fit to the point source X-ray spectrum, in 10~ ergs

st em™2. Col. (6): Log of X-ray luminosity determined using Col. (5)

and a Hubble constant of 72 km s~! Mpc~1.
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Table 2.16. Point Sources Population in NGC 5866
Number Source H21 H31 Flux log Lx
(1) () ®3) 4 () (6)

1 CXOU J150629.74+554547 —0.76 —0.53  2.93 38.5
2 CXOU J150652.5+554639 0.6 0.0 0.08 36.9
3 CXOU J150644.0+554523  0.17  —0.43 0.207 37.3
4 CXOU J150640.5+554806 —0.6 —0.95 0.703 37.9
5 CXOU J150640.24+-554514 —0.71 —1.0  0.09 37.0
6 CXOU J150638.8+554505 —0.62 —0.91 0.372 37.6
7 CXOU J150638.1+554842 —0.63 —0.45 0.895 37.9
8 CXOU J150635.84-554531  0.09  —0.67 0.179 37.3
9 CXOU J150632.74+554526 —0.47 —0.57 0.248 374
10 CXOU J150632.7+55469 —0.32 —0.71 0.674 37.8
11 CXOU J150631.2+554458 —0.76 —-0.8 0.619 37.8
12 CXOU J150630.4+554515 —0.69 —0.29 0.363 37.6
13 CXOU J150629.7+554309 —0.81 —0.81 1.49 38.2
14 CXOU J150628.8+554539 —0.5 —0.58 0.660 37.8
15 CXOU J150627.74+554538 —0.48 —0.89 0.331 37.5
16 CXOU J150625.14+554556 —0.67 —0.91 0.372 37.6
17 CXOU J150622.94+554543 —1.0 —0.89 0.275 37.5
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Table 2.16 (continued)

Number Source H21 H31  Flux log Lx
(1) (2) 3) “4) 6 (6)
18 CXOU J150620.4+554543 —0.58 —0.79  2.76 38.5
19 CXOU J150620.44+554622 —0.39 —0.46 0.399  37.6
20 CXOU J150616.84554715 —0.51 —0.79 1.19 38.1
21 CXOU J150613.34+-554359 —0.63 —0.56 0.827  37.9
22 CXOU J150704+554251  —0.33 —1.0  0.08 36.9
23 CXOU J150656.7+554551  0.24 0.08 0.579 378
24 CXOU J150655.64+-554438  0.43 0.6 0207 373
25 CXOU J150653.84-554433 —0.2 —0.64 0.234 374
26 CXOU J150653.24+554800  0.11 0.2 0207 373
27 CXOU J150640.2+554612 —0.14 —0.33 0.124  37.1
28 CXOU J150636.1+554530 —0.14  0.11  0.165  37.2
29 CXOU J150635.7+554446 —0.14 —0.6 0.110  37.1
30 CXOU J150634.04+554537 —0.56 —0.65 0.289  37.5
31 CXOU J150632.64+554605 0.0 -0.5 0.110 371
32 CXOU J150632.24+-554220  0.39 0.58 0.385  37.6
33 CXOU J150631.84-554233 —0.56 —0.65 0.304  37.5
34 CXOU J150631.64+554251 —0.57 —0.57 0.234 374
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Table 2.16 (continued)

Number Source H21 H31  Flux log Lx
(1) (2) 3) “4) 6 (6)
35 CXOU J150631.14+554740 0.0 0.33  0.05 36.8
36 CXOU J150630.94-554547 —0.43 —-0.67 0.220 374
37 CXOU J150630.4+554139 —0.64 —0.66 2.46 38.4
38 CXOU J150630.34+-554538 —0.25 0.0  0.193  37.3
39 CXOU J150630.3+554649  0.67 0.50 0.138  37.2
40 CXOU J150629.94-554534 —0.63 —0.86 0.234 374
41 CXOU J150629.24+554515 —0.83 —0.83 0.179  37.3
42 CXOU J150628.5+554555 —0.66 —0.42 1.28 38.1
43 CXOU J150628.24+-554632 —0.67 —0.54 0.207  37.3
44 CXOU J150626.5+554601 —0.4 —0.56 0.165  37.2
45 CXOU J150624.64+554708 0.0  —0.14 0.151  37.2
46 CXOU J150622.64+554723 —0.63 —1.0 0.220 374
47 CXOU J150621.24+554908 —0.54 —0.63 1.18 38.1
48 CXOU J150620.44554530 —0.33 —0.07 0.216 374
49 CXOU J150618.4+554548  —0.5 0.0 0110 371
50 CXOU J150707.5+554528 —0.43 —1.0 0.09 37.0
51 CXOU J150704.64+554449 —1.0 —0.64 0.151  37.2
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Table 2.16 (continued)

Number Source H21 H31  Flux log Lx
(1) (2) 3) @ (6)

52 CXOU J150703.74+554900 0.14  0.25 0.193  37.3
53 CXOU J150631.64+-554546 —0.43 —0.43 0.138  37.2
54 CXOU J150627.64+-554616 —1.0 —0.67 0.08 36.9
55 CXOU J150621.44+-554343 —0.5 0.0 0.110 37.1
56 CXOU J150620.6+554221 0.6 0.5 0.138 37.2
Note. — Col. (1): Source number. Col. (2): Point source name, using

Chandra naming convention. Col. (3): Derived medium-to-soft hardness
ratio. Col. (4): Derived hard-to-soft hardness ratio. Col. (5): Flux deter-

mined using a model fit to the point source X-ray spectrum, in 10~ ergs

—1 -2

S cm

and a Hubble constant of 72 km s~! Mpc~!.

. Col. (6): Log of X-ray luminosity determined using Col. (5)
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Table 2.17. Point Sources Population in NGC 6407

Number Source H21 H31 Flux log Lx
(1) (2) (3) CORENC) (6)

1 CXOU J174457.9-604424 —0.79 —0.97 45.2 41.3

2 CXOU J174454.8-604423 —0.29 —-1.0 2.96 39.4

3 CXOU J174532.7-604022 —1.0 —0.83 4.44 38.3

4 CXOU J174526.1-604227 1.0 1.0 1.48 38.7

5 CXOU J174517.1-604709 —-1.0 —-1.0 1.85 38.1

Note. — Col. (1): Source number. Col. (2): Point source name,
using Chandra naming convention. Col. (3): Derived medium-to-soft

hardness ratio. Col. (4): Derived hard-to-soft hardness ratio. Col. (5):

Flux determined using a model fit to the point source X-ray spectrum, in

10~ ergs s~ em~2. Col. (6): Log of X-ray luminosity determined using

Col. (5) and a Hubble constant of 72 km s~! Mpc~1.
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CHAPTER 3
Morphogical Classification of

Galaxies

3.1 Introduction

Morphological classification of galaxies continues to be a fundamental and devel-
oping subject in extragalactic astronomy. Classifying galaxies has remained a difficult
and subjective endeavor. As more large surveys produce larger, more precise data
sets, an accurate relationship between galaxy morphology and physical properties is
needed (Abraham et al. 1996a; van den Bergh et al. 2001; Conselice 2003). Mor-
phological types need to be more objectively defined in order to create homogenous
subsamples of galaxies which can be studied to better understand the intrinsic prop-
erties of galaxy formation and evolution.

There are a multitude of parameters and criteria that can be used to differentiate
between galaxy types. Prior studies have used colors, visually determined morpho-
logical T-type, concentration index, or spectra to select specific galaxy morphologies.
One of the first attempts at classification was made by Hubble (1936). The Hubble
classification system was based on visual inspection of images and involved subjec-

tive elements. The Hubble scheme has provided a basis for many extragalactic studies
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(Dressler 1980; Binggeli et al. 1988) and continues today as the standard morpholog-
ical classification. Since the Hubble Tuning Fork classification, other schemes have
been developed in an attempt to define an objective and automated classification that
can be applied to large samples without losing the accuracy of traditional visual clas-
sifications (Doi et al. 1993; Abraham et al. 1996b; Shimasaku et al. 2001; Strateva
et al. 2001; Blanton et al. 2003b; Yamaguchi et al. 2005).

The desire to develop a classifier which requires minimal observations in common
wavelength bands (BVR) is nothing new. Early classification attempts began in
the late 1930s, when it was realized that the colors of galaxies reflect their dominant
stellar populations and thus correlate with morphology (Hubble 1936). Later schemes
looked to use spectral classification. Pioneered by Morgan & Mayall (1957), spectral
classification provides an alternative to classification based on optical imagery. The
principal advantage of the spectral approach is a direct physics-based understanding
of stellar populations. Spectral classifications correlate well with prior morphological
classifications and also provide information not accessible by observational images.

One of the simplest classifiers often used in literature is a parameter that charac-
terizes the concentration of light toward the center of a galaxy (Morgan 1958). Work
by Doi et al. (1993) used the concentration index to show that early- and late-type
galaxies can be reasonably separated. Doi et al. found that combining concentra-
tion index and a measure of surface brightness can create a more complete sample

with a lower amount of contamination. Abraham et al. (1996) furthered the use of
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concentration index, C, and also introduced an asymmetry parameter. Abraham et
al. found that asymmetry and concentration index can be used together to classify
distant galaxies in Hubble observations (Abraham et al. 1996; Brinchmann et al.
1998).

Many works using the data from the standard reduction of SDSS (Stoughton et al.
2002) have found that the concentration index, defined as the ratio of the Petrosian
radius enclosing 90% of galaxy’s light to the radius enclosing 50% of the light, can
be used to separate early- and late-type galaxies (Shimasaku et al. 2001; Strateva et
al. 2001; Goto et al. 2003) since early-type galaxies tend to have light profiles more
centrally concentrated than the profiles of late-type galaxies (Morgan 1958).

Strateva et al. (2001) found that based on a bright morphological sample, C =
2.63, separates early- and late-type galaxies with a completeness of 83%. Shimasaku
et al. (2001) reccomend a different value for separating galaxies earlier than SO and
later than Sa. They suggest an inverse concentration index, 1/C, of 0.33 (C = 3.0)
based on a bright sample of 456 galaxies optimized for low contamination. The success
rate of the Petrosian ratio was found to approach ~ 80%. Both Shimasaku et al. and
Strateva et al. note that while the concentration index can be used to classify galaxies,
difficultly remains in constructing a pure sample of early-type galaxies based only on
the concentration index.

Later work by Yamaguchi et al. (2005) used a catalog of visual morphological

classification provided by M. Fukugita, which was based on SDSS g-band images.
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Yamaguchi et al. used the SDSS r-band to compute concentration indices. Early-
type galaxies, those dominated by spheroidal structure, have been found to have easily

quantifiable light profiles that vary as radius'/* (de Vaucouleurs 1948),
I(r) = Lexp [~ 7.67(r/r.)"* — 1] (3.1)

Yamaguchi et al. found that galaxies that follow a de Vaucouleurs’ law had an
inverse concentration index of 0.29. The light profile of a typical early-type galaxy is
presented here, as it will be used as a check that the sample galaxies are spheroidal
systems. The de Vaucouleurs profile will also be used when creating model galaxies
to detect galaxy regions that are over- or under-luminous from the R'/* profile. Disk

galaxies have light profiles that are best fit by an exponential,

I(r) = I.exp [—(r/r.)] (3.2)

The concentration indices for disk galaxies was found by Yamaguchi et al. to average
1/C = 0.44. The ~80% completeness found by Shimasaku et al. (2001) for 1/C =
0.353 and for Strateva et al. (2001) for an inverse concentration index of 0.38 fall
short of the 85% completeness reported by Yamaguchi et al. using a value of 1/C =
0.339.

Park & Choi (2005) also investigated the ability of the concentration index to
quantify galaxy morphology. They found that for a classical de Vaucouleurs’ light
profile, the concentration index would be ~ 5.5 (1/C = 0.18). Their work also indi-

cated that the light profile of the exponential disks of spirals, would have C ~ 2.3
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(1/C = 0.44), in agreement with Yamaguchi et al. (2005). Park & Choi also state
that the large scatter in values of concentration index for a single morphological type
make C a very crude classifier, ie. (E,S0,Sa) and (Sb,Sc,Irr).

Strateva et al. (2001) also performed analysis of morphological separation using
optical colors of 147,920 galaxies brighter than g* = 21 observed in the SDSS bands.
The authors found the sample was strongly bimodal in g—r versus u—g plane. The
two peaks are found to roughly correspond to early- (E, SO, and Sa) and late-type
galaxies (Sh, Sc, Irr), which suggests that colors can be used as a coarse morphological
separator.

Work by Zaritsky, Zabludoff, & Willick (1995) used spectral classification methods
and found that their classification scheme was able to classify to within one morpho-
logical type, determined by a visual inspection. One of the issues present in recent
spectral classifications is due to the use of fixed aperture spectrograph. Kochaneck,
Pahre, & Falco (2000) found that spectroscopic classification based on fixed small
apertures will systematically misclassify large angular diameter, late-type galaxies as
early-types since their spectra mainly sample the bulge. Such an issue is of concern,
as large surveys such as the SDSS, use a fixed aperture fiber-fed spectrograph that
allows for multiple spectra to be efficiently taken during one observation.

Yip et al. (2004) describe the definition of the SDSS spectral classification param-
eter, eClass, as using the Karhunen-Loeve principal component analysis (Karhunen

1947; Loeve 1948). Individual galaxy spectra are compared to a set of eigenspectra
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in order to determine the underlying stellar population. The first application of this
method to analyze galaxy spectra was due to Connolly, Szalay, Bershady, Kinney,
& Calzetti (1995), which expands on a formalism developed for dealing with two-
dimensional images. The eClass parameter has been shown to be an effective means
of determining morphology while also providing information regarding the galaxy’s
stellar populations.

One issue that has remained is that the majority of classification systems use only
single band measurements. Such a procedure overlooks the integrated properties of
the galaxy. The morphology of a galaxy may appear vastly different at optical and
infrared wavelengths. Eskridge et al. (2002) determined that on average, galaxies with
B band classifications of Sa through Scd appear about one T-type (de Vaucouleurs
et al. 1976) earlier in the H band, albeit with large scatter.

The chapter presents the results of an investigation of the morphological classifi-
cation parameters produced in the reduction pipeline of the Sloan Digital Sky Survey.
The classification parameters were studied as part of a larger project of detecting and
analyzing features of a sample of extremely isolated elliptical and SO galaxies. The
chapter is organized as follows, Section 2 describes the development of training sam-
ples of E, SO and spiral galaxies selected based on previous robust determinations of
galaxy morphology. The classification parameters of the SDSS that were studied are

detailed in Section 3. The procedures we employed for detecting and removing spiral
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contamination in a sample of early-type galaxies is explained in Section 4. Discussion

and conclusions of the current study are presented in Sections 5 and 6, respectively.

3.2 Sample Selection

Samples of galaxies that had robust morphological classifications previously per-
formed were necessary to determine which parameters calculated by the SDSS were
the most accurate. To weigh each SDSS parameter, samples of bona-fide elliptical, SO,
and spiral galaxies were created using the Third Reference Catalog of Bright Galaxies
(RC3) (de Vaucouleurs et al. 1992).

The SDSS has been performing a photometric and spectroscopic survey covering
approximately one-quarter of the northern Galactic cap. Observing simultaneously
in five filters, ugriz, the SDSS has as of Data Release 5 observed 215 million unique
objects. The spectroscopic survey, covering a wavelength range of 3800 — 9200 A, has
recorded spectra for ~675,000 galaxies with Petrosian r-band magnitudes less than
17.77.

All galaxies with T-type less than —4.0 listed in the RC3 were listed as ellipticals.
Similarly, SOs (spirals) were designated as having —0.5 > T-type < 0.0 (3.5 > T-type
< 5.0). The samples were then cross-correlated by right ascension and declination
with galaxies in the SDSS spectroscopic survey Data Release 1-5 (Abazajian et al.
2003; Abazajian et al. 2004; Abazajian et al. 2005; Adelman-McCarthy et al. 2006;

Adelman-McCarthy et al. 2008). All RC3 galaxies within 0.1 arcmin of an SDSS
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galaxy were selected. The selection procedure yielded 41 elliptical, 32 SO, and 44

spiral galaxies. Tables 3.1, 3.2, and 3.3 list the relevant parameters investigated.

3.3 SDSS Classification Parameters

All of the parameters described below were analyzed in the SDSS r-band. One of
the parameters designed for galaxy classification by the SDSS, was eClass, a spectral
weighting scheme. While the eClass parameter was touted to be an excellent galaxy
discriminator, few analyses have employed it. A Principal Component Analysis is
used to cross-correlate the galaxy spectra with eigentemplates constructed from SDSS
spectroscopic data from approximately 200,000 galaxies (Yip et al. 2004). Observed
spectra are projected onto the eigenspectra to obtain the eigencoefficients. In the
projections, the wavelength bins in each spectrum are weighted by the error associated
with that particular wavelength bin, o, such that the weights are given by wy = 1/

o%. A single-parameter classifier, eClass, uses the first two expansion eigencoefficients,

eClass = atan (—eCoef fo/eCoef fi) (3.3)

and ranges from —0.35 to 0.5, corresponding to early- to late-type galaxies. The PCA
technique has often been used in classification and dimensional reduction of massive
data sets.

As the work presented here is part of a larger study of early-type galaxies, our

test looked at how well eClass could separate E4+S0 galaxies from spirals. Multiple
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values of eClass and the number of E+S0s that were lost and the amount of spiral
contamination to the sample can be seen in Figure 3.1. The solid black circle display
the spiral galaxies contaminating the early-type training sample. Open triangles and

open circles represent elliptical galaxies and lenticular galaxies, respectively.
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Figure 3.1: Evaluation of the SDSS eClass parameter. The plot displays the E (open
circle) and SO (open triangle) loss and spiral (solid circle) contamination.

As can be seen in Figure 3.1, no value of eClass sufficiently separates early-types

from late-type galaxies. For example, when the spiral contamination is low at eClass
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= 0.0, the loss of early-type galaxies approaches 100%. There is no useful value that

yields even a modest sample of E4S0 galaxies with low spiral contamination.
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Figure 3.2: Analysis of the classification parameter quantifying the amount of galaxy
light fit by an exponential profile. The symbols are the same as Fig. 3.1.

The SDSS outputs two parameters, fracpsf and fracdev, that describe how well
a galaxy’s light can be fit to a de Vaucouleurs or an exponential profile. A galaxy
that is fit entirely by an exponential profile will have a fracpsf value of 1.0. An early-
type galaxy should, in theory, display a de Vaucouleurs profile and therefore should

have a low value of fracpsf. The next parameter investigated was fracpsf. Figure 3.2
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displays the analysis of the fracpsf classifier. The symbols are the same as for Figure
1. The plot shows that the fracpsf and fracdev values are not absolutely correlated
to morphology for the training samples studied.

The evaluation of the fracpst values yields better results than the eClass parameter.
For a fracpsf value of 0.4, there is zero percent loss in elliptical and lenticular galaxies.
However, at that same value the amount of spiral contamination is very high, reaching
40%. As the research presented here is based on ealry-type morphologies, the fracpsf
parameter would produce an unmanageable amount of spiral contaminants.

The ratio of the major and minor axes, b/a, was also considered as a classifier.
Figure 3.3, which uses the same symbols as Fig. 3.1 highlights the axial ratio as a
classifier. Ellipticals generally have axial ratios ranging between 0.4 < b/a < 1.0. An
extensive study of early-type galaxies in the SDSS by Bernardi et al (2003) found the
average axial ratio of ellipticals to be > 0.6. One can see that for a value of b/a > 0.4
could be used to separate ellipticals from SOs, however the contamination by spiral
galaxies would be ~40%.

A sample of E+S0s selected using a value of b/a > 0.3, would result in contam-
ination of ~60%. Due to the large contamination, there is no axial ratio value that
would yield a sufficiently large sample of early-type galaxies devoid of spiral interfer-
ence. The use of the axial ratio was further complicated after reviewing the work by

Vincent and Ryden (2005), which found that brighter ellipticals were rounder. The
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Figure 3.3: Axial b/a ratio evaluated with the training sample of E, SO, and spiral
galaxies. Symbols are the same as Fig. 3.1.

use of the axial ratio would then have negated any attempts to select a sample of
galaxies without constraint on the optical brightness.

The final parameter discussed is the inverse concentration index, defined via the
Petrosian radius. Measuring flux for galaxies is much more difficult then for stars, as
radial surface brightness profiles are not all the same and galaxies have no sharp edges.
To remain consistent in measurements, the SDSS has utilized a modified version of

the Petrosian system (1976) in order to avoid common biases. The Petrosian ratio,
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Rp, is defined as the ratio of the local surface brightness in an annulus at r, to the
mean surface brightness within an aperture of radius r (Blanton et al. 2001; Yasuda

et al. 2001).

1.25r ’ ’ ’ 2 o\ 9

Rp(r) = Josr dr 2:77" {(7‘ )//[71'(,1.25 : 0.8%)r?]
fo dr'2mr'I(r") / (7r?)

(3.4)

The size of the aperture depends on the shape of the galaxy’s radial surface brightness
profile, but not the amplitude of the profile.

The radius where the Petrosian flux reaches levels of 50% and 90% of the galaxy’s
light are given by,

T50
0.5Fp = / I(r")2mr'dr! (3.5)
0

790
0.9Fp = / I(r")2mr'dr! (3.6)
0

The inverse concentration index, Pso/Pgo, is defined as the radius at which the 50%
flux is reached to the radius at which the 90% flux is reached.

Figure 3.4 establishes the limits of the P5y/Pgy parameter. Symbols are the same
as Fig. 3.1. Contrary to the other classifiers tested, the inverse concentration index
doesn’t have any significant separation between elliptical and SOs. Due to the rea-
sonably low level of E+S0 loss and the small amount of spiral contamination, the
Pso/Pgo parameter was chosen as the morphological classifier for our research.

As can be seen in Figure 3.4, for P5q/Pgo < 0.38, there is 0% elliptical and ~5% SO
loss with approximately 20% spiral contamination. The degree of interloping spirals

closely matches values of found by Strateva et al. (2001). The value P5y/Pgy < 0.38
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Figure 3.4: Evaluation of the inverse concentration index classification parameter,
Ps0/Pgo. The symbols are the same as Fig. 3.1.

derived here is within the de Vaucouleurs and exponential extremes determined by
Yamaguchi et al. (2005) and Park & Choi (2005). The inverse concentration index
was also used by Bernardi et al. (2003) to select a sample of early-type galaxies from
the SDSS. They selected E4S0s using a value of inverse concentration index less than

0.40, which is in accordance with the value chosen for the current study.



159

3.4 Detecting Contamination in an Early-Type Galaxy

Sample

Inherent in any morphological classification which separates early- and late-type
galaxies is contamination. For the purposes of the current study the primary con-
tamination is due to Sa galaxies. S0 galaxies are often difficult to distinguish from
Sa galaxies, which have tight spiral arms and can appear as featureless SO disks. In-
clination effects can also cause an Sa to look like an early-type galaxy. In order to
understand the features and parameters that could be used to quickly and successfully
detect Sa galaxy contamination in a sample of E+S0s, we have compiled additional
training samples of S0, Sa, and S0/a galaxies chosen from NASA /TPAC Extragalactic
Database (NED). Forty-four galaxies make up the SO sample, while thirty-one Sa and
eighteen S0/a galaxies are also studied. Careful analysis of these galaxies may result
in a set of properties that can be used to remove any Sa galaxies from the candidate
isolated early-type galaxies from our larger project.

We have chosen to study the colors and magnitudes of the SDSS and 2MASS
(Cutri et al. 2003) as they can be easily found in NED. We wanted to investigate
whether the combination of optical and infrared colors could yield a robust method
for extracting Sa galaxies from a sample of early-type galaxies. A plot of J—H color
versus SDSS g—r can be seen in Figure 3.5. The S0s, Sa, and S0/a galaxies are

represented by green circles, red triangles, and blue squares, respectively. The plot
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illustrates the difficulties in separating these galaxy morphologies. All galaxy types
appear centered at g—r = 0.8 and J—H = 0.7. Clearly, differentiating SOs from Sa

galaxies through the use of the plot is impossible.
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Figure 3.5: SDSS g—r color versus NIR J—H color plot. SOs are displayed as green
circles, Sa galaxies as red triangles, and S0/a galaxies as blue squares. The plot has
a great deal of scatter and distinguishing the morphologies is largely impossible.

Figure 3.6 displays H—K color plotted against J—H color. The symbols are the
same as Figure 3.5. The amount of morphological separation in J—H is minimal,
however, the H—K color clearly shows a trend. A line has been plotted at the H—K

value of 0.26. An overwhelming majority of Sa galaxies, 77% also lie above the H—K
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line, while more than 50% of SO galaxies lie below. The S0/a sample is also roughly
separated with half above the H—K = 0.26 line. A K-S test was performed on the
SO and Sa H—K values. The statistic value of 0.0685% was found indicating that
the SO and Sa H—K colors are not derived from the same parent population. The
NIR color coupled with a quick visual inspection, provide a very powerful tool for

removing spiral contamination from samples of early-type galaxies.
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Figure 3.6: Plot of H—K vs. J—H colors. The symbols are the same as Fig. 1. A line
is plotted at H—K = 0.26 to highlight the apparent separation of Sa galaxies from
the majority of SOs.
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3.5 Discussion

The investigation of the classification parameters available for galaxies observed
with the Sloan Digital Sky Survey yields a number of interesting facts. Many of the
morphological classifiers were inadequate and would be at best a very coarse means of
separating galaxies. The eClass parameter was unable to create an early-type galaxy
sample with a low level of contamination.

One interesting note in Figure 3.2 is that a point of E and SOs separation can
be seen for the fracpsf parameter. Therefore, the possibility exists that a nearly
pure sample of ellipticals could be created. Such a sample would have approximately
5% spiral contamination. As we are searching for a parameter to select early-type
galaxies, a pure sample of ellipticals would not suit our needs.

With regards to the axial ratio, one issue of concern pertained to the type of ob-
jects that would be selected. It was determined that the axial ratio would primarily
select objects with having a preferred orientation. The b/a parameter has no actual
physical correlation to galaxy type. Many edge-on spirals with a low luminosity disks
would likely be included in our sample. We did assume that some spiral contami-
nation would be unavoidable, but feared that the axial ratio would result in an over
abundance of spirals. Not wanting to unduly constrain our larger sample of isolated
early-type galaxies, the axial ratio was removed from consideration as a morphology

classifier.
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The morphological classifier was selected as Psq/Pgg < 0.38. Using that value of in-
verse concentration index resulted in 0% elliptical and ~5% SO loss and approximately
20% spiral contamination from the training samples. While the inverse concentration
index appears to be a more than sufficient morphological separator for our purposes,
is not in the strictest sense a robust morphological classifier. Psy/Pgy can separate
early- from late-type spirals, but not ellipticals from SOs. Morphological classification
remains an active field in astronomy and its ultimate goal is a classification method
that can separate galaxies over a less coarse morphology bin.

The ability to distinguish any spiral galaxy contamination in a sample of statis-
tically selected early-type galaxies is paramount to developing consistent theories of
galaxy formation and evolution. The plot of H—K color versus J—H color, seen in
Figure 3.6, yields a trend of Sa and S0 galaxy separation at H—K = 0.26. Jarrett et
al. (2003) note in their description of the 2MASS Large Galaxy Atlas, that spirals
(S0, Sa, Sb) have a mean value of H=K ~ 0.27, very close to the value found here. A
K-S test was performed on the SO and Sa H—K values. The statistic value of 0.0685%
was found indicating that the SO and Sa H—K colors are not derived from the same
parent population. The NIR color coupled with a quick visual inspection, provide
a very powerful tool for removing spiral contamination from samples of early-type

galaxies.
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3.6 Conclusions

As part of a larger study of isolated early-type galaxies selected from the Sloan
Digital Sky Survey, we have presented a study of the morphological classification
parameters output by the SDSS photometric pipeline. In addition to an analysis of
morphological separators, we have studied possible means for quickly detecting spiral
contamination in samples of early-type galaxies. The morphological investigation

revealed:

The eClass parameter is insufficient for classifying galaxies. The samples se-
lected using eClass would likely contain spiral contamination at greater than

90%.

e The fracpsf classifier was able to select early-type samples, however the con-
tamination was still larger than 40%. The fracpsf parameter does appear as a

possibility for separating ellipticals from lenticular galaxies.

e The classification using the axial ratio yielded similar results as those found for

the fracpsf parameter.

e The inverse concentration index was chosen as the morphological classifier for
the larger isolated galaxy project. Ps/Pgo less than 0.38 would select 100% of

elliptical galaxies, ~ 95% of SOs and have 20% contaminating spirals.
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e A separation between Sa and SO galaxies is observed for H-K = 0.26. The
H—K color does not remove 100% of Sa galaxies, use of H-—K does represent
one of the first parameters that is capable of separating between two distinct

morphological types.
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Table 3.1. Training Sample: Elliptical Galaxies
Name o 0 Dist Mg eClass Pyo/Pgg FracPSF B/A
(1) (2) (3) 4 () (6) (7) (8) (9)
NGC 163 00:35:59.8 —10:07:18 79.3 —-21.2 —0.197 0.315 0.999 0.918
1C 225 02:26:28.3 401:09:38 20.5 —16.9 0.483 0.379 0.577 0.894
1C 232 02:31:11.6  +01:15:56 84.9 —-204 —0.178 0.321 0.00 1.00
1C 471 07:43:06.4 +49:40:03 75.9 —20.7 —-0.191 0.310 0.961 0.864
UGC 4018  07:47:02.0 +41:32:10 115.3 — —0.185 0.336 0.991 0.593
NGC 2675  08:52:04.9 +53:37:02 125.2 —-21.6 —0.183 0.320 0.916 0.608
1C 2435 09:06:49.8 +26:16:31 85.1 —19.9 —0.182 0.320 0.869 0.496
UGC 4956  09:20:02.2 +01:02:18 68.3 —20.9 —0.195 0.349 0.927 0.655
NGC 2872 09:25:42.5 +11:25:56 43.2 —20.7 —0.162 0.371 1.00 1.00
NGC 2937  09:37:45.0 +02:44:50 91.1 —20.6 —0.179 0.296 1.00 0.967
NGC 3012  09:49:52.1 +34:42:51 159.1 —-21.7 —0.159 0.296 1.00 0.906
PGC 28305 09:50:11.0 +28:00:47 21.9 —16.1 0.500 0.423 0.048 0.884
NGC 3158  10:13:50.5 +38:45:54 929 —22.3 —0.180 0.321 0.744 0.585
UGC 6071 10:59:59.5 +50:03:24 949 —20.9 —0.165 0.303 1.00 0.703
PGC 33572 11:06:04.8 +03:19:10 126.1 —20.5 —0.141 0.322 0.969 0.929
PGC 35400 11:29:27.3 —01:44:49 1739 —-21.3 —0.148 0.309 1.00 0.811
NGC 3731 11:34:11.7  +12:30:44 43.0 —19.2 —0.175 0.313 1.00 0.651
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Name Q 0 Dist Mg eClass Pyo/Pgo FracPSF B/A
(1) (2) (3) CO RN ) (6) (7) (8) (9)
PGC 36190 11:40:06.4 —00:50:16 78.7 —19.5 —0.157 0.374 0.752 0.869
IC 725 11:43:29.3 —01:40:05 178.7 —21.8 —0.184  0.495 0.00 0.929
NGC 3847  11:44:14.0 +33:30:52 1304 —21.5 —0.161 0.302 1.00 0.815
PGC 36944 11:49:35.4 —03:29:17 110.3 —20.4 —0.206  0.339 0.807 0.720
PGC 38052 12:02:55.6 +04:14:03 83.2 —20.1 —0.156  0.309 0.956 0.889
UGC7132 12:09:09.8 +31:34:10 93.3 —20.8 —0.163 0.306 1.00 0.964
IC 3019 12:09:22.2  +13:59:33 252 —18.1  0.027 0.514 0.00 0.831
NGC 4187  12:13:29.3 +50:44:29 123.1 -21.7 —0.198 0.328 0.924 0.646
PGC 39897 12:21:08.2 —03:02:41 153.3 —20.9 -0.132  0.325 1.00 0.612
NGC 4387  12:25:41.7 +12:48:38 7.34 —-17.1 —0.179  0.354 0.556 0.610
NGC 4467  12:29:30.2 +07:59:34 21.6 —16.9 —0.123 0.349 0.759 0.877
NGC 4482  12:30:10.3 +10:46:46 24.6 —18.7 0.011 0.448 0.315 0.668
IC 3457 12:31:51.3  +12:39:25 17.0 —-16.9 0.009 0.474 0.024 0.603
Mrk 772 12:32:33.5 +409:10:25 154 —15.7  0.337 0.344 0.886 0.656
Mrk 778 12:39:01.1  +00:21:56  92.6 —20.7 —0.156  0.294 1.00 0.967
1C 3652 12:40:58.5 +11:11:04 8.39 —15.8 —0.067 0.423 0.153 0.902
NGC 5173 13:28:25.3 +46:35:30 32.8 —19.7 —0.050  0.326 0.830 0.968
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Name o ) Dist Mp eClass Pyo/Pgg FracPSF B/A
(1) (2) (3) CO RN ) (6) (7) (8) (9)
IC 989 14:14:51.3  +03:07:51 101.9 -21.5 —0.196  0.319 1.00 0.901
NGC 5546 14:18:09.2 +07:33:52 101.4 —22.1 —0.220  0.319 0.969 0.802
NGC 5831 15:04:07.0 +401:13:12 224 —-19.8 —-0.212 0.326 0.894 0.791
IC 1152 15:56:43.3 +48:05:42 789 —20.7 —0.178  0.304 1.00 0.872
I Zw 148 16:24:39.5 +41:01:15 109.5 —18.9 0.573 0.443 0.00 0.556
NGC 6160 16:27:41.1 +440:55:37 1279 —-21.8 —0.186 0.332 0.823 0.559
1C 1479 23:18:46.4 —10:23:57 127.7 -21.3 —0.199 0.319 1.00 0.829

Note. — Col. (1): Galaxy Name. Col. (2) & (3): Right ascension and declination as listed in

NED. Col. (4): Distance, in Mpc, using Hubble’s law, Hy = 72 km s~! Mpc~! and recessional

velocity in NED. Col. (5): Absolute B band magnitude as listed in LEDA. Col. (6):

eClass

parameter calculated by SDSS. Col. (7): Inverse Petrosian ratio calculated by SDSS using r-

band radii. Col. (8): Fractional value corresponding to galaxy light profile’s goodness of fit to

an exponential profile. Col. (9): Axial b/a ratio calculated from SDSS r-band data.
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Table 3.2. Training Sample: Lenticular Galaxies
Name o 0 Dist Mpg eClass  Psg/Pgy FracPSF  B/A
(1) (2) (3) CO NN () (6) (7) (8) (9)
NGC 217 00:41:33.9 —10:01:17 52.8 —209 —0.204 0.336 0.412 0.322
UGC 4008  07:46:37.7 +44:47:26 1244 —-21.8 —0.166 0.383 0.879 0.655
NGC 2522  08:06:13.4 +17:42:42 655 —20.4 —0.235 0.311 0.841 0.494
NGC 2524 08:08:09.6  +39:09:27 52.6 —20.5 —0.165 0.318 0.897 1.00
NGC 2562  08:20:23.6 +21:07:53 70.3 —20.7 —0.178 0.338 0.739 0.799
NGC 2638  08:42:25.8 +37:13:16 51.8 —20.5 —0.159 0.321 0.738 0.310
UGC 4731 09:01:00.1 +10:37:02 118.8 —-21.4 —0.185 0.289 1.00 0.852
1C 2430 09:04:22.8 +27:57:11 424 —-19.2 —0.0150 0.392 0.245 0.544
NGC 2789 09:14:59.6  +29:43:49 87.5 —21.1 —0.007 0.296 1.00 0.842
NGC 2858  09:22:55.0 +03:09:25 489 —20.1 —0.211 0.330 1.00 0.619
IC 598 10:12:48.6 +43:08:44 30.2 —-19.1 —0.078 0.334 0.876 0.349
UGC 57341 10:34:15.1  452:52:15 94.9 —21.7 —0.143 0.335 0.645 0.396
UGC 5771 10:37:19.3  +43:35:15  99.7 —-20.8 —0.181 0.298 1.00 0.613
UGC 5839 10:43:29.5 +39:41:15 94.5 —20.8 —0.178 0.365 0.841 1.00
1C 653 10:52:06.8 —00:33:39 743 —21.0 —0.216 0.363 0.766 0.331
NGC 3524 11:06:32.1 +11:23:08 18.2 —-18.6 —0.122 0.322 0.719 0.379
UGC 6570 11:35:50.0 +35:20:07 23.7 —17.8 0.244 0.333 0.812 0.453
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Name « 0 Dist Mp eClass Ps0/Pg9 FracPSF B/A
(1) (2) ®3) CO NN ) (6) (7) (8) (9)
UGC 6827 11:51:28.0 +35:26:04 439 —19.5 —0.133 0.312 0.939 0.520
UGC 7367  12:19:32.1 +49:48:57 55.0 —20.7 —0.136 0.319 0.856 0.509
NGC 4512 12:32:47.6 +63:56:21 33.8 —20.5 —0.189 0.329 0.499 1.00
NGC 4659 12:44:29.4  413:29:55  8.75 — —0.079 0.361 0.914 0.607
UGC 8431  13:24:20.2 +32:50:53 159.4 —21.0 —0.169 0.295 1.00 0.725
NGC 5311 13:48:56.1  +39:59:06 35.8 —19.8 —0.183 0.314140 0.984 1.00
NGC 5358  13:54:00.4 +40:16:38 32.5 —18.5 —0.139 0.315 0.728 0.395
UGC 8876  13:56:58.0 +45:58:24 27.7 —18.9 —0.163 0.285 0.955 0.454
UGC 8923 14:00:15.7 +38:30:11 754 —20.1 —0.168 0.367 0.669 0.349
PGC 50014 14:02:35.4 +14:32:06 56.4 —18.8 0.017 0.472 0.030 0.553
KIG 616 14:11:53.4  +38:11:39 82.2 —20.6 —0.168 0.335 1.00 1.00
NGC 5517 14:12:51.2  +435:42:39 112.1 —-21.0 —-0.112 0.319 1.00 1.00
UGC 9367  14:33:18.5 +34:44:04 138.4 —21.0 —0.098 0.344 0.996 0.646
UGC 10381 16:25:26.1 +39:52:14 117.1 —-21.4 —0.136 0.304 1.00 0.622
NGC 7722 23:38:41.2 +15:57:17 53.7 —20.8 —0.223 0.379 0.796 0.699

Note. — Col. (1): Galaxy Name. Col. (2) & (3): Right ascension and declination as listed in

NED. Col. (4): Distance, in Mpc, using Hubble’s law, Hyp = 72 km s~ Mpc~! and recessional

velocity in NED. Col. (5):

Absolute B band magnitude as listed in LEDA. Col. (6):

eClass

parameter calculated by SDSS. Col. (7): Inverse Petrosian ratio calculated by SDSS using r-band

radii. Col. (8):

exponential profile. Col. (9): Axial b/a ratio calculated from SDSS r-band data.

Fractional value corresponding to galaxy light profile’s goodness of fit to an
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Table 3.3. Training Sample: Spiral Galaxies
Name « 1) Dist Mp eClass  Pso/Pgg  FracPSF B/A
(1) (2) 3) 4 () (6) (7 (8) (9)
UGC 1934 02:27:51.4 +400:30:06 165.2 —22.0 —0.223 0.356 0.717 0.211
UGC 4132 07:59:13.0 +32:54:53 69.8 —22.1 —0.193 0.432 0.364 0.264
UGC 4301 08:16:02.2 +28:37:29 80.3 —20.9 —0.0196 0.474 0.076 0.389
UGC 4436  08:29:50.3 448:46:52 96.5 —20.8 0.041 0.415 0.00 0.269
NGC 2619 08:37:32.7 +28:42:19 46.5 —20.8 —0.092 0.434 0.653 0.837
UGC 4521 08:40:52.6 +42:50:14 162.0 —-22.0 —0.144 0.438 0.239 0.309
UGC 4529 08:41:37.8 +46:47:37 149.2 —-20.5 —0.1839 0.343 0.735 0.296
UGC 4558 08:44:08.9 +33:30:57 103.1 —-21.6 —0.155 0.363 0.171 0.175
UGC 4580 08:46:33.3 +48:25:48 959 —21.3 —0.0422 0.458 0.578 0.534
IC 2490 09:33:03.6  +29:55:42 100.9 —20.7 —0.181 0.337 0.766 0.693
NGC 2939 09:38:07.9 +09:31:26 44.8 —20.8 —0.120 0.362 0.434 0.386
UGC 5195 09:43:12.0 +00:24:51 1014 -21.3 —0.161 0.396 0.140 0.261
UGC 595 10:21:38.2  +12:34:34 39.2 —18.1 0.016 0.454 0.141 0.754
UGC 5736 10:33:51.3 —00:33:41 126.5 —20.9 —0.179 0.478 0.770 0.678
UGC 5819 10:41:50.7 +38:43:00 145.2 — —0.215 0.378 0.689 0.290
UGC 5872  10:46:09.5 +49:32:37 128.8 —21.5 —0.146 0.391 0.529 0.386
UGC 6129 11:04:18.0 +50:02:03 96.1 —20.1 0.127 0.457 0.234 0.857
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Name o 0 Dist Mp eClass Pgo/Pgg FracPSF B/A
(1) (2) (3) 4 6 (6) (7) (8) (9)
IC 0677 11:13:56.7 +12:18:09 43.6 —20.4 —0.006  0.428 0.098 0.432
UGC 6411 11:24:06.5 +48:41:47 233.6 —22.8 —0.209  0.394 0.576 0.339
UGC 6529 11:32:45.4 +40:50:33 126.9 —20.7 0.012 0.445 0.399 0.708
IC 2928 11:33:29.9  +34:18:58 111.0 —20.9 —0.058  0.467 0.168 1.00
NGC 3846 11:44:29.1 +55:39:08 1304 —22.6 —0.029  0.491 0.378 0.616
UGC 7046  12:04:00.1 +49:06:46 73.9 —19.9 0.064 0.386 0.00 0.233
IC 3229 12:22:52.8 +06:40:47 204 —17.5  0.096 0.413 0.00 0.309
KIG 528 12:23:58.8 +48:46:46 55.3 —21.5 —0.179 0.418 0.583 0.267
UGC 8189 13:05:46.6 +46:27:42 99.8 —21.0 —-0.233  0.387 0.007 0.159
UGC 8510 13:31:17.4 +29:22:05 196.4 —21.3 —0.105  0.371 0.916 0.871
UGC 8627 13:38:13.0 +32:49:22 101.2 —-20.6 —0.125 0.469 0.617 0.700
UGC 8636 13:39:10.8 +28:57:33 133.8 —20.6 —0.015  0.491 0.294 0.801
UGC 8787 13:52:50.1 +02:15:49 585 —20.3 —0.036  0.432 0.066 0.258
UGC 9048 14:08:52.8 +33:31:56 1449 —-21.9 —0.163 0.370 0.500 0.180
IC 996 14:17:22.1  +57:37:47  41.3 —20.0 —0.017  0.411 0.075 0.298
UGC 9313  14:29:32.5 +38:40:12 89.1 —20.2 —0.008 0.432 0.163 0.345
UGC 3909 14:29:38.5 +10:35:03 62.0 —21.4  0.007 0.389 0.586 0.372
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Name e 1) Dist Mg eClass Ps59/Pgy FracPSF B/A
(1) (2) 3) CORENC) (6) (7) (8) (9)
NGC 5696 14:36:57.1 4+41:49:41 73.3 —-21.0 —0.113 0.414 0.941 1.00
UGC 9665 15:01:32.4  +48:19:11 34.2 —-19.5 —0.099 0.422 0.105 0.252
UGC 9746  15:10:16.5 +01:56:03 244 —18.3 —0.016  0.409 0.00 0.254
UGC 10241 16:09:48.3 +42:20:02 156.2 —21.2 —0.139  0.512 0.397  0.746
UGC 10276 16:12:49.1 +31:59:35 124.7 —-21.4 —0.195 0.388 0.033 0.189
UGC 10526 16:44:24.3 +25:07:30 139.0 —20.8 0.019 0.471 0.236 0.685
UGC 10545 16:46:53.0 +34:24:36 125.1 —21.5 —0.079 0.432 0.166 0.344
UGC 10706 17:06:28.5 +38:21:49 110.7 —21.3 —0.095  0.459 0.291 0.451
NGC 6390  17:28:28.1 +60:05:39 42.8 —18.9 —0.061  0.390 0.091 0.895
UGC 11859 21:58:07.4 +01:00:32 40.3 —18.9 —0.169 0.621 1.00 0.729

Note. — Col. (1): Galaxy Name. Col. (2) & (3): Right ascension and declination as listed in

NED. Col. (4): Distance, in Mpc, using Hubble’s law, Hy = 72 km s~ Mpc~! and recessional

velocity in NED. Col. (5):

parameter calculated by SDSS. Col. (7):

Absolute B band magnitude as listed in LEDA. Col. (6):

eClass

Inverse Petrosian ratio calculated by SDSS using r-

band radii. Col. (8): Fractional value corresponding to galaxy light profile’s goodness of fit to

an exponential profile. Col. (9): Axial b/a ratio calculated from SDSS r-band data.



CHAPTER 4

Primary Sample

4.1 Introduction

The development of a comprehensive theory of galaxy formation and evolution
relies on the ability to separate internal processes from interaction-induced evolution.
Our objective is to construct a sample of isolated galaxies, using the Sloan Digital
Sky Survey, that are sufficiently distant from neighboring galaxies and also display
features of elliptical or SO galaxies. These sets of candidate isolated galaxies will
permit the investigation of galactic properties which have not been influenced by
continual external interactions from neighboring galaxies.

Morphologically, early-type galaxies follow strong relations among their colors,
luminosities, and other dynamical parameters (Faber & Jackson 1976; Kormendy
1977; Djorgovski & Davis 1987). The low scatter of ellipticals on the Fundamental
Plane (Dressler et al. 1987; Faber et al. 1987) illustrates why studying isolated early-
type galaxies (IEGs) is beneficial. Any variations in parameters that a sample of IEGs
may show will be easily recognizable against normal E+S0s. As such, a sample of
strictly defined isolated galaxies can serve as the zero-interaction baseline needed to

develop reliable galaxy formation and evolution scenarios. Renewed interest in [EGs
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has also been spurred by the discovery of fossil groups, the remnants of a collapsed
compact group which are ellipticals in near isolation.

The investigation into the nature of isolated early-type galaxies is not a recent
endeavor. The first reference to ”isolated elliptical galaxies” came in a study by
Nulsen, Stewart & Fabian (1984), who examined the X-ray emission of three galaxies
in an attempt to observe predicted cooling flows. Isolated galaxies have the poten-
tial to clarify the roles of internal and environmental processes in galaxy evolution.
Internal mechanisms, which are expected to be independent of environmental galaxy
density, can range from supernova-driven galactic winds to the evolution of X-ray
gas caused by stellar mass loss (Faber & Gallagher 1976; Gunn, Stryker & Tinsley
1981; Sanders 1981). Galaxy morphology, star formation rates and light distributions
can be altered and influenced by environmental factors such as, tidal or ram-pressure
stripping (Gisler 1976; Lea & De Young 1976; Takeda, Nulsen & Fabian 1984; Aguilar
& White 1986; Strom & Strom 1978), galaxy interactions (Thomson & Wright 1990),
and mergers with gas-rich companions (Oosterloo et al. 2002; Balcells et al 2001;
Horellou et al. 2001).

The conflicting results of past analyses of isolated early-type galaxies stem from a
number of probable sources. Many prior studies have not made a distinction between
field and isolated galaxies. The difference in galaxy density between a field and
isolated environment could easily be the root cause of conflicting data. Another

possible source of large dispersion amongst previous sample properties may arise
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from grouping elliptical and lenticular galaxies into a coarse morphology bin. As was
stated in Chapter 1, the formation mechanisms for SO and ellipticals may be vastly
different and studying the two galaxy types as one may yield unclear results. The
issue constraining the current work to grouping E+S0s was discussed in Chapter 3.
There is no satisfactory morphological classifier that can separate ellipticals from SOs,
which therefore necessitates the use of a broad definition of early-type galaxies.

A sample of objectively selected isolated early-type galaxies that lie in extreme
isolation from large, bright companions can be used to settle a number of persisting
questions. The interpretation of elliptical galaxies with isophotal twists is one such
issue. Theoretical calculations by Benacchio & Galletta (1980) and Madejsky &
Moéllenhoff (1990) have shown that an intrinsic triaxial shape, such as an E3-7, could
naturally produce isophotal twisting. Position angle twists can also occur as a result
of merger with a low-luminosity companion (Balcells & Quinn 1990). R-band imaging
by Fasano & Bonoli (1989) conclude that isolated ellipticals have position angle twists
as frequently as galaxies with large companions.

The contradictory results of prior analyses has necessitated the creation of a set of
[EGs with a strict set of isolation and morphological selection criteria. Many previous
studies have relied solely on sky separation when selecting IEGs. The absence of a
redshift isolation criterion effectively overlooks isolated galaxies hidden as a result of
projection effects. A complete sample of truly isolated systems therefore requires the

use of redshifts. Such an IEG sample could then be used to untangle the issue of which
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properties are intrinsic to all early-type galaxies and those that are a function of local
environment. The IEG sample presented here potentially represents a population of
galaxies that have remained free of external perturbations for much of their lifetimes
and represent a zero-interaction baseline needed to fully understand galaxy formation
and evolution. The purpose of the current paper is to analyse SDSS gri coadded and

BV R imaging of the sample of isolated early-type galaxy candidates.

4.2 Isolation & Selection Criteria

The SDSS, in its depth and breadth, provides a unique source for finding many
isolated galaxies. The large sky coverage and extensive spectroscopic survey has
yielded a massive number of objects that can be searched in redshift-space for any type
of galaxy sample that is desired. In order to quickly and easily comb through the large
spectroscopic sample of the SDSS, a searchable, digital database was constructed. All
objects in the spectroscopic survey were input into the database. The footprint of
the SDSS data on the sky can be seen in Figure 4.1. The spectroscopic data output
by the SDSS is substantial and great care was taken to select the data of most
importance and use to the current study. The SDSS database is a powerful tool to
sample large amounts of survey data and access via IDL makes for easily designed

database searches, whose parameters can be adjusted and refined. !

!The Interactive Data Language (IDL) is licensed by ittvis.com
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Declination(Deq.)

RA(Haurs)

Figure 4.1: Footprint of the SDSS spectroscopic survey Data Release 5. All regions
colored black represent roughly 675,000 galaxies observed by SDSS.

The main goal of the study was to define a sample of early-type galaxies in extreme
low-density environments that can be used to compare the properties of near zero-
interactions galaxies to properties of normal ellipticals and SOs. The use of galaxy
colors, physical size and absolute magnitudes, were not considered as means to mor-
phologically separate galaxies, because we did not want to bias the sample towards

"typical” large, bright elliptical galaxies. In selecting our sample we have followed the
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isolation criteria described by Marcum et al. (2004). A minimum physical separation
of 2.5 Mpc to any neighbor brighter than My = —16.5 was employed. The neighbor
brightness criterion does not prevent the possibility that the candidate galaxy has an
associated system of dwarf galaxies. The dwarf galaxy limit is slightly fainter than
the Small Magellanic Cloud. The IEGs may have satellite galaxies of the approximate
luminosity of the SMC, and still meet our isolation criteria. A plot of the isolation
criteria employed in the current study compared to previous isolation criteria is dis-
played in Figure 4.2. The y-axis spans the magnitude difference employed by many
other studies. The work of Madore et al. (2004), Colbert et al. (2001), and Marcum
et al. (2004) did not use as a criterion a magnitude difference between an isolated
galaxy candidate and a neighbor galaxy. The minimum separation between a can-
didate isolated galaxy and a bright neighbor used by Marcum et al. and the work
presented here are the most extreme ever employed.

The 2.5 Mpc isolation criterion is intended to limit the possibility of interactions
the IEG may have had with a comparable mass galaxy over a Hubble time. Imposing

! made a redshift-space sep-

a minimum recessional velocity difference of 350 km s~
aration, which is greater than twice the line-of-sight velocity dispersion of a typical
loose group (Huchra & Geller 1982; Tucker et al. 2000). The redshift separation re-
quires the difference in recessional velocity between a candidate galaxy and a bright

neighbor must be greater than 350 km s*.

Vrmaz = 350 kms™ x cos () (4.1)
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Figure 4.2: Isolation criteria of the current and previous samples. A: Madore et al.
(2004); B: Reda et al. (2004) & Denicolo et al. (2005); C: Colbert et al. (2001); D:
Kuntschner et al. (2002); E & F: Smith et al. (2004a,b). The criterion used here is
labeled as Marcum.

Figures 4.3 and 3.4 display a visual representation of the two- and three-dimensional
isolation criteria. Few, if any, loose groups have galaxies that are separated by 2.5
Mpc. The average loose group velocity dispersion was chosen as a worst-case sce-
nario. If a neighbor were 2.5 Mpc away from a candidate and the difference in

it is unlikely that these galaxies have interacted

recessional velocity were 350 km s~
within a Hubble time.While the 2.5 Mpc search is a 2-dimensional check, this red-

shift search gives an approximate 3-dimensional detection for neighbors. In the case
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of small redshift differences between the IEG candidate and possible neighbors, true
3-dimensional separation distances cannot be determined because peculiar motions,
which are uncorrelated with the Hubble flow, could account for the small redshift
differences. The below describes a conservative scheme, which could disqualify gen-
uinely isolated galaxies, that deals with this uncertainty. The use of redshift to create
a more complete isolation sample is a detail many previous studies have not used and

makes the current study a hallmark for future works.

Figure 4.3: Graphical representation of the 2D isolation criteria.

One of the most important procedures performed was the separation of early-type
galaxies from spiral systems. A discussion of parameters output by the SDSS pipeline

that were tested to morphologically separate galaxies can be found in Chapter 3.3.
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Figure 4.4: Graphical representation of the redshift-space isolation criteria.

We have chosen to use the inverse concentration index, g—zg, where galaxies are deemed
early-type systems if g—gg < 0.38.

We have used all objects classified as a galaxy by the SDSS spectroscopic survey
as the starting point for selecting our sample of isolated galaxies. The distance limit
of 72 Mpc was chosen, as this is the distance at which low-luminosity neighbors,
My < —16.5, would still be bright enough to be included in the SDSS spectroscopic
database. Using the inverse concentration index, 304,552 galaxies in the SDSS spec-
troscopic database (45%) met the early-type classification. Applying the isolation

criteria resulted in 66 candidate galaxies.
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To ensure that the sample was comprised of early-type systems, the SDSS images
were examined to remove any spiral galaxy contamination. Twenty objects were
removed, as they were not early-type morphologies. One issue for which we had to
correct was the dimming of neighbor galaxies due to foreground Galactic extinction.
In the case where a neighbor galaxy was artificially fainter due to extinction, the
candidate IEG would appear to meet all isolation criteria. After dereddening, 13
candidates were removed due to their neighbors being brighter than My = —16.5
causing the isolation criteria to be violated.

Another issue that was not expected was incomplete radial searches of SDSS data
for companion galaxies. As can be seen in Figure 4.1, the SDSS survey has well
defined edges. A galaxy sitting very close to the edge could erroneously be listed as a
candidate IEG, even though the galaxy may be in a loose group, where the additional
group members fall just off the survey edge. An example of a candidate IEG with an
incomplete radial search can be seen in Figure 4.5.

In order to make a more complete radial search, NED was searched to identify
any companions galaxies missed by the SDSS. A number of galaxies were removed
due to poor radial searches. Of the 17 IEG candidates with poor radial searches, 3
(IEGs 71125, 261992, and 557849) were found to have neighbors brighter than the
dwarf limit within 2.5 Mpc. The SDSS and supplemental NED radial search for one
of the galaxies, IEG 71125, can be seen in Figure 4.6. The companions to these three

IEGs are all at least 1.75 Mpc away for the candidate galaxy. While those companions
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Figure 4.5: SDSS radial redshift search of IEG 383210. The candidate IEG is labeled
with a cross and all surveyed galaxies are displayed as a small black square.

would violate the isolation criteria, the candidate IEGs are still in extreme low-density
regions and exceed the typical separation for loose group galaxies is 0.64 h™! Mpc
(Tucker et al. 2000). The three candidate IEGs likely have not interacted with
another bright galaxy in almost a Hubble time, and therefore they were not removed
as candidates in the sample. The final sample consists of 33 isolated early-type

systems. A summary of the SDSS global properties of the sample is given in Table
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4.1. The SDSS footprint with the IEG sample galaxies highlighted can be found in

Figure 4.7.
71125
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Figure 4.6: SDSS & supplemental NED radial redshift searches of IEG 71125. The
candidate IEG is labeled with a cross, SDSS surveyed galaxies are displayed as a
small black squares, and NED detected galaxies are labeled with open triangles. The
”companion” galaxy is labeled with an X. At 2.4 Mpc, the neighbor galaxy is distant
enough that IEG 71125 is truly isolated.
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Declination(Deq.)

RA(Haurs)

Figure 4.7: SDSS spectroscopic survey footprint with the positions of the IEG galaxies
displayed as grey crosses.

4.3 SDSS Data & Data Reduction

The isolated early-type galaxies were selected from the SDSS spectroscopic survey
Data Releases 1-5 (DR 1-5). As of DR5 the survey had imaged 8000 square degrees,
yielding imaging and spectroscopic data for more than 674,000 galaxies. Images were
obtained using the photometric mosaic camera (Gunn et al. 1998) which gives a

field of view of 3 x 3 deg? and a spatial scale of 0.396” per pixel. Imaging data
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are produced in five photometric bands (ugriz) and Table 4.2 displays the average
wavelengths and magnitude limits (Fukugita et al. 1996) respectively. The SDSS
reduces data using automated photometric and spectroscopic pipelines (Stoughton et
al. 2002).

Galaxies targeted for spectroscopy have r-band magnitudes < 17.77 (Strauss et
al. 2002). The spectra are obtained using a multi-fiber spectrograph that can observe
640 objects simultaneously. Individual fibers are 3” in diameter and two fibers cannot
be closer than 55”. A minimum of three 15 minute exposures are taken to ensure
adequate S/N per pixel is achieved (typically, S/N > 4 per pixel for g = 20.2). Each
spectrum has a wavelength range of 3800 — 9000 A.

A modified version of the Petrosian (1976) system has been implemented by the
SDSS for galaxy photometry. The Petrosian system is designed to measure a constant
fraction of the total light independent of the surface brightness limit. The photometric
pipeline calculates the Petrosian 50% and 90% radii, which will be used in the selection
of the early-type galaxies and were discussed in section 3.3.

Images of each candidate galaxy in the g, r, and i bands were coadded to cre-
ate a pseudo-open filter. The coadding procedure was performed to help aid in the
identification of faint outer structure and any features indicative of interaction or
merger. The exposure time for each SDSS filter is approximately 54 seconds. There-
fore the coadded gri images have an effective exposure time of 162 seconds. In order

to compare the photometry with previous isolated galaxy samples, the SDSS ugriz



188

magnitudes were converted to the Johnson system using the corrections supplied by

Smith et al. (2002),

B=g+047(9g—r)+0.17 (4.2)
V=¢g-055(g—r)—0.03 (4.3)
R=g—114(g—r)—0.14 (4.4)

Smith et al. derived the SDSS to Johnson transformations using 158 standard stars.
Magnitudes were corrected for reddening and radial velocities corrected for the infall

of the Milky Way into the Virgo cluster (Karachentsev & Makarova 1996).

4.4 SDSS Properties of the IEG sample

Images of the IEG candidates are shown in Figure 4.8. Scale bars representing 10
kpc and 10” are displayed. A visual inspection of the sample reveals that many of the
IEGs have disky features loosely resembling SOs. A boxy appearance can be seen for
5 of the 33 galaxies (15%). One galaxy, IEG 469932, shows weak arm features that we
have interpreted not as spiral structure, but as possible tidal remains of an accreted
dwarf companion. Missing in the sample are large round ellipticals. TEG 71125,
369001, and 383210 most closely resemble normal ellipticals. The largest galaxy in

the sample, IEG 51108, has the appearance of a lenticular galaxy.
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IEG 51108

Figure 4.8: SDSS gri coadded images of the IEG sample. The upper bar represents
an angular size of 10” and the lower bar is a scale of 10 kpc. Images are have been
smoothed using a Gaussian function and are displayed on a log scale.
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Figure 4.8 continued IEGs 375, 4177, 27750, 166582, 348427, 369001, 383210 have
scale bars of 5”7 and 5 kpc. All other displayed galaxies have 10” and 10 kpc scale
bars.
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displayed galaxies have 10” and 10 kpc scale bars.

Figure 4.8 continued IEGs 468256, 496820, 537012, 547386, 556819 and 558496 have
IEG 421880 has 2”7 and 2 kpc scale bars.

All other
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The sample shows a number of unexpected features and trends. We predicted
the sample would contain large, red ellipticals with absolute V magnitudes brighter
than —19. The distribution of redshift z for the IEGs is illustrated in Figure 4.9. For
even the most distant IEG, the sample describes isolated early-type galaxies in the
local universe. There is a peak at the 72 Mpc, the self imposed distance limit which
corresponds to z ~ 0.0188. It is odd that eight candidates (8/33, 24%) fall so close to

the distance limit. The results suggest that there may be an under-density of isolated
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Figure 4.9: Redshift histogram of the IEG sample.

early-type galaxies in the local universe. The possibility remains that at or near 72

Mpec, the SDSS may not be able to detect companion galaxies to the brightness level
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of —16.5 magnitudes as described in the search criterion. As the number density of
IEGs begins increasing beyond 72 Mpc, we may want to devise a method for extending
the distance limit or removing it all together. The IEGs are otherwise nearly evenly

distributed in redshift-space.
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Figure 4.10: Distribution of IEG radii.

Figure 4.10 shows the distribution of the IEG radii. The radii listed are the r-band
semi-major axes as calculated by the SDSS. The sample values peak at a radius of 3
kpc. Two secondary peaks are also seen at 7 and 18 kpc respectively. The peak at 18

kpc corresponds to IEG 51108. Absent from the sample are systems of intermediate
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and large radius. The radii could be underestimated due to the short exposure times
of the SDSS.

A histogram of the absolute V band magnitudes is displayed in Figure 4.11. The
IEG sample has a peak My of approximately —17.0. Again a secondary peak due
to IEG 51108 can be seen at My = —21. The absolute magnitudes of many of the
IEGs (14/33, 42%) can best be characterized as being dwarf-like with My, > —17.
The TEGs brighter than —17 mag are still 1 — 2 magnitudes fainter than normal

early-type galaxies.
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Figure 4.11: Histogram of the absolute V band magnitudes.
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Figure 4.12: Distribution of (B — V) color for the sample.

The colors of early-type galaxies are well known with a range of 0.8 <B —V < 1.1.
The red colors found for ellipticals and SOs are indicative of an old stellar population
dominated by K and M stars. The B — V colors of the IEG sample are shown in
Figure 4.12. The distribution peaks at B — V = 0.7. This is significantly bluer than
what is expected for early-type galaxies. The extreme blue colors reveal that the IEG
sample has experienced recent or ongoing star formation episodes. Analysis of the
spectral properties will be described in Chapter 5.

Figure 4.13 displays the B — V versus Mp relation for the IEGs. Early-type

galaxies follow several well-established trends in optical color and brightness. Figure
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Figure 4.13: IEG sample (B — V):Mp relation. The solid line is the best-fit to the
sample of Burstein et al. (1987). Dotted lines represent 30 deviations from the
Burstein best-fit.

4.13 is included to compare the IEGs with such trends. The solid line represents the
relationship for typical galaxies and is a best-fit line to the Burstein et al. (1987)
sample of general ellipticals. The dashed lines indicate the 3o deviations from the
Burstein best-fit linear relation. Eleven IEGs (33% of the sample) are seen to have
extreme blue colors and faint magnitudes causing them to fall below the lower 3o
line. Approximately half of the IEGs (17/33, 52%) fall within the 3¢ lines. However,

there is not a tight correlation as was found for the Burstein et al. sample.
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4.5 McDonald Observatory Data, Reduction, &

Calibration

While the Sloan Digital Sky Survey provided the extensive sky coverage and red-
shift measurements necessary to defining the IEG candidate list, deeper imaging was
required to detect the faint signs of mergers and interactions. The exposure times in
each of the five SDSS bands was only 54 seconds. The first attempt to create deeper
images of the IEGs was done by coadding the SDSS gri bands. These coadds con-
stitute a pseudo-open filter with a still relatively short exposure time of 162 seconds.
Not wanting to miss any low surface brightness peculiarities, the SDSS gri coadds
were deemed inadequate to detect faint merger signatures.

Therefore, we carried out optical imaging of the IEG candidates, providing ex-
posure times upwards of 600 seconds. The imagery would then enhance any faint
features and details that might inform on the history of the IEG. The deeper images
would then be used to perform analyses of surface brightness profiles, asymmetric
structure uncovered with residual imaging, and variations of radial parameters.

Imaging of 22 of the 33 IEG candidates was performed in BVR bands in October
and December 2006, February and March 2007, and March 2008 using the 2.1—meter
Otto Struve telescope at McDonald Observatory, which is operated by the University
of Texas at Austin. Details of those observations, the seeing conditions during ob-

serving and the number of coadds that went into making the finalized IEG images can
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be found in Table 4.3. All observations were made using the “WHT guider” and the
1026 x 1024 TK4 CCD chip. After 2x2 on-chip binning, the TK4 has a pixel scale
of 0.348 arcsec pix~! and an angular field-of-view of 2.97 arcmin x 2.97 arcmin. The
TK4 images suffer from severe vignetting on the image edges that limits the usable
area of ~60% of the quoted size.

Standard reduction procedures were used to flat field and bias-subtract individual
frames after applying a mask to vignetted regions. Coadding of multiple images in a
single filter was performed after flux-scaling the images and aligning them to within
a fraction of a pixel. A cosmic-ray rejection algorithm was applied during coadding.
The final coadded image typically represents 3 x 600-second exposures, but can be
up to as many as 6 separate exposures.

As the SDSS has previously observed all of the IEGs, we undertook an uncommon
method of photometrically calibrating our imagery. Between three and five stars in
the fields of the IEGs were photometered in the SDSS g- & r-filter images using
software developed by us in IDL. The calculated g and r band magnitudes were then
converted to the Johnson system BVR magnitudes (Smith et al. 2002). Magnitudes
of the same stars in the McDonald BVR bands were also calculated. The difference
between the McDonald Observatory BVR values and the SDSS BVR magnitudes
constituted a bootstrap calibration. The photometry of the McDonald Observatory
BVR images for the IEGs were then adjusted using the bootstrap calibration values

for that particular galaxy field. One note regarding the calibration procedure is that
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the Smith et al. (2002) conversions from the SDSS filter system to BVR magnitudes
was created for stars. As we are the first to apply the conversions to galaxies, there
is some amount of uncertainty associated with our data. A check of how well the
conversions work for galaxies can be seen in Figure 4.14. The plot of the McDonald
calculated B—V values versus the SDSS derived B—V data reveals that the IEG
colors are very nearly the same. Based on Figure 4.14, our use of the Smith et al.
conversions was justified and the colors expected from SDSS data matches colors from

the McDonald observations to within 0.1 mag.
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Figure 4.14: IEG sample (B — V) for both SDSs and McDonald observatory data.
The solid line indicates a perfect SDSS-to-McDonald color relation. The two sets of
data are well within a tenth of a magnitude, falling close to the line with a small
scatter.



200

4.6 Properties of the Sample Compared to Higher

Density Environments

The IEG sample presented here exhibits a number of properties infrequently found
in past samples of isolated early-type galaxies. Based on the preliminary SDSS data
discussed in section 4.4, the most notable differences are the IEGs are much bluer
and fainter than all prior isolated ellipticals. The absence of ”typical” properties
makes comparing the IEGs to other samples difficult. The isolated early-type galaxies
candidates fall somewhere between KIG galaxies and samples of dwarf elliptical and
spheroidal systems. In an effort to better understand the IEG features and histories,
a study of the integrated photometry of the IEGs from McDonald Observatory data

was performed and is presented in what follows.

4.6.1 Integrated Magnitudes & Colors

The limiting magnitudes and surface brightnesses in the BVR images are summa-
rized in Table 4.4, while the integrated absolute magnitudes and colors with Galactic
extinctions values applied can be found in Table 4.5. Of the 22 IEGs with broadband
imaging in the BVR filters, 17 (77%) have bluer B—V colors than typical early-type
galaxies. A well known correlation has shown that more luminous ellipticals have

redder colors then less luminous Es (Sandage & Visvanthan 1978; Bower et al. 1992).
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Atypical blue colors may indicate the accretion of a gas-rich companion within the
last few Gyr (Zepf, Whitmore, & Levison 1991).

Figure 4.15 displays an absolute magnitude versus color plot with data from
Burstein et al. (1987) defining the regions of ”typical” early-type systems. A similar
plot can be seen in Figure 4.13 with the SDSS photometry. The exceptionally blue
nature of the IEGs is evident in Figure 4.15. Of note in the Figure are the 15 [EGs
(15/22, 68%) that fall well outside of the 30 bounds. The bluest galaxy, IEG 469932,
is unique due the clear outer structure that may be spiral arms or tidal tails. A more
complete discussion of the nature IEG 469932 can be found in the following sections.

The redder IEGs (71125, 121923, 248883, 369001, 383210, and 537012) follow
the trend highlighted by the Burstein relation. At a first pass, these red IEGs are
the most likely galaxies to have been formed by a monolithic collapse, the so-called
primordial early-type galaxies.

Given the photometry, the IEGs studied here are considered to be fainter than
typical ellipticals and would likely be classified as dwarfs or intermediate-luminosity
galaxies (—16 < My < —18.5). The IEGs fall about 6 magnitudes fainter than the
largest ellipticals and display magnitudes fainter than those found in Marcum et al.
(2004), who noted their sample was underluminous compared to c¢D and fossil group
galaxies. The fossil groups studied in Chapter 2 (Vikhlinin et al. 1999; Jones et
al. 2000; Khosroshahi et al. 2006) are red, bright systems at Mp = -23. Similar

to the IEGs, the fossil groups are the dominant mass in their local environment. A
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Figure 4.15: IEG (B—V), color plotted against integrated absolute B band magnitude.
Both color and brightness were corrected for extinction, with the correction values
listed in Table 4.4. Overplotted is the relation from Zepf et al. (1991) and Burstein
et al. (1987) showing the average values + 3o for "normal” ellipticals.

series of analyses of the environments of fossil groups and X-ray observed isolated
ellipticals found that many of these galaxies have an extended network of faint dwarf
companion galaxies (Mulchaey & Zabludoff 1999; Sun et al. 2003, 2004; Smith et al.
20044, 2004b). The sparse neighborhoods of the IEGs is in stark contrast to the fossil
groups and suggest that the IEGs are intrinsically different systems with a different

formation mechanism.
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The IEGs may not be the remnants of a merged bright group, however the galaxies
may be the remains of a group of dwarf galaxies. Mergers between the dwarfs in such
a group would result in very short-lived shell structures and tidal tails. Evidence
for a merging group of dwarfs galaxies (MDG1) was found by Fanelli et al. (2007)
in the SDSS, where three blue dwarf galaxies are in the process of merging and are
encompassed by a common halo. An inspection of the IEG sample reveals a galaxy
that may be at the next stage of dwarf galaxy group evolution. IEG 182356 can be
seen to have two distinct cores and an extended blue halo. The possible formation

mechanisms for the remaining IEGs will be discussed later in Chapter 4.5.

4.6.2 Fine Structure Analysis

In general, elliptical galaxies and to some extent SOs have complete two-dimensional
symmetry as projected onto the sky. The surface brightness of early-type galaxies do
not always smoothly decline with radius. The hidden structures within galaxies can
be detected by subtracting a smooth luminosity profile from the galaxy’s observed
light profile (Malin & Carter 1980; Prieur 1990). Profile subtraction sometimes re-
veals other kinds of structures in E galaxies, including plumes, linear features or
‘X-structures’ often associated with boxy isophotes (Schweizer 1992). Prior works
have found that at least 17% of ellipticals in the field have shell structure, but the
actual percentage may be much higher, near 40% (Kormendy & Djorgovski 1989;

Forbes & Thomson 1992). Shells have spectral energy distributions characteristic of



204

starlight (Kormendy & Djorgovski 1989). Ellipticals with fine structure are slightly
bluer than "normal” early-type galaxies and based on B—V color alone, one would
assume a large fraction of the IEGs would shows signs of mergers and interactions.

With more than two decades of research, the lifetime of observable shell structure
has yet to be well constrained (Malin & Carter 1983). The lack of a standard timescale
for shells results in a tenuous estimate of the merger date. Simulations have readily
shown that shells and fan-shaped structures are the products of the accretion of a
companion spiral or elliptical galaxy, respectively (Quinn 1984). The companion
galaxy would supply the gas, dust, and stars that form the shells. Other simulations
have found that merging is not requisite for shell formation, as strong tidal forces
could dynamically pull cold stars from the host galaxy (Thomson & Wright 1990).
The lifetime of shells has been estimated to range between ~ 1 Gyr (Hernquist &
Quinn 1989) and ~ 5 Gyr (Reduzzi, Longhetti & Rampazzo 1996).

Often neglected in analyses is the formation of fan structure. Work by Van
Dokkum (2005) found that broad fans of stars and possibly asymmetric deforma-
tion of inner isophotes would result from the merger of two bulge dominated systems.
Assuming an intermediate-luminosity isolated elliptical could be formed via the col-
lapse of a group of dwarf galaxies, one would expect fan structures more often than
shells. Shells are not as likely because dwarfs are spheroidal shaped galaxies and the

merger between two spheroidal galaxies could result in fan formation.
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The detection of shell features is strongly dependent on environment (Malin &
Carter 1983). Shells are believed to persist around isolated galaxies longer due to
the lack of perturbations from neighboring galaxies. In early studies (Schweizer &
Ford 1985; Colbert, Mulchaey & Zabludoff 2001, CMZ) ~ 40% of field ellipticals were
found to possess shells. The occurrence of shells in early-type galaxies in group and
cluster environments is greatly decreased to ~ 8% (CMZ). The perturbations of the
surrounding galaxies, the intracluster medium and the cluster gravitational potential
are assumed to disrupt and destroy shells.

While past investigations into the nature of shell and fan structures has focused on
the brightest ellipticals (Schweizer 1992; Nigoche-Netro et al. 2007), almost nothing
is known regarding shells in intermediate- and low-luminosity early-type galaxies.
Clearly shells and tidal tails can form around faint E4+S0 galaxies. The lifetime of
shells surrounding faint galaxies should be considerably less than the same features
around brighter, more massive ellipticals. The simple argument that any accreted
companion galaxy will be of comparable-to-lower mass than the host galaxy reveals
that the material in the shells will be less massive than the same structures found
around larger ellipticals. Therefore, the lower mass shells will likely be extremely
faint and may escape detection. The scenario for intermediate-luminosity galaxies is
shell structure may be completely absent owing to faint luminosities.

The TEGs then represent a unique situation, existing in the low-galaxy density

environment known to harbor long lived shells and at the same time they are a
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sample of intermediate to faint galaxies where shells may be too low mass and short
lived to detect. We predict that the majority of IEGs will not show signs of shells
and in the unlikely scenario that one of the IEGs has shell structure, the shell-causing
merger can be estimated to have occurred in the very recent past.

Figure 4.16 shows V-band images of the IEGs and model-subtraction maps. A
smoothed model of each galaxy was created by employing an ellipse-fit to the isophotes
using an IDL program which follows the procedures of Jedrzejewski (1987). The
central coordinates were fixed while the position angle and ellipticity were allowed to
vary with radius. Prior to beginning the model making program, bright stars which
may have contaminated a smooth light profile were masked out. A two-dimensional
model of the galaxy was constructed by applying a linear interpolation to the isophotal
fits (Milvang-Jensen & Jorgensen 1999). Finally, residual images were created by
subtracting the smooth models from the original galaxy images. Residual images are
a powerful tool used to search for structures and regions that are over- or under-

luminous from a standard de Vaucouleurs profile.
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Figure 4.16: V band images and model-subtraction map for the IEGs. The scale
bars are the same as those in Figure 4.8. Darker and lighter regions in the model-
subtraction map represent regions which have a surface brightness which is above and
below the modelled light distribution of the smooth underlying galaxy, respectively.
North is up, east is to the left.
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The IEGs display a number of features in the residuals. Many of the IEGs have
bar-like structures that may simply be the result of position angle twists, a topic to
be highlighted in later sections. Evidence of only a smooth light profile can be seen
in IEGs 421880 and 468256. Inner disk features are observed in the residual of IEG
507455. One TEG, 469932, has signatures that appear to have a spiral arm nature.
We interpret these features not as arms but as tidal remains of an accreted companion
galaxy. The extreme blue colors, (B—V)y = 0.4, support the notion of a relatively
recent, ~ Gyr, merger event. The surface brightness profile of IEG 469932, which
is discussed in the next section, isn’t fit well by an R4 law, but if a merger has
occurred, the galaxy may still be in a dynamically active state and may relax into
the standard de Vaucouleurs profile.

Of the 33 TEG galaxies in the sample, none show shell features. Three (3/33, 9%)
galaxies in the sample, IEGs 375, 229036, and 248883 have features that could be
interpreted as fan structures. Most notably is the interesting system, IEG 248883.
The galaxy doesn’t have two-dimensional symmetry, having an asymmetric bulge to
the SW. The bulge corresponds to the fan seen in the residual. Another piece of
evidence for TEG 248883 having merged with a dwarf elliptical galaxy comes from
a false color image created by the SDSS (not shown). The image reveals that the
core of the galaxy is red, typical of an early-type galaxy, however the outer regions,
particularly the area corresponding to the fan are blue. The residual evidence of a

fan, the asymmetric shape and the peculiar color structure of IEG 248883 all point
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to an accretion of a dwarf neighbor galaxy and subsequent intense star formation at

the location of fan.

4.6.3 Surface Brightness Profiles

The variation of optical light with radius is quantified using surface brightness
profiles. The surface brightness profiles of lenticular galaxies are able to be fit by a
de Vaucouleurs law as frequently as ellipticals (van den Bergh 1989). Equation 3.1
defines the mathematical formula for an R'* profile. The effective radius, r., is the
radius enclosing 50% of the galaxy light and I, is defined as the surface brightness at
re. The upper panel of Figure 4.17 displays the light profile of the "normal” elliptical
galaxy, NGC 3806. When plotted against R'/* the typical elliptical has a linear slope.

The surface brightness profile of spiral galaxies is best modeled using an expo-
nential (de Vaucouleurs 1959), whose form is seen in equation 3.2. The disk scale
length, ry and the central surface brightness, Iy, define the properties of the disk. The
lower panel in Figure 4.17 presents the surface brightness profile of UGC 386, a well
studied lenticular galaxy. Spirals and SOs have both a bulge and a disk and the inner
portion of their light profiles appear linear (bulge) and the outer region will display
an exponential profile (disk).

Figure 4.18 shows the B, V, and R surface brightness profiles for the 24 TEGs
observed at McDonald Observatory. The photometry was corrected for Galactic ex-

tinction. Fits to R/* + exponential disk parameters were performed in each filter.
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Figure 4.17: Surface brightness profiles for a bonafide elliptical, NGC 3806, and an
S0, UGC 386. Both are plotted against r'/%.

The results of the fitting routine are tabulated in Table 4.6. Overplotted on the
surface brightness profiles in Figure 4.18 are the best fit de Vaucouleurs law in each
bandpass. The radial extent to which the fits were performed was determined by

selecting all surface brightness data having errors less than 0.15 mag.
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Profiles of isolated ellipticals often vary with optical luminosity (Kormendy 1980;
Michard 1985; Schombert 1986) and are best fit by an R'* law near Mp = —21.
Many of the IEGs are well fit by the RY* law, with a few notable exceptions. IEG
229036 has profiles in all three filters more reminiscent of an SO. Similar disk-like
features are seen in the light profiles of IEGs 469932 and 556819. Disk features were
expected in IEG 469932 due to the tidal tail/spiral arm structures. The V band
profile of IEG 421880 has excess light in the outer regions, while the B band data is
deficient in light. The surface brightness of IEG 496820 is unusual as the RY/* fit is
very poor. The profile appears to have a bulge and weak disk components, suggesting
an SO morphology.

The average effective radius in the V band was calculated to be 2.74 £ 0.84
kpc. The IEGs have r, values smaller than the value of 7.1 £+ 3 kpc determined by
Kormendy (1977) and of the sample of isolated ellipticals of Marcum et al. (2004),
whose effective radii averaged 4.2 4+ 1.0 kpc. The small size of the IEGs was expected
as these galaxies are far less luminous than either the Kormendy or Marcum sample
galaxies. The galaxies studied here more closely resemble dwarf early-type galaxies
than large, bright ellipticals.

A plot of IEG effective radius and surface brightness at r, for V band data is
found in Figure 4.19. Overplotted is a line describing the Kormendy relation (1977,
1980), pe(V) = 18.79 + 3.28 log R.. The Kormendy relation allows another compar-

ison between the IEGs and the properties of typical ealry-type galaxies.The relation
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Figure 4.19: Plot of effective radius, r., versus effective V —band surface brightness,
derived from R'* fit to surface brightness profiles. Overplotted is the Kormendy
relation (Kormendy 1980). All of the IEGs fall below the relation with the exception
of IEG 414559.

between effective radius and surface brightness allows for an estimate of where the
IEGs fall on the Fundamental Plane (Djorgovski & Davis 1987). The scatter de-
termined by Kormendy (1977) was 0.3 magnitudes, while the IEGs obviously have
greater dispersion. All of the IEGs are shifted below the Kormendy relation, with
the exception of IEG 414559 which has an extremely small r., = 0.04 kpc and a
faint effective surface brightness, u = 12.3. Falling below the Kormendy relation
could be expected as the IEGs have small physical sizes and have dwarf-like lumi-
nosities. The opposite trend was found by Schombert (1986), where the brightest

cluster members (BCM) systematically fell above the Kormendy relation. Schombert
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reasoned that the BCM galaxies were more diffuse and extended than the typical
ellipticals studied by Kormendy. The fact that the IEGs still follow the general trend
of the Kormendy relation indicates that a similar relation must exist for dwarf and
intermediate-luminosity galaxies, implying that the Fundamental Plane extends down
to faint luminosity levels. In a study of dwarf elliptical galaxies, Evstigneeva et al.
(2004) found that dwarf galaxies fall below the Kormendy relation into the region
inhabited by the IEGs. The Evstigneeva dwarfs do not follow the Kormendy relation

slope, while a Kormendy-like slope is found for the intermediate-luminosity IEGs.

4.6.4 Analysis of Radial Parameters

The search for non-axisymmetric structure in elliptical galaxies can be used as yet
another means of estimating the interaction history of the galaxy. Several authors
have studied the isophotal shapes of ellipticals (Lauer 1985; Bender & Mollenhoff
1987; Jedrzejewski 1987). The isophotes of early-type galaxies can be matched by
ellipses and any isophotal deviation from a perfect ellipse would point to the galaxy
having disky or boxy features or atypical structures (Bender et al. 1989). Ellipticity

is defined as,

E= , (4.5)

where a and b are the semi-major and semi-minor axis, respectively.
The most commonly used quantization of the degree of deviation uses a Fourier

expansion about the polar angle. The amount of deviation from a pure ellipse is
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calculated by (Carter 1978),
R(0) = R() — Ra(6) = ap + Y _(an cosnf + b, sin nf) (4.6)

where, R,; describes the best-fit ellipse. The most significant deviation comes from
the by parameter (corresponding to the 4th cosine term). Perfectly elliptical galaxies
would have higher order n-coefficients equal to zero at all radii. Negative by values
indicate boxy isophotes, while positive by values correspond to disky structures. Boxy
isophotes are often regarded as the products of interaction phenomena (Kormendy &
Djorgovski 1989). Values as small as ~1073 are considered slightly boxy /disky, while
values larger than 0.01 represent strong features (Governato, Reduzzi & Rampazzo
1993; Hao et al. 2006). The above equation will be used to calculate the by boxiness
parameter for the sample galaxies in order to quantify elliptical deviations. Figure
4.20 gives examples of disky and boxy isophotes.

Whether boxiness is a signature of a past merger or is a property intrinsic to
a galaxy is a major concern if elliptical deviations are to be considered a reliable
diagnostic. Simulations have found that boxy isophotes can indicate a past merger
event (Binney & Petrou 1985), although the degree of boxiness may be the result of
viewing angle (Lima-Neto & Combes 1995). Boxiness can come about dynamically,
or be manifest through the presence of large amounts of dust (Lauer 1985, Mahabal
et al 1996). Many of the most luminous ellipticals tend to harbor boxy isphotes as
well as merger features (Bender & Surma 1992), which suggest that boxiness is a

result of mergers. Alternatively, strong disky isophotes are believed to be a sign of
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Figure 4.20: The upper panel shows a boxy elliptical and the lower panel the isophotes
of a disky elliptical. The image comes from Naab et al. (2006).

recent star formation in a small central gaseous disk, which may have been accreted
(deJong & Davies 1996).

Caution is needed in the interpretation of isophotal analysis, as the origin of
isophote deviations and position angle twists remain unknown. The body of work
has thus far been inconclusive.

The effect of environment on isophotal shapes is very important to the current
study. DiTullio (1978, 1979) found that isolated elliptical galaxies on average have
ellipticities that decrease with radius, while more recent investigations (Reda et al.
2004; Hao et al. 2006) did not reach the same conclusion. Shioya & Taniguchi (1993)

examined isophotal shapes for a large sample of elliptical galaxies. They found that
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disky ellipticals are preferentially found in the field and boxy Es exist in high-galaxy
density environments. The disky ellipticals tended to be fainter systems that lacked
strong radio and X-ray emission, while boxy ellipticals were optically bright with
significant amounts of X-ray gas (Ferrarese et al. 1994; Faber et al. 1997; Lauer et
al. 2005).

Figure 4.21 shows the position angle (PA), ellipticity, by, and B—V color profiles
for the sample of McDonald observed IEGs. A blank plot indicates no data for that
IEG. Of special interest are the color profiles. Typical B—V colors should become
bluer with increasing radius. Authors have suggested that reversed color gradients

are a sign of interactions (Gu et al. 2006).
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Figure 4.21: Plots of radial variation of position angle, ellipticity, by, and B—V color
for the TEGs.
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Table 4.7 contains the isophotal data for the last radial point fit in the ellipse-
fitting procedure. Some of the IEGs (348427, 383210, 547386 and 71125) show strong
PA twists. The majority of IEG have relatively constant PA values. The measure
of boxy/diskiness, by, varied among the isolated galaxies. Five (5/24, 21%) of the
IEGs were found to have negative by values over most of their radii. Diskiness was
detected in slightly more IEGs, with eight (8/24, 33%) having positive values for a
large portion of their radial extent. The remaining IEGs had ~bs = 0.0 or had mixed
values of boxiness and diskiness that averaged to near 0.0. The IEGs with boxy
structure had overall weak boxiness, while the disky IEGs had very large positive by
values, indicating strong disks.

As seen in Figure 4.21, six galaxies (IEGs 121923, 182356, 248883, 369001, 375,
and 469932) have B—V profiles that follow the general trend of color becoming bluer
at larger radii (Michard 2000). IEG 248883, as was previously discussed has a red
core surrounded by a blue region of star formation that may have been triggered by
a merger event. In a review of dwarf galaxies by Hodge (1971), it was noted that the
color profiles of some dwarf galaxies are blue to the center and become redder with
radius. A recent discussion of a SDSS detected dwarf galaxy, IC 225 (Gu et al. 2007),
also noted a blue core surrounded by a redder envelope. Twelve (12/22, 54%) of the
IEGs with B & V data have reverse colors reminiscent of the IC 225 color profile.
[EGs 348427 and 537012 have color profiles that remain nearly constant. Finally,

IEGs 414559 and 71125 have color profiles that decrease over the first 4 arcseconds
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and then increase to redder values. These two IEGs are very different, IEG 71125
is a larger red galaxy that closely resembles a normal elliptical, while IEG 414559 is
a blue galaxy whose best-fit effective radii and surface brightness are the smallest of

the IEG sample.

4.6.5 Notes on Individual Galaxies

IEG 375. — At a distance of 46.8 Mpc, IEG 375 has an absolute V band magnitude
of —17.2 and a global color of (B—V)y = 0.61. The galaxy has some extended diffuse
structure and slight extension to the SW. The residual image shows what appears to
be a bright fan to the NW. The light profiles are not perfectly fit by an R'/* law, with
the outer radii being underluminous for the de Vaucouleurs law. The profiles have
disk-like shape, suggesting that IEG 375 may be an SO. The position angle undergoes
a severe twist of nearly 80 degrees. The b, parameter remains close to zero for all but
a few radial points. The galaxy color remains fairly constant over much of the galaxy
and eventually becomes bluer at large radii. The blue color and fan feature in the
residual image may be evidence that IEG 375 has accreted a small gaseous satellite.
IEG 71125. — One of the redder IEGs with (B—V), = 0.86, and brightest galaxies of
the sample, MY, = —18.8, IEG 71125 has the appearance of a typical elliptical. The
residual highlights a probable bar oriented perpendicular to the galaxy’s elongation.
The surface brightness in the V band is linear when plotted against R4 and well fit

by the de Vaucouleurs law. Radially the galaxy has a wildly changing PA, shifting
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more than 100 degrees. Negative b, values at intermediate radii may indicate an
embedded disk.The color profile, mentioned in the previous section, gets bluer until a
radius of 4 arcseconds when it becomes significantly more red. Data from the 2MASS
(Cutri et al. 2003) All-sky survey in the H, J, and K bands for the IEGs can be found
in Table 4.8. IEG 71125 has an H—K value of 0.31, above the H—K = 0.26 value found
to separate SO and Sa galaxies. IEG 71125 and the other sample galaxies are more
similar to dwarf galaxies than brighter Sa galaxies. It is unclear if any separation of
contaminating galaxies can be made for intermediate-luminosity galaxies and dwarf
galaxies using the H—K method.

IEG 114366. — Similar to IEG 71125, IEG 114366 has a bar-like feature perpendicular
to the galaxy semi-major axis. Located 44 Mpc away, the galaxy has relatively blue
colors, 0.69, and the sample’s average brightness, M), = —17.3. The PA remains
nearly constant, while the galaxy becomes more disky with larger radius. The B—V
profile is reversed from the typical E galaxy, however the galaxy does follow the profile
of some dwarf galaxies, such as IC 225 (Gu et al. 2007). For the increasingly disky
nature of the galaxy, the optical light profiles in BVR are all fit by an R'* law.
It should be noted that many SO galaxies are fit by an RY/* law, even though they
possess a disk.

IEG 121923. — The residual shows some overly bright regions in the core to the
SE. The bright region doesn’t have the morphology of a fan and may simply be

a star forming region at the galaxy center. The galaxy has MY = —17.6 with a
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surface brightness profile that is brighter than an RY* fit for the inner radii and
underluminous for the outer regions. Both the position angle and the ellipticity are
constant for all radii, while the color profile follows the common trend of a typical
elliptical. The infrared color was determined to be H—K = 0.39.

IEG 122985. — The galaxy at a redshift of z = 0.000165 is one of the brighter IEGs,
M?, = —18.4. No global color or color profile was calculated as the galaxy was not
observed in the B band. The H—K infrared color is the largest of the IEGs at H-K
= 1.56. The body of IEG 122985 is well fit by the de Vaucouleurs profile, with
deviations at the innermost and outermost radii. All of the radial parameters are
constant across the galaxy. The residual image is one of the more unusual in the
sample as there appears to be an inner disk. Another interpretation is that the bright
regions in the residual are two distinct cores that have yet to fully merge.

IEG 182356. — Previously described as the next stage of evolution of a merging group
of dwarf galaxies, similar to the system found by Fanelli et al. (2007). The galaxy has
two obvious cores, seen in both the V band image and the residual. Other than the
bright cores, the residuals show no additional features. The surface brightness profiles
in V and B bands are both linear in R/#, suggesting that any merger occurred long ago
and IEG 182356 has dynamically settled. The galaxy shows no boxy/disky structures.
The color profile becomes bluer with radius but is not smooth. A significant peak is

seen in the profile at a radius of 7 arcseconds, roughly the position of the second core.
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IEG 229036. — The blue, (B—V), = 0.66, galaxy at a distance of 65.4 Mpc has an
integrated brightness of MY, = —16.9. Infrared color from the 2MASS survey was
found to be H—K = 1.28. The color profile shows a reversed gradient, while the by
profile suggests a disky morphology. The residual, as was previously mentioned, may
have a fan feature that implies the galaxy may have suffered a merger with another
spheroidal galaxy. The fan in IEG 229036 is not as broad or bright as in IEGs 375 and
248883, which complicates the interpreatation of the feature. The surface brightness
profile supports the disky morphology found by the by parameter. The galaxy light
follows more of a bulge+disk profile than an RY* law.

IEG 248883. — The galaxy has a prominent fan-like feature seen clearly in the residual
image. As was previously posited, IEG 248883 may have merged with a gas-rich
spheroidal companion that caused the fan and the galaxy’s blue color. Otherwise,
the galaxy is bright for the sample, —18.9, and exhibits a red global color. The radial
variation of V band light is not fit by a de Vaucouleurs model, with intermediate radii
being overluminous. The galaxy displays diskiness in the inner regions. The color
profile remains nearly constant at (B—V)g ~ 0.8 for much of the inner radii before
becoming increasingly blue. TEG 248883 has an H—K color at the S0-Sa separation
value, 0.26.

[EG 261992. — Near the edge of our searched region of the SDSS at 71.8 Mpc, IEG
261992 is bright, M?% = —18.5, and blue, (B—V)y = 0.58. A galaxy, not interacting

with the IEG, can be seen to the SW. While the galaxy to the SW was masked out
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before analysis was performed, some of the light may have caused contamination. The
residual image shows a bar-like structure similar to that seen in other IEGs. The V
and R band surface brightness profiles are well fit by a de Vaucouleurs model, while
the B band data is poorly fit. The color profile displays reverse color gradients and
the b, data indicates the galaxy has a disky nature.

IEG 348427. — The surface brightness profile of the galaxy is linear when plotted
versus RY/* for all three bandpasses. The position angle is observed to vary at all
radii, while there appears to be no disk or box-like features. The galaxy color profile
is approximately constant at 0.57. IEG 348427 has an optical brightness of —17.5 in
the V band and the residual has a weak bar-like structure. The infrared color of the
galaxy was determined to be 0.31.

IEG 369001. — The reddest galaxy in the sample, (B—V)y, = 0.91, IEG 369001 has
features associated with a typical elliptical. Still an intermediate-luminosity system
at MY, = —18.0, the galaxy has odd structures in the residual image. A bright ridge
on the NW side of the galaxy can be seen. The ridge does not correspond to any
noticeable structures, but could be an offset bar, given that many other IEGs display
probable bars. The radial parameters display a slight PA twist as well as a weak disk
in the inner regions. The color profile is approximately constant before becoming
bluer beyond 7 arcseconds. The galaxy’s surface brightness profiles are easily fit with
a de Vaucouleurs model. The galaxy displays an infrared color, H—K, slightly above

the S0-Sa separator value, similar to many of the IEGs.
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IEG 383210. — Another of the IEGs that resemble a typical elliptical, IEG 383210 is
bright, M?, = —18.5, and red (B—V), = 0.89. The light profiles are all very well fit by
an RY* law, furthering the similarities with a normal elliptical. The galaxy displays
a bar-like feature, which seems to be common for the IEG sample. While the galaxy
has no disky or boxy features, the PA twists by more than 50 degrees. The (B—V)
profile remains constant near 1.0 before becoming redder at larger readii.

IEG 391175. — At 56 Mpc, the galaxy is one of the fainter and bluer ((B—V)y = 0.51)
of the sample. A de Vaucouleurs model fits the B band light profile, however the V
band is only fit for the inner radii. The outer radii in the V band are underluminous
compared to the R* law. Predominantly negative by values describe a likely disk
structure. The residual reveals what may be a disk. The feature could also be
interpreted as a bar, but unlike the other IEGs with bar-like features, IEG 391175
has the bar oriented along the semi-major axis and not perpendicular to it.

[EG 414559. — Similar to IEG 369001, IEG 414559 has a residual image that shows
an increased brightness on one side of the core and a brightness depression on the
opposite side. The galaxy’s surface brightness profile are all well fit by the R'/4
law. Slight diskiness is seen near the core and both the PA and ellipticity are nearly
constant. As mentioned in earlier sections, IEG 414559 has a color profile like that
of IEG 71125, first becoming blue than suddenly reddening. The global H—K color

is 0.27.
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IEG 416078. — The brightest sample galaxy detailed here, MY = —19.2, the galaxy is
also one of the most blue, (B—V), = 0.49. The IR color was determined to be 0.41.
The radial surface brightness variation can be fit in the BVR bands with an R'/4
profile. Displayed in the residual image is a bright region to the North that doesn’t
appear as a fan or offset bar. The nature of the bright region remains unknown.
Fairly constant radial parameters are detected with little features, while the color
profile shows an inverse gradient.

IEG 421880. — The faintest IEG, M? = —14.8, has a luminosity that is similar to dwarf
galaxies. The galaxy is absent of structure in the residual image. Contradicting the
lack of underlying structures, the by parameter indicates the galaxy is very strongly
disky, with by > 0.1.The color profile remains constant at 0.5 for the first 4 arcseconds
before rising to redder values. The inner-most regions are fit by the de Vaucouleurs
model, with the V band data having excess light at the outermost radii.

IEG 468256. — With a faint optical brightness of M}, = —16.7, IEG 468256 has
the sample average color, 0.65. Like IEG 421880, IEG 468256 displays a featureless
residual. The R/* law describes the light profiles of IEG 468256 very well. The inner
regions have boxy structures and the outer radii display perfectly elliptical isophotes.
The B—V profile is observed to sharply rise to the red.

[EG 469932. — The galaxy has features previously discussed that could be spiral arms
or tidal tails. While a bright IEG with M? = —18.3, the galaxy has the bluest color

of (B=V)y = 0.40. The extreme color, falling far below the average value of a typical
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elliptical, could be due to merger induced star formation. If in fact the galaxy has
spiral arms, the blue color would be expected. The residual image highlights the arm
features and a bright knot near the galaxy center. The surface brightness profiles
are not fit with the de Vaucouleurs law, but instead have bulge+disk morphology.
Diskiness in the galaxy is reinforced by the b, parameter, which remains positive
across much of the galaxy. The color profile becomes only slightly bluer with radius,
indicating a nearly uniform color for the entire galaxy.

IEG 496820. — Residing 38.0 Mpc away, the galaxy was observed only in the B band,
yielding M% = —15.8. No color profile was calculated. The optical brightness profile
is not well fit by an elliptical profile, instead showing a weak bulge+disk morphology.
The residual map is mostly devoid of structure with the exception of two bright spots
along the galaxy semi-major axis. The two spots don’t appear to be distinct nuclei.
The galaxy has strong disky features as indicated by the b, radial plot. The high
degree of diskiness and the bright residual spots suggest that IEG 496820 harbors an
inner disk.

IEG 499372. — The IEG at redshift, z = 0.000193, is well fit in all three bandpasses
with an R4 law. The galaxy features an optical brightness below the sample average
and color of the average IEG, MY, = —16.8 and (B—V), = 0.64, respectively. A 15%
degree twist is observed in the position angle and the ellipticity changes for all radii.

The color profile displays an inverse color gradient. Finally, the residual map features
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an overly bright core region that is difficult to interpret. The global IR color is given
as H-K = 0.65.

IEG 507455. — The residual image offers a unique feature not seen in other IEGs.
The core of the galaxy has what appears to be a prominent disk. B band residual
images (not shown) clearly display a disk. Evidence that the disk is real can be found
in the b, data, where values remain positive for much of the radii. The color profile
has an inverse gradient, but also has structure that may be due to the inner disk. The
V band light profile displays a slight SO type profile. IEG 507455 was determined to
have an IR color of 0.38, close to many other candidate galaxies.

IEG 537012. — The galaxy has an intermediate-luminosity, M{, = —16.3, and a color
falling slightly bluer than the range found for typical ellipticals, (B—V)y = 0.80. The
light profile are fit only moderately by an RY* law. The light of IEG 537012 are
overluminous at intermediate radii when compared to the de Vaucouleurs profile.
The variation of color with radius is nearly constant at 0.81 and the other radial
parameters show no significant variations. The residual map has a bright region in
the core of the galaxy. The region doesn’t appear to be a bar or a fan and clearly
does not resemble a set of distinct cores. The global IR color of IEG 537012 is given
as, H—K = 0.80.

IEG 547386. — The surface brightness profiles of the galaxy are all fit with an R'/4
law. The global color is very blue, (B—V)q = 0.54, while the global IR color is H-K =

0.56. The bright, MY, = —17.9 galaxy has a residual that displays a bar-like structure
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perpendicular to the galaxy semi-major axis. The PA is observed to twist by ~ 35
degrees and the b, profile reveals slightly boxy isophotes. The reverse color gradients
seen in many of the other IEGs is also present in IEG 547386.

[EG 556819. — The blue IEG has surface brightness profiles poorly fit by a de Vau-
couleurs model. The light profiles appear to be more SO-like than elliptical-like. No
significant boxy or disky values were detected in the by profile. The color profile of
IEG 556819 features a reversed gradient. The residual map is largely absent of any
structure other than a bright region surrounding the galaxy center. It is possible that
the bright "ring” in the residual is the disk being seen in the light profile. IEG 556819

displays one of the reddest IR colors with a value of H—K = 0.97.

4.7 Discussion

4.7.1 Why So Many Faint Blue Galaxies?

The number of IEGs with colors more blue than the typical elliptical (17/22,
77%) is unusual when compared to previous samples of isolated early-type galaxies. A
direct comparison of the IEG sample to other samples may not be possible because no
other compilations of intermediate-luminosity IEGs have been made. The detection
of isolated early-type galaxies with blue colors is not unprecedented. In the study
of Marcum et al. (2004), nearly 50% of the isolated ellipticals analyzed had blue

colors. A re-analysis of the KIG galaxies (Sulentic et al. 2006) by the AMIGA
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project found a small population of early-type KIGs to have magnitudes as faint as
the IEGs described here. The KIG average Mpg is —19.6, three magnitudes brighter
than the IEG average of —16.8.

If the blue colors found in the IEG sample are the result of recent mergers, then
other merger/interaction signatures have since faded. As mentioned in earlier sec-
tions, the merger signatures around lower mass, intermediate-luminosity galaxies may
last for only a fraction of the lifetime those features would have around larger ellip-
ticals. The steady and slow accretion of gas would partially explain the blue colors
and lack of merger signatures. An extensive study of the neutral hydrogen in the
vicinities of the IEGs is needed to better understand the nature of the sample of
isolated early-type galaxies and detect any reservoirs of gas.

In a study of ellipticals in compact groups, Zepf, Whitmore, & Levison (1991) had
expected a large number of blue ellipticals due to the increased merger rate in higher
density environments. They found that only ~7% of compact group ellipticals have
blue colors. Of importance to the IEGs, Zepf, Whitmore & Levison noted that the
fainter ellipticals had a higher likelihood of having blue colors, similar to the results of
Burstein et al. (1987). The fainter luminosity of the sample was somewhat expected
as work by Tovmassian et al. (2004) pointed out that the absolute magnitudes of
group E+4S0s were 0.75 magnitudes brighter than field early-type galaxies. The blue
galaxies in the IEG sample are all significantly less luminous than those in the Zepf

and Burstein samples.
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One question that needs to be addressed is, what change could be made to the
isolation and selection criteria that would result in more luminous and redder galaxies?
One major limit imposed was the 72 Mpc redshift edge. The limit was made to ensure
that companion galaxies with My = —16.5 would have been observed by the SDSS
as part of the spectroscopic survey. The edge limit could be extended if we imposed
a magnitude difference between the candidate IEG and any companion galaxy. For
example if we had used a 2 magnitude difference, we would have been able to detect
an IEG (My = —20.0) with a neighboring galaxy as bright as My > —18.0. The
IEG in the scenario would not have made our candidate list as its companion would
have failed our —16.5 dwarf magnitude limit. The use of a magnitude difference,
standard for many of the isolated galaxy samples described in earlier sections, may

have allowed for the detection of fossil groups and much brighter IEGs.

4.7.2 Clue to the Evolutionary History of the IEGs

The average Mg value for the IEGs is —16.8, which is three magnitudes more dim
than the isolated galaxies studied by Aars et al. (2001) and at least four magnitudes
fainter than the average fossil group (Mulchaey & Zabludoff 1999; Vikhlinin et al.
1999). Based on integrated luminosity, the IEGs are a different class of galaxies than
fossil groups and may not be the remains of major mergers.

While the IEGs are not compact group remnants, they may be a lower mass

extension of the same phenomena. Based on the merging group of dwarfs galaxies
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noted by Fanelli et al. (2007) and the apparent evolutionary connection between IEG
182356 and MDG1, a number of the IEGs may be the remains of a group of dwarf
galaxies. The dwarf group scenario is unique and has not yet been explored by other
researchers. The detection of a group of dwarf galaxies poses a number of challenges,
such as the extensive telescope time required to detect a very faint set of galaxies.
The properties of MDG1, IEG 182356, and any other probable dwarf group remnants
will be studied to better understand the properties expected from a merged dwarf
group. Comparing the properties to those of the many compact groups and fossil
group galaxies could result a deeper understanding of galaxy and group formation
mechanisms.

The disky nature of 33% of the sample should have been expected as disky ellip-
ticals were found to have fainter luminosities than boxy or normal ellipticals (Lauer
et al. 2005). Observations of some IEGs at X-ray wavelengths are being proposed. It
is possible that no X-ray emission will be detected for the faint and disky galaxies, as
Lauer et al. also noted a lack of radio and X-ray emission for disky, faint ellipticals.

Of the remaining sample galaxies, IEGs 375, 229036, and 248883 are the galaxies
most likely to have undergone a merger. All three galaxies have what appears to be
a fan in their residual maps that may reveal past mergers with a spheroidal system.
[EG 248883 is more luminous than the other two IEGs by 1.6 and 1.9 magnitudes.
Similar luminosities and colors are observed for IEGs 375 and 229036. ITEG 248883 is

different, because the fan is associated with a blue star forming region surrounding
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the otherwise red galaxy. The blue region only partially affects the global color, as
IEG 248883 has a relatively red color at (B—V)y = 0.84.

The multitude of reversed color gradients may be one of the more important
formation clues. More than half of the IEGs have reversed color profiles that, along
with the intermediate-luminosities and blue colors, stand as defining trends. Further
analysis of these three commonalities may be the key to unlocking the formation
histories of the IEG galaxies.

The TEGs 71125, 369001, 383210, and 537012 have the red colors and lack of
merger and interaction signatures that suggest they may be a set of galaxies that
have remained free from perturbations for much of their lifetimes. TEGs 71125, 369001
and 383210, are the most likely pristine isolated early-type galaxies in the sample.
These three galaxies might serve as the near-zero interaction baseline necessary to
understand the properties intrinsic to all early-type galaxies and those properties

caused by external interactions.

4.8 Conclusions

A BVR imaging study has been performed on 24 isolated early-type galaxies
selected using the spectroscopic survey of the Sloan Digital Sky Survey. Structural
and optical brightness profiles, integrated photometry, and residual imaging were

performed and provided the following conclusions:
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e Integrated photometry reveals that the sample is abnormally faint. The IEGs
are 2-3 magnitudes fainter than the average brightness found in previous studies

of isolated early-type galaxies.

e The sample displays an unusually large fraction of blue early-type galaxies. The
blue colors indicate that the sample galaxies have undergone a recent star for-
mation event. Lack of merger signatures, beyond the enhanced star formation,

suggests that the IEGs may be accreting clouds of low-mass neutral gas.

e Three sample galaxies, IEGs 71125, 369001, and 383210 are strong primor-
dial isolated early-type galaxy candidates. These galaxies may have passively
evolved and remained free from large-scale interactions for much of their life-

times.

e Residual and radial analysis reveals that the sample is lacking in merger and

interaction signatures other than the enhanced star formation.

e The IEG sample falls below the Kormendy relation, which may suggest that
low- and intermediate-luminosity early-type galaxies are not described by the

Fundamental Plane.

o [EG 182356 appears to have been formed via the coalescence of a group of
dwarf galaxies. Deep optical imaging reveals the galaxy to have to cores and
an extended halo of diffuse light. Formation via the merger of a group of dwarf

galaxies may represent the low mass and low luminosity end of the fossil group
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mass function and may be the dominant formation mechanism for intermediate-

luminosity early-type galaxies.
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Table 4.1. TEG Sample Dynamical Properties
IEG @ 1) size  radial velocity = Distance My B-V
(1) (2) 3) (4) (5) (6) (7) (8)
375 09:44:10.9 +00:10:47.11  13.5 3503.0 46.8 —174 0.74
4177 10:42:55.43  —00:08:25.08  10.3 2537.3 33.9 —-16.0 0.75
27750 13:24:26.63  —03:28:22.68 13.5 2810.1 37.6 —-16.1  0.75
51108 03:06:52.41  —00:47:40.14  60.1 3400.2 45.5 —-20.8 0.90
71125  02:42:48.69 —08: 23:56.63 19.6 4513.6 60.4 —18.6  0.88
114366 15:53:25.18  452:04:16.50  18.3 3288.0 44.0 —-172  0.79
121923  21:06:35.38  —05:40:58.77 8.1 5364.0 74.0 —-17.3  0.76
122985 21:27:53.52 —07:01:13.92 21.9 3698.4 49.5 —18.5  0.68
166582  14:52:42.14  +61:34:02.71  12.2 3176.8 42.5 —-15.9  0.70
171890 22:13:19.49  —09:35:46.32  15.0 5293.0 70.9 —-16.7  0.63
182356  23:50:21.44  414:13:42.56 12.6 5323.1 71.3 -16.9 097
229036  12:19:47.35  451:39:05.67 9.9 4885.8 65.4 —-17.2  0.72
248883  13:27:18.56  +59:30:10.25  24.0 5135.9 68.8 —19.0 0.95
261992 23:40:42.68 —09:23:36.59 124 5359.1 71.8 —184  0.69
348427  14:35:38.00  +43:59:37.10  10.1 5322.0 73.6 —-17.3  0.79
369001  15:03:15.564  437:45:58.07 13.8 2740.2 36.6 -17.9 090
383210 09:11:05.57  409:20:58.40  15.0 3848.9 51.5 —-184 094



Table 4.1 (continued)
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IEG @ é size  radial velocity = Distance My B-V
(1) (2) 3) (4) () (6) (7) (8)
391175 10:48:07.05 +43:05:25.47 9.3 4184.3 56.0 —16.5  0.65
414559  10:21:45.89  438:32:49.79 9.4 4436.6 59.4 —17.6  0.65
416078 10:38:37.24  444:31:23.08 42.1 3879.3 51.9 —19.0 0.56
421880 11:32:37.43 447:26:58.65 19.1 1454.0 194 —14.6  0.52
468256 07:43:06.83 +44:01:47.59 7.8 5292.4 70.9 —-16.4 0.74
469932  09:26:57.99 +10:03:01.36  17.6 5316.0 73.5 —184  0.43
496820 16:16:22.68 +34:54:05.18 7.5 28774 38.0 —-16.1  0.65
499372 16:51:15.43  426:43:30.61 8.8 4361.0 58.0 —-16.8 0.73
507455 11:10:29.61 +13:45:58.13 11.7 4510.6 60.0 —17.3  0.65
537012 09:31:27.40 +32:03:40.11 11.9 2632.2 35.0 —-16.2  0.85
547386 11:35:23.86 +31:39:15.15  20.7 3584.2 48.0 —17.6  0.68



Table 4.1 (continued)
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IEG @ 1) size  radial velocity = Distance My B-V
(1) (2) 3) (4) (5) (6) (7) (8)
556819 12:21:23.12  +39:36:59.47  10.0 4661.8 62.0 —-16.5  0.62
557287 13:23:37.69 +29:17:17.08 11.0 4247.0 56.8 —-16.2  0.61
557849  13:36:20.08 +38:06:53.60 11.1 5347.2 72.0 171  0.711
558496 12:57:55.19 +33:33:53.12 10.4 5238.3 70.0 -16.7  0.72
570457 09:13:55.47 +24:45:52.36 11.6 5043.5 68.0 —17.5  0.75

Note. — Col. (1): IEG number. Col. (2) and (3): SDSS right ascension and declination.

Col. (4): Galaxy size calculated at the V- or gri-band ro5 radius, in units of arcseconds. Col.

(5): Radial velocity calculated from the SDSS redshift, in km s~

Col. (6):

Distance, in

Mpc, calculated from Col. (5) and Hyg = 72 km s~! Mpc~!. Col. (7): Absolute V magnitude

calculated from Col. (6) and apparent magnitude derived from integrated photometry. Col.

(8): B — V color calculated from integrated photometry.



Table 4.2. SDSS Filter Parameters

Filter =~ Wavelength ~ Magnitude Limit

(1) (2) (3)
u 3351 22.0
g 4686 22.2
r 6165 22.2
i 7481 21.3
2 8931 20.5

Note. — Col. (1): SDSS filter name. Col.
(2) Effective wavelength of the bandpass, in

A. (3): Limiting magnitude for photometric

detection as calculated by SDSS.

248



249

Table 4.3. Observing Log For Broadband Imaging

IEG Date Seeing # coadd frames?
B v R B A% R

(1) (2) B “@ 6 (6) (7) (8)
375 12/2006, 3/2007 1.9 15 1.5 5x600 3x600 3x600
71125 10/2006 1.4 1.8 3x900 4x900 —
114366 3/2007 1.3 1.6 1.4 3x600 3x600 3x600
121923 10/2006 27 14 — 3x900  3x900 —
122985 10/2006 — 20 2.0 — 3x900 3x300
182356 10/2006, 12,/2006 28 1.8 — 3x900 3x900 —
229036 3/2007 1.1 1.5  0.70  3x600 3x600 3x600
248883 2/2007 1.8 14 1.5 4x600 3x600 3x600
261992 10/2006, 12/2006 1.9 24 24 4x900 4x900 3x300
348427 3/2007, 3/2008 28 2.7 14 3x600 3x600 6x600
369001 2/2007 1.7 15 1.9 3x600 3x600 6x600
383210 10/2006, 12,/2006 1.8 1.9 2.2 8x900 7x900 3x900
391175 3/2007 1.3 14 1.6 3x600 3x600 3x600

414559 10/2006, 2/2007, 3/2007 2.5 2.8 1.5 4x900 5x900 5x600
416078 2/2007, 3/2007 14 28 2.0 3x600 3x900 3x600

421880 3/2008 26 1.9 — 3x600 3x600 —



Table 4.3 (continued)

1IEG Date Seeing # coadd frames?
B v R B \Y% R
(1) (2) B @ 6 (6 (7) (8)
468256 2/2007 1.7 19 22 3x600 3x600 3x600
469932 2/2007 28 2.8 28 3x600 3x600 3x900
496820  3/2007, 3/2008 1.6 — — 3x400 — —
499372 3/2007 1.2 14 1.5 3x600 3x600 4x600
507455 3/2007 1.3 1.1 1.5 6x600 6x600 7x600
537012 12/2006, 3/2007 1.9 1.6 1.9 4x900 4x900 3x600
547386 3/2007 1.3 1.2 1.4 3x600 3x600 3x600
556819  3/2008, 3/2008 1.4 1.5 — 3x600 3x600 —

Note. — Col. 1: IEG name. Col. 2: Date(s) of observations. Col. 3-5:
Average seeing in B, V, R bands, units of arcseconds. Col. 6-8: Number of

frames that went into the final coadded image.
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Table 4.4. Limiting Magnitudes and Surface Brightnesses of McDonald Imagery

IEG

375

71125

114366

121923

122985

182356

229036

248883

261992

348427

369001

383210

391175

414559

416078

421880

468256

19.36

19.52

19.46

20.33

19.64

20.22

19.58

19.81

19.89

18.48

17.96

19.81

19.44

18.63

18.94

19.93

27.69

27.69

27.73

27.16

26.69

27.83

26.68

27.75

28.33

28.15

27.29

28.02

26.33

27.50

27.18

26.01

19.37

17.92

19.08

18.84

19.11

19.53

19.32

19.37

19.39

20.14

17.36

18.40

19.74

19.28

18.38

20.45

20.02

27.29

27.36

27.61

28.76

26.72

26.68

27.46

27.32

26.82

27.52

27.53

26.38

27.54

26.30

27.66

27.44

26.10

19.10

18.72

18.75

18.92

18.08

18.53

18.91

16.78

17.63

19.34

18.30

17.45

19.41

26.55

26.47

25.38

26.51

26.95

24.99

27.26

27.51

27.89

26.71

26.82

26.84

25.76



Table 4.4 (continued)

IEG mpg 1B my ny mpg MR

469332 19.65 26.93 20.08 26.60 19.49 26.69

496820 19.58 27.61 — — - -

499372 19.56 27.68 19.69 26.93 19.04 26.49

507455 19.87 27.85 19.08 26.71 18.57 27.18

537012 19.66 27.11 19.44 26.83 17.87 26.21

547386 19.37 27.57 18774 2738 1837 26.77

556819 19.98 26.84 19.74 27.45 — —

Note. — Col. (1): Galaxy name. Col. (2): Limiting
B magnitudes. Col. (3): Limiting B surface brightness.
Col. (4): Limiting V magnitudes. Col. (5): Limiting V
surface brightness. Col. (6): Limiting R magnitudes. Col.
(7): Limiting R surface brightness. Limiting values were
determined assuming a signal-to-noise ratio of 5 over an

aperture area of 3 x PSF.
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Table 4.5. Integrated Photometric Properties of McDonald Imagery

IEG MB)o M)y MR B-V)e (V-R)o Corrections

(1) (2) (3) (4) () (6) M ® 9 (10
375 —16.6 —17.2 —18.1 0.61 0.92 0.60 0.46 0.37 0.139
71125 —17.9 —18.8 — 0.86 — 0.10 0.08 0.06 0.02
114366  —16.6 —-17.3 —18.2 0.69 0.87 0.05 0.04 0.03 0.01
121923 —-16.9 —17.6 — 0.73 — 0.43 0.33 0.27 0.10
122985 — —18.4 —18.8 — 0.71 042 032 0.26 0.10
182356  —16.8 —-17.4 — 0.55 — 0.16 0.12 0.10 0.04
229036  —16.3 —16.9 —17.8 0.66 0.82 0.11 0.08 0.07 0.03
248883 —18.1 —18.9 —19.6 0.84 0.68 0.08 0.07 0.05 0.02
261992 —17.9 —18.5 —-19.3 0.58 0.83 0.13 0.10 0.08 0.03
348427  —16.8 —17.5 —18.3 0.61 0.83 0.08 0.06 0.056 0.02
369001 —17.1 —18.0 —18.9 0.91 0.93 0.07 0.05 0.04 0.02
383210 —17.6 —18.5 —-19.4 0.89 0.96 0.31 0.24 0.20 0.07
391175  —15.9 —16.4 —17.2 0.51 0.82 0.06 0.04 0.04 0.01
414559  —17.2 —-17.8 —18.5 0.57 0.78 0.08 0.06 0.05 0.02
416078  —18.7 —19.2 —-19.9 0.49 0.91 0.06 0.05 0.04 0.01
421880 —14.3 —14.8 — 0.54 — 0.08 0.06 0.06 0.02
468256  —16.0 —16.7 —17.5 0.65 0.86 0.15 0.12 0.09 0.04



Table 4.5 (continued)

IEG M(B)y M((V)y MR)y (B-V)s (V-R) Corrections

(1) (2) 3) (4) (5) (6) @ ® (9 10
469932  —17.9 —18.3 —19.0 0.40 0.76 0.14 0.11 0.09 0.03
496820 —15.8 — — — — 0.09 0.07 0.06 0.02
499372 —-16.2 —16.8 —17.6 0.64 0.85 0.39 031 0.25 0.09
507455 —16.9 —17.5 —18.3 0.63 0.78 0.08 0.06 0.05 0.02
537012  —15.5 —16.3 —-17.3 0.80 0.83 0.09 0.07 0.05 0.02
547386  —17.3 —-17.9 —18.6 0.54 0.76 0.10 0.08 0.07 0.02
556819  —16.1 —16.7 — 0.60 — 0.10 0.08 0.06 0.02

Note. — Col. (1):

V band magnitude.

magnitudes. Col. (6): V—R color in magnitudes. Col. (7)-(10): B-, V-, R-band extinction
corrections and color excess, respectively. All magnitudes were calculated from integrated
photometry and a bootstrap calibration from the SDSS g & r magnitudes of Smith et al.

(2002). All colors and luminosities have been corrected for extinction. Extinctions and color

IEG number. Col. (2): Absolute B band magnitude.

Col.

: Absolute R band magnitude.

Col.

(5):

(3): Absolute

B—V color in

excess were calculated from Galactic extinctions calculated from Schlegel et al. (1998).
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Table 4.6.

Bulge/Disk Deconvolution

Bulge component

Disk component

Name  Filter R, Lbe Ry 140 B/T
(1) (2) 3) (4) (5) ©) ()
375 B 194 (44) 269  2.2(0.5) 213 0.584

1% 17.9 (4.1) 261  2.2(0.5) 204 0.557
R 19.7 (4.5)  25.3 2.6 (0.6) 19.7 0.560
71125 B 9.8 (2.9) 244 2.0 (0.6) 19.9  0.565
1% 50 (1.5) 217 1.3(04) 199 0914
114366 B 8.1 (1.7) 23.9 2.3 (0.5) 20.9 0.730
1% 12.8 (27) 241 2.3 (05) 205 0.803
R 12.7 (27) 234 2.9(0.6) 19.6 0.688
121923 B 15.6 (5.6) 27.0 1.9 (0.7) 21.7 0.656
1% 7.9 (2.8) 247  15(05) 199 0.551
122985 V 11.6 (2.8) 23.5 4.3 (1.0) 20.6 0.640
R 18.5 (4.4) 239 3.9(0.9) 19.7 0.633
182356 B 12.1 (4.2) 25.4 7.0 (2.4) 25.4 0.912
14 19.6 (6.8) 259 2.7(09) 21.6 0.765
229036 B 10.9 (3.5)  26.7 1.5 (0.5) 20.6 0.423
1% 131 (42) 255  1.5(05) 19.6 0.559
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Table 4.6 (continued)

Bulge component Disk component
Name Filter R, Lle Ry 1o B/T
(1) (2) (3) (4) (5) ©) (7
R 18.7 (5.9)  26.5 1.8 (0.6) 194 0.364
248883 B 16.8 (5.6) 24.9 4.3 (1.4) 239 0.956
1% 19.5 (6.5)  24.6 54 (1.8) 21.8 0.788
R 19.1 (6.4) 24.2 41(1.4) 19.6 0.528
261992 B 2.4 (0.8) 21.5 — — 1.00
1% 31(1.1) 214  041(0.1) 18.6 0.940
R 1.7 (0.6) 19.8 9.1 (3.2) 222 0.557
348427 B 2.9 (1.0) 227 41 (1.5) 244 0.894
1% 24 (0.9) 218 38 (1.4) 22.7 0.764
R 6.6 (2.4) 23.1 1.8 (0.6) 20.5 0.816
369001 B 2.3 (04) 214 2.4 (0.4) 204 0.572
1% 1.6 (0.3) 204 2.4 (0.4) 18.9 0.296
R 1.4 (0.2) 18.9 2.5 (0.4) 18.1 0.346
383210 B 2.4 (0.6) 21.3 2.7 (0.7) 23.0 0.931
1% 2.5 (0.6) 204 8.3 (2.1) 26.6 0.990
R 6.0 (1.5) 21.7 1.2 (0.3) 17.8 0.707



Table 4.6 (continued)

Bulge component

Disk component

Name  Filter R, Lle Ry 140 B/T
(1) (2) (3) (4) (5) ©) (7
391175 B 12.6 (3.4) 26.7 1.4 (0.4) 20.5 0.506

1% 14.4 (3.9)  26.0 1.4 (0.4) 203 0.631
R 5.0 (14) 23.8 1.7 (0.5) 20.7 0.653
414559 B 0.29 (0.09) 16.5 2.2 (0.6) 20.9 0.789
1% 0.12 (0.03) 12.3 2.7 (0.8) 210 0.953
R 1.6 (0.5) 19.6 1.5 (0.4) 19.2 0.724
416078 B 16.0 (4.0) 235 2.6 (0.7) 19.2 0.728
1% 12.8 (3.2) 222 2.0 (0.5) 19.1 0.887
R 16.7 (4.2) 22.1 2.5 (0.6) 18.5 0.858
421880 B 11.1 (1.0) 254 1.3 (0.1) 202 0.679
14 18.1 (1.7) 25.6 0.84 (0.08) 24.8 0.999
468256 B 0.31 (0.1) 18.9 1.6 (0.5) 21.4 0.554
1% 35 (1.2) 23.1 — 100
R 0.15 (0.06) 14.9 2.6 (0.9) 20.7 0.724
469932 B 17.8 (6.3) 26.4 32(L1) 17.6 0.507
\%4 10.8 (3.8) 24.9 3.3(1.2) 20.9 0.469
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Table 4.6 (continued)

Bulge component

Disk component

Name Filter R, Lle Ry 1o B/T
(1) (2) (3) (4) (5) ©) (7
R 19.7 (7.0) 25.9 34 (1.2) 20.1 0.350
496820 B 19.0 (3.6) 27.5 1.4 (0.3) 20.6 0.539
499372 B 40 (L1)  24.2 1.2 (0.3) 209 0.654
1% 51(1.4) 230 1.3 (0.4) 19.8 0.747
R 5.4 (1.5) 23.5 1.6 (0.4) 19.6 0.525
507455 B 3.3(1.0) 228 1.8 (0.5) 20.7 0.643
\%4 7.6 (2.2) 23.8 1.5 (0.4) 19.6 0.629
R 42(12) 219 1.9 (0.6) 19.2  0.608
537012 B 2.1 (0.4) 224 2.8 (0.5) 21.4 0.429
\% 3.5 (0.6) 22.6 2.6 (0.4) 20.6 0.507
R 3.5 (0.6) 21.7 2.7 (0.5) 19.6 0.468
547386 B 17.6 (4.1) 24.9 1.4 (0.3) 18.9 0.694
1% 19.6 (4.6) 24.4 1.5 (0.3) 188 0.778
R 16.5 (3.8)  23.3 1.5 (0.3) 18.2 0.812
556819 B 19.6 (5.9) 275 091 (0.3) 19.9 0.620
14 17.9 (5.4)  26.3 0.86 (0.3) 20.1 0.864
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Table 4.6 (continued)

259

Bulge component

Disk component

Name  Filter R, Lbe Ry 140 B/T
(1) (2) 3) (4) (5) ©
SDSS gri Data
4177 qri 1.8 (0.33) 20.2 — — 1.00
27750 gri 1.5 (0.3) 19.7 —  — 100
51108 qri 7.0 (1.5) 19.1 11.0 (2.4) 195 0.674
166582  gri 0.24 (0.05) 14.5 4.3 (0.9) 21.6 0.892
171890  gri 9.6 (3.3) 245 2.9 (1.0) 20.3 0.463
957287  gri 0.25 (0.07) 14.9 11.1 (3.1) 23.6 0.840
557849  gri 1.2 (0.4) 194 — — 1.00
558496  gri 1.8 (0.6) 20.8 — — 1.00
570457  gri — — — — —

Note. — Col. (1): IEG name. Col. (2): Filter. Col. (3): Effec-

tive radius, in units of arcsec (kiloparsec in parenthesis). Col. (4):

Effective surface brightness, calibrated using the SDSS magnitudes,

2

in mag arcsec™~.

Col. (5): Scale length of the disk component, in

units of arcsec (kiloparsec in parenthesis). Col. (6): Central surface

brightness of the disk, calibrated using the SDSS magnitudes, in mag

arcsec™2. Col. (7): Bulge-to-Total ratio derived from best fit R/4

profile.



260

Table 4.7. Best-Fit Radial Parameters of the IEG Sample

1EG ellipticity =~ position angle by shape  a4/a shape

(1) (2) 3) (4) (5)

McDonald Observatory Data

375 0.40 29.0 0.0 0.0
71125 0.15 7.2 0.001 0.0
114366 0.46 17.3 -0.15 0.002
121923 0.38 18.45 0.79 0.15
122985 0.53 51.2 0.0 0.0
182356 0.41 80.0 0.05 0.0
229036 0.36 3.20 0.36 0.0
248883 0.09 -87.0 0.0 0.0
261992 0.66 1.0 0.0 0.0
348427 0.28 0.0 0.22 0.0
369001 0.19 -11.1 -0.28 0.0
383210 0.06 50.0 0.01 -0.004
391175 0.386 21.0 -0.20 0.003
414559 0.19 46.0 -0.10 0.0
416078 0.75 -60.0 0.0 0.0
421880 0.24 67.0 -0.10 0.0

468256 0.14 -38.5 -0.05 0.0
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IEG ellipticity =~ position angle by shape  as/a shape

(1) (2) 3) (4) ()
469932 0.39 -37.0 0.0 0.1
496820 0.20 50.5 0.0 0.0
499372 0.41 32.0 -0.16 0.01
507455 0.21 57.4 -0.55 0.02
537012 0.45 82.5 -0.20 0.0
547386 0.53 18.0 -0.18 0.0
556819 0.24 40.0 0.06 0.04

SDSS gri Data

4177 0.61 81.0 0.19 -0.06
27750 0.053 -32.3 0.14 0.03
51108 0.46 54.0 0.0 0.0
166582 0.50 41.0 -0.01 -0.01
171890 0.05 -14.0 0.0 0.0
557287 0.36 31.0 0.0 0.0
557849 0.34 -24.0 0.0 0.0
558496 0.40 23.0 0.0 0.0
570457 0.26 -49.5 0.0 0.09

Note. — Col. (1): IEG number. Col. (2): Ellipiticity is defined

by Eqn. 4.5. (3): Position angle in degrees. Col. (4): by shape

parameter, defined as the n = 4 sine term in equation 4.6. Col. (5):

a4 shape parameter, defined as the n = 4 cosine term in equation

4.6. The data for IEG 496820 is for the B-band.



Table 4.8. Near Infrared Data for the IEG sample

IEG J H K Alternative Names
Hm @ B W (5)

375 14.96 14.28 14.08 SDSSJ094410.80+001047.3
4177 16.56 15.97 15.09 SDSS J104255.43-000825.0
27750 16.99 15.89 15.56  SDSS J132426.63-032822.7
51108 12.59 11.77 11.17 NGC 1211

71125 1441 13.77 13.46  SDSS J024248.69-082356.6
114366 16.05 14.89 15.27 SDSS J155325.18+520416.5
121923 16.13 16.03 15.64 SDSS J210635.38-054058.7
122985 15.51 15.61 14.05 SDSS J212753.52-070113.9
166582  — — —  SDSS J145242.14+613402.7
171890  — — — SDSS J221319.50-093546.3
182356 13.42 12.84 12.65 SDSS J235021.45+141342.6
229036 16.81 16.51 14.87 SDSS J121947.354+-513905.7
248883 13.89 1298 12.72 SDSS J132718.57+593010.3
261992 15.63 15.17 14.95 SDSS J234042.69-092336.6
348427 15.29 14.71 14.37 SDSS J143538.00+435937.1
369001 14.03 13.38 13.07 SDSS J150315.554-374558.1
383210 13.36 13.11 13.12 VIII Zw 40
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Table 4.8 (continued)

Alternative Names

(5)

391175

414559

416078

421880

468256

469932

496820

499372

507455

537012

547386

556819

557287

557849

558496

970457

11.69

15.59

14.43

16.05

14.49

16.63

16.13

16.20

16.18

15.69

16.79

16.43

16.37

15.86

11.07  10.92

14.96  14.69

13.85 13.44

15.44 15.50

14.09 14.00

16.04 15.88

15.42  14.77

15.58 15.20

15.66 14.86

15.24 14.68

16.12 15.15

15.94 15.57

15.83 14.96

15.07  14.79

SDSS J104807.06+430525.5

SDSS J102145.89+-383249.8

Mrk 0150

SDSS J113237.434-472658.7

SDSS J074306.84+-440147.6

SDSS J092657.994-100301.4

SDSS J161622.694-345405.2

SDSS J165115.43+264330.6

SDSS J111029.62+134558.1

SDSS J093127.414-320340.1

Mrk 0737

SDSS J122123.134-393659.5

SDSS J132337.69+-291717.1

SDSS J133620.08+4-380653.6

SDSS J125755.204-333353.1

SDSS J091355.48+4-244552.4

Note.

— Col.

(1): IEG number. Col. (2):

2MASS J-band

magnitude. (3): 2MASS H-band magnitude. Col. (4): 2MASS

K-band magnitude. Col. (5): Alternative Name.
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CHAPTER b

Spectroscopy of the IEG Sample

5.1 Introduction

In Chapters -1V, we defined a sample of the most isolated early-type galaxies
currently known to exist. These galaxies are separated from non-dwarf (My < —16.5)
neighbors by at least 2.5 megaparsec. Isolation was confirmed through radial and
redshift searches for neighboring galaxies in the Sloan Digital Sky Survey (SDSS)
spectroscopic data. ITEGs on the edge of the SDSS footprint were additionally searched
using the NASA /IPAC Extragalactic Database (NED).

The motivation for the research is presented in Chapters I, III, and IV, and is
not repeated here. A full synthesis of model spectra and a determination of the
age of the stellar populations is beyond the scope of the work presented here. The
objective of the current chapter is to use the spectroscopic properties of the IEGs
to (1) determine the Ha derived star formation rates (SFR) and (2) estimate the
metallicity of these galaxies relative to that of cluster ellipticals. The results of these
analyses, as well as optical properties, are then used to develop a general evolutionary
history, particularly with regard to past mergers and interactions.

The concept of stellar populations was first introduced by Baade (1944), who

attempted to simplify galaxy spectra as being composed of two simple, yet distinct
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populations. As it turns out, such a simplification is inadequate for describing the
stellar systems within a galaxy. Stellar light in a galaxy cannot be broken down into
a few populations. Star formation is a continual process, where the rate and duration
of star formation episodes dictate the observed spectrum.

The enrichment of gas and the rate of star formation in early-type galaxies can be
vitally important to constraining the history of a galaxy. While features such as tidal
tails and shell structure can fade and disappear with time, traces of interactions and
gas-rich mergers will persist in the spectrum. Analysis of spectra could verify merger
origins and place limits on last major merger event (Caon et al. 1994; Mulchaey
& Zabludoff 1999). The standard perception of early-type galaxies is that they are
simple systems with old stellar populations formed during a single star forming event
early in the galaxy’s history. Assuming no major mergers or interactions inject new
gas into the galaxy, the population of stars formed in the initial burst would have
evolved passively with few new stars formed (Searle, Sargent, & Bagnuolo 1973; Lar-
son 1975).

Understanding the how stellar populations and spectra are affected by a galaxy’s
environment would yield a powerful tool in formation and evolution scenarios. Deni-
colo et al. (2005) found no clear role in environment determining the stellar popu-
lation histories of group and isolated early-type galaxies, however further analysis is
needed. Analysis of IEG spectra can be used to create a more complete picture of the

formation mechanisms. Work by Trager et al. (1998) found evidence for intermediate-
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age stellar populations (between 1 and 10 Gyr) favor formation via the hierarchical
build-up of smaller companions. Such a formation would result in star formation be-
ing extended over a greater time than the simple initial burst model. Contradicting
Trager et al., Willis et al. (2002) have presented a sample of luminous field early-type
systems with old stellar populations that have evolved passively since their formation
epoch.

Numerous techniques have been developed that enable a determination of the star
formation rate (SFR) of nearby galaxies. The Balmer lines, in particular Ha emission,
arising from the recombination of electrons with a previously ionized Hydrogen atom,
can give a measure of the instantaneous SFR. In practice, Ha luminosity is used
to estimate the SFR for galaxies with redshifts up to z = 0.4. The significance of
using Balmer lines is that photons carrying UV radiation are needed to ionize the
Hydrogen atoms. While all stars are capable of producing UV photons, O & B stars
are responsible for very strong Ha emission. The basic relation follows that the
presence of Balmer emission is indicative of a young stellar population.

The largest difficulty to analyzing the emission lines of spectra comes from the
determination of the effects of dust and extinction. The presence of dust in emission
line galaxies is inevitable and dust can cause extreme modification the spectra of
such dusty objects (Veilleux & Osterbrock 1987). Accurate extinction estimates are

difficult, as the optical properties and dust distributions are poorly constrained. The
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technique most widely used to correct for extinction relies on the relative strengths
of the lower Ha and Hf3 lines (Veilleux & Osterbrock 1987).

Another means of studying the spectra comes through the use of BPT diagrams,
where the type of activity in the galaxy nucleus is quantified. Use of the line ratios,
[OIII}/H and [NII]/Hey, are ideal to separate AGN activity types (Baldwin, Phillips,
& Terlevich 1981). BPT diagrams have been used to separate galaxies into samples
of starbursting, Seyferts, and LINER systems. Seyferts, the most frequent type of
active galactic nuclei have bright semi-stellar nuclei and spectra with broad emission
lines (Khachikian & Weedman 1974). Seyferts of type 2 and AGN of low ionization
nuclear emission line regions (LINERS) have narrow line-emission (Heckman 1980).

The metallicity of a galaxy is yet another powerful diagnostic which represents
the aggregate history of its star formation, mergers, gas infall, and galactic winds.
Strong metallicity diagnostics come in three categories: theoretical, empirical, and
combined. The first uses theoretical artificial spectra to calibrate emission line flux
ratios. Empirical methods rely on fitting functions to metallicities determined via
direct methods versus strong line flux ratios, such as Pilyugin (2001). The metallicity
estimates examined for the IEGs is discussed below.

The paper is organized as follows, Section 2 details the SDSS spectroscopic survey
data and reduction pipeline. The common features of the IEG spectra are highlighted

in Section 3. The Ha derived star formation rates are discussed in Section 4. Section 5
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details the estimates of galaxy metallicity and active galactic nuclei. Finally, Section

6 and 7 present conclusions and discussion, respectively.

5.2 SDSS Data & Reduction

The Sloan Digital Sky Survey (York et al. 2000) is carrying out imaging in five
photometric bands in the northern Galactic cap. Objects from the photometric survey
that are classified as galaxies were then evaluated for further spectroscopic observa-
tions. Spectra were taken for two samples, the first a flux-limited sample to r-band
Petrosian magnitudes of 17.77 and the second, a flux- and color-selected Luminous
Red Galaxy sample extending to r = 19.5. The survey uses a dedicated 2.5 m modified
Ritchey-Chretien telescope, where spectra are taken for 640 objects simultaneously.

The spectra are taken using a fiber-fed plug plate and cover the wavelength range
of 3800-9200 A. Due to the 3 arcsecond size of the fibers a practical limit of how
close two adjacent fibers can be was set to 55”. For any given spectral observation,
a series of 15 minute exposures was carried out until the mean signal-to-noise ratio
(S/N) per resolution element exceeds a threshold value.

Spectra are bias-subtracted and flat-fielded before normalization. The spectra
are then flux-calibrated using a synthetic composite F8 subdwarf spectrum (Pickles
1998). A pipeline for spectroscopic data determines emission and absorption redshifts
and measures a number of line parameters. Equivalent widths (EW) and continuum

values are calculated for the most important emission lines. Additionally, Lick line
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indices for 21 absorption-line strengths and the strength of the 4000 A break are
measured. The flux values in each calibrated emission line have units of 1077 ergs
s7t em2.

One issue has been noted by Kewley et al. (2005). They have suggested that if
the fiber aperture covering fraction is less than 20% of the galaxy area, errors up to

40% in metallicity can be encountered. For the majority of the IEG sample, the fiber

covers upwards of 50% of the galaxy.

5.3 Common Features of the IEG Spectra

There is no single feature that all of the IEGs possess. The IEG spectra run
the gamut from elliptical galaxy-like with strong absorption features to starbursting
emission-line spectra. The majority show emission-line features, and are consistent
with active star forming galaxies.

The Balmer emission lines are very distinct and can be detected to Hy and Hd
for most of the IEGs. In past studies, higher order Balmer lines in the range 3800—
4000A have been taken to be unambiguous evidence of intermediate age (~10® yr)
stellar populations (Gonzalez Delgado et al. 1999). All of the galaxies show emission
at [OITI]\4363 A, a feature associated with nebular emission and often strong in the
spectra of AGN such as Seyferts (e.g. Osterbrock & Pogge 1985; Stasinska & Szczerba

2001; Melbourne & Salzer 2002). Galaxies with early-type morphologies and evidence
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of active star formation, very similar to the IEGs, have been detected by Fukugita et
al. (2004).

Figure 5.1 displays the IEG spectra. Five of the TEGs (51108, 71125, 121923,
383210, 537012) have absorption lines. All of these IEGs have colors commonly asso-
ciated with an old stellar population, B — V ~ 0.9. The red IEGs have spectra often
associated with elliptical galaxies and stellar populations passively evolving. ITEG
121923 is unique, as its spectrum has absorption features, yet the color is rather blue
at B — V = 0.76. Without the ability to observe [OII] emissions, which are outside of
the SDSS spectral window, the features of IEG 121923 appear consistent with E+A
galaxies. The spheriodal galactic systems, E+A galaxies have absorption lines con-
sistent with both old and young stellar populations, yet lack strong [O II] emission.
These E4+A characteristics are often interpreted as high levels of star formation 1-2
Gyr ago (Dressler & Gunn 1983, Newberry, Boroson, & Kirshner 1990, and Schweizer

1998).
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Figure 5.1: SDSS spectra for the isolated early-type galaxy sample. The (B—V)
colors of IEGs 122985 and 166582 were derived using SDSS data and Smith et al.
(2002) conversions.
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Figure 5.1 continued. The (B—V), color of IEG 171890 was derived using SDSS
data and Smith et al. (2002) conversions.
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Figure 5.1 continued. The (B—V)g colors of the upper left spectrum of IEG 27750
was derived using SDSS data and Smith et al. (2002) conversions.
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Figure 5.1 continued. The (B—V)g colors of the upper left spectrum of IEG 496820
was derived using SDSS data and Smith et al. (2002) conversions.
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Figure 5.1 continued. The (B—V)q colors of the upper left spectrum of IEG 51108
was derived using SDSS data and Smith et al. (2002) conversions.
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Figure 5.1 continued. The (B—V), colors of the spectra for the above IEGs were
derived using SDSS data and Smith et al. (2002) conversions.
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A final IEG of note is 369001. The galaxy has a red color of 0.90 and a spectrum
dominated by emission lines. The color points to an old stellar population, while the
spectrum indicates more recent star formation. IEG 369001 may have undergone a
recent minor merger and experienced an infusion of gas, triggering new star formation.

Surprisingly, 369001 shows no optical signs of a merger.
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Figure 5.1 continued.

5.4 Ha Star Formation Rates

The star formation rates were calculated following commonly used procedures
(Kennicutt et al. 1994; Zhao et al. 2006). A detailed discussion of the process of
measuring the Ha flux, correcting for extinction, and the assumptions involved in

determining the star formation rate can be found in Appendix C. The star formation
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as derived by the corrected Ha flux is given by (Kennicutt 1998),

SFR(Ha)

=LY «79x%x1

corr

0~42M,, yr~!

(5.1)

where the star formation rate is calculated in units of solar masses per year.

log SFR (M,,../yr)
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Figure 5.2: Relation between Ha derived SFRs and the optical brightness, My, .

Table 5.1 displays the observed and corrected Ha luminosities, the extinction

values and the derived star formation rates. Figure 5.2 shows the distribution of

SFRs plotted against absolute V magnitude. From Figure 5.2 we can investigate

whether the brightest galaxies are intrinsically luminous or are bright due to increased

luminosity from the ongoing star formation.
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The data in Figure 5.2 suggests that, with the exception of the IEG 51108 (My
= —21), as the galaxy brightness increases, the SFR likewise increases. The observed
trend may be due to the absence of sample galaxies brighter than —19. The fainter
[EGs, possible dwarf galaxies, display low SFRs. Lack of new stars in these systems
is expected, as dwarf ellipticals are assumed to have lost their gas and dust early in
their lifetime (Mori et al. 1997). Star forming dEs are thought to be rare, however a
few IEGs display SFRs near 0.1 Mg, yr~!. The isolated dwarf elliptical, IC 225, may
be a close relative to our sample (Gu et al. 2006). 1C 225 features blue colors and a
star formation rate in concordance with the many of the IEGs.

Figure 5.3 displays the log of star formation rate versus (B — V)q color. The data
plotted in Fig. 5.3 can provide some insight into the duration and intensity of star
formation. If the plot reveals IEGs with very low SFRs and excessively blue colors
it implies global and long duration star formation. Conversely, if IEGs are detected
with high levels of star formation and red colors, the implication is that those IEGs
are experiencing a short term and core concentrated star formation event.

Figure 5.3, while displaying a large dispersion, reveals some features of the sample.
For the complete sample, the star formation rate is low which would imply that the

extreme blue colors are due to extended periods of star formation.
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Figure 5.3: The corrected B—V color plotted against the Ha derived SFRs.

5.5 Metallicities & Active Nuclei
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A number of procedures have been suggested for determining metal abundances

in galaxies. The measure of metallicity in H II regions has been hailed as a power-

ful probe of galaxy formation and evolution (Liu et al. 2008). As metal describes

all elements above hydrogen and helium, the term metallicity can taken on various

meanings. A discussion of estimating abundance can be found in Appendix C. For

the work presented here, metallicity is expressed as 12 + log (O/H), and the standard

comparison is solar metallicity, 12 4+ log (O/H) = 8.66 (Allende Prieto et al. 2002;

Asplund et al. 2004).



283

Multiple indicators using both theoretical and analytical measures of metallicity
were inspected. The schemes often use ratios of emission lines located in a very small
wavelength range. Two well established schemes (Zaritsky et al. 1994; Tremonti et
al. 2004) were of little use due to their use of the [O II] line, which is not observed in

SDSS spectra.

Metallicity was determined using analytical functions derived by Yin et al. (2007):

12 +log (O/H) = 6.486 + 1.401 log ([OI11]/H{) (5.2)
12 +log (O/H) = 8.203 + 0.63 (O3N2) — 0.327 (O3N2)? (5.3)
O3N2 = log (([OI11)/HB)/([NII]/Ha) (5.4)

The equations are valid for metallicities less than 9.0. The estimated metallicities
for the IEG sample can be found in Table 5.2. Figure 5.4 displays the optical bright-
ness of the IEGs versus the metallicity. Based on Figure 5.4 we can resolve whether
the IEGs formed by major mergers as they would be both optically bright and likely
metal-enriched. Based on the results of Chapter 4, the probability remains that the
material fueling the current star formation is low-density neutral gas. The accretion
of such gas is unlikely to result in bright merger signatures such as shells or tidal tails.

The metallicity of the sample shows very distinct trends, seen in Figure 5.4. The
majority of the emission-line galaxies in the sample have metallicities in a very narrow
range. The only possible explanations for the sharp limit to abundance are that the

the sample was drawn from young galaxies that have not had time to process gas or
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Figure 5.4: Corrected Ha star formation rates plotted against the absolute magni-
tudes of the isolated early-type galaxy sample.

that the IEGs have accreted nearly primordial gas, which would result in blue colors
and sub-solar metallicities.

The relation between IEG (B—V), color and galaxy metallicity is highlighted in
Figure 5.5. The relation between color and metallicity will allow us to determine if
the IEGs are similar to blue compact galaxies which have extremely low metallicities
and blue colors. As can be seen in the figure, the IEG metallicities are sub-solar but
do not reach the low abundances found in galaxies like I Zw 18 with 12 + log (O/H)

= 7.2 (Searle & Sargent 1972).
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Figure 5.5: Plot of the corrected IEG colors and the extinction corrected Ha star
formation rates.

In addition to calculating the IEG metallicity, an estimate of the nuclear activ-
ity can be used to create a more complete understanding of the colors and emission
processes within a galaxy. The BPT diagram (Baldwin, Phillips, & Terlevich 1981)
has become the mainstay of AGN study, using the [N II]/Ha and [O III}/Hf ratios.
Figure 5.6 displays the BPT diagram for the IEGs, which provides a means of de-
termining the cause of the emission line spectra. Both star formation and an AGN
can produce emission line spectra and understanding the cause of emission can help

to further constrain the history of the IEGs. Lines overplotted come from Veilleux
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Figure 5.6: [N II]/Ha versus [O III]/HS plot for the IEGs. The line comes from an
expression of Veilleux & Osterbrock (1987) and can be used to separate AGN from
star forming galaxies.

& Osterbrock (1987). Objects falling to the left of the line are H Il-like regions that
are undergoing star formation. Galaxies to the right are Seyfert and LINER type
objects. The line ratios used in Figure 5.6 can be found in Table 5.2.

An inspection of Figure 5.6 reveals very clearly that the IEGs with emission lines
are active star forming systems. One galaxy, IEG 182356, does meet the criterion for
having a LINER active nuclei. The BPT diagram provided the last piece of evidence

that the sample galaxies are indeed actively forming stars.
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5.6 Discussion

The IEGs show a distribution of star forming rates, from the extreme star forming
system TEG 416078 to IEG 537012 where star formation has nearly ceased. The

average SFR for the sample is 0.07 Mg yr—'.

The average values are similar to
estimates obtained for intermediate-luminosity (Mp ~ —18) ellipticals in the SDSS
(Zhao et al. 2006).

All of the IEGs have sub-solar metallicities, with an average value of 12+log (O/H)
= 8.28. The narrow range of abundance, 8.09 < 12 +log (O/H) < 8.45, is a unique
feature. The fact that there is a "wall” at a metallicity of 8.45 is interesting. The only
possible explanations for the sharp limit to abundance are that the the sample was
drawn from young galaxies that have not had time to process gas or that the [EGs

have accreted nearly primordial gas, which would result in blue colors and sub-solar

metallicities.

5.7 Conclusions

We have performed a basic study of the parameters of the SDSS spectra for a
sample of early-type galaxies with well established isolation. The analysis included
estimates of metallicity, star formation rate, and nuclear activity. The values quoted
for the above parameters were calculated within the 3 arcsecond spectral aperture of

the SDSS.
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e The spectral properties of the IEGs do not possess features of typical early-type
galaxies. The assumption was made that a sample of early-type galaxies would

have absorption features and no current star formation.

e Five IEGs (51108, 71125, 121923, 383210, 537012) have elliptical-like spectra,
dominated by Balmer absorption. TEGs 71125 and 383210 are candidate pri-

mordial ellipticals.

e [EG 369001 is a unique sample galaxy with a red color and morphology associ-
ated with an elliptical, but possessing an emission line spectra. The nature of
[EG 369001 may be that the galaxy has accreted a small gaseous satellite that

left few morphological traces but increased star formation.

o [EG 121923 is a galaxy with blue colors and a spectra with no emission line
features and weak Balmer absorption. IEG 121923 may be a young galaxy

whose stellar population is aging and slowly becoming redder.

e The average star formation rates of 0.07 Mg, yr~! suggest that the IEGs should
have consistently been forming or have recently begun to form stars in order to

explain the blue colors of the galaxies.

e The IEG metallicities and nuclear activity are very clear to interpret. The IEGs

are young galactic systems or have been accreting near-primordial neutral gas.
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e One formation scenario supported by the spectral data is that the IEGs are the
remains of a group of dwarf galaxies that have now coalesced. The interactions
between the dwarf galaxy members may have distributed large reservoirs of
neutral gas. The neutral gas would have since accreted onto the IEGs, supplying

them with fuel to continue star formation.



Table 5.1. Star Formation Rate for the IEG Sample
IEG Ho flux  Ho/HB Ap. LY log SFR
(1) (2) 3) (4) () (6)
375 2208 3.75 0.769 117.5 1.03
4177 696 6.57 2.38 7.88 0.07
27750 355 4.29 1.15 1.55 0.01
51108 446 1.47 — 1.11 0.01
71125 — 0.723 — — —
114366 1147 3.09 0.217  3.08 0.03
121923 27 — — 18.15 0.01
122985 3100 3.36 0.449 13.41 0.11
166582 663 3.11 0.231 1.71 0.01
171890 81.2 5.75 1.99 3.06 0.02
182356 — — — — —
229036 392 3.86 0.849  4.39 0.04
248883 1696 4.63 1.37  30.96 0.27
261992 1376 3.58 0.632 14.03 0.12
348427 450 3.67 0.705 5.44 0.04
369001 3012 2.98 0.107 491 0.04
383210 — 1.01 — — —
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Table 5.1 (continued)
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IEG Ho flux  Ho/HB  Apo LY log SFR
(1) (2) 3) (4) () (6)
391175 338 3.69 0.726  2.29 0.02
414559 1787 3.38 0.472 11.65 0.09
416078 15470 3.39 0.485 77.92 0.612
421880 304 2.99 0.116  0.152 0.01
468256 299 3.94 0.908 3.76 0.03
469932 1352 3.04 0.164  9.92 0.08
496820 268 4.25 1.13 1.15 0.01
499372 315 4.10 1.02 2.85 0.03
507455 179 0.529 — 0.50 0.01
537012 1.5 0.117 — 0.002 0.00
547386 1708 3.52 0.583  7.53 0.06



Table 5.1 (continued)

IEG Ho flux  Ho/HB  Apo LY log SFR

(1) (2) 3) @4 ) (6)

556819 166 5.11 1.65 3.52 0.03
557287 472 2.94 0.07 0.69 0.02
557849 710 3.11 0.233  5.06 0.04
558496 145 4.66 1.38 2.65 0.02
570457 1082 4.17 1.07 14.81 0.13

Note. — Col. (1): IEG name. Col. (2): Ha flux, in
units of 10717 ergs s~ em~2 . (3): Ratio between hydrogen
emission lines. Col. (4): Nebular extinction derived from
equation 5.1. Col. (5): Corrected Ha luminosity, from Cols.
2, 4, and Hy = 72 km s=! Mpc~!. Col. (6): Star formation

rate, units of Mg yr—1.
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Table 5.2. Line Ratios and Metallicity Estimates

IEG [NI)/Ha [OTI/HB  12+log (O/H)

(1) (2) 3) (4)
375 0.083 4.46 8.31
4177 0.144 — —
27750 0.092 3.02 8.41
51108 3.23 — —
71125 — — —
114366 0.112 3.11 8.43
121923 0.343 -0.50 —
122985 0.090 3.64 8.37
166582 0.069 3.95 8.30
171890 0.155 4.78 8.42
182356 1.00 3.00 —
229036 0.113 3.46 8.42
248883 0.351 1.24 8.45
261992 0.124 3.78 8.42
348427 0.136 3.26 8.45
369001 0.412 0.45 8.23

383210 — — —



Table 5.2 (continued)

IEG [NII]/Ha [OII]/HB  12+log (O/H)
(1) (2) 3) (4)
391175 0.068 5.14 8.23
414559 0.128 4.23 8.41
416078 0.106 3.69 8.39
421880 0.037 3.66 8.16
468256 0.072 4.38 8.28
469932 0.053 6.35 8.09
496820 0.033 2.64 8.45
499372 0.151 3.78 8.44
507455 0.043 4.43 8.14
537012 — — -
547386 0.089 5.10 8.29
556819 0.062 4.93 8.22
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Table 5.2 (continued)

IEG [NIIJ/Ha [OII]/HB 12+log (O/H)

(1) (2) (3) (4)
557287 0.046 4.15 8.18
557849 0.118 4.75 8.37
558496 0.056 5.54 8.15
570457 0.218 2.63 8.29

Note. — Col. (1): IEG number. Col. (2): Line ratio
of the 6583 A emission line to the Ha line. (3): [O
ITT]/HS line ratio, which was derived using Yin et al.
(2007), where [O III] si the combination of the 4363,
4959, 5007 A emission lines. Col. (4): Metallicity in
units of 12+log (O/H), derived using equation of Yin

et al. 2007.
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CHAPTER 6

Conclusions

A Chandra Observatory archival investigation was performed for samples of com-
pact groups, fossil groups, and isolated ellipticals. As optical signatures of past merg-
ers and interactions have been found to be transient phenomena, it was hoped that
the hot diffuse gas associated with most galaxies and galaxy groups would represent
a long-lasting diagnostic that could be used to study galaxy evolution. Based on the
results of the archival analysis it is clear that X-ray emission is indeed a temporally
extensive and robust method that can evaluate a galaxy’s evolutionary history.

A number of surprising results were discovered in the investigation of the theo-
rized evolutionary connection between compact groups, isolated ellipticals, and fossil
groups. The current paradigm posits that a fossil group is the remains of a collapsed
compact group. Our results indicate that less than 50% of all fossil groups could have
formed from the coalescence of galaxies in a compact group.

The X-ray properties of the isolated ellipticals most closely resemble the properties
of the compact groups. The implication of the common X-ray features is that the
isolated ellipticals are likely the remains of a merged compact group. There is a
correlation between optical brightness and X-ray luminosity of the fossil groups and
isolated ellipticals that is interpreted as evidence the both types of galaxies have

formed as a result of major mergers.
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The data suggest that the fossil group galaxies are not a homogeneous sample of
galaxies. The X-ray properties of the FGs suggest that there are two populations of
fossil groups. The population 1 FGs have X-ray features closely related to both the
compact groups and the isolated ellipticals. The population 2 FGs, which comprise
more than half of all fossil groups, are extremely hot (kT ~ 3.0 keV), X-ray luminous
(Lx ~ 42.5 ergs s™!) systems.

One piece of evidence reinforcing the result that compact groups might not evolve
into a fossil group comes from Mendes de Oliveira (2006). In an investigation of the
environments around the Hickson groups, Mendes de Oliveira found the environments
of some HCGs to be too sparse to evolve into a fossil group. Based on the X-ray
properties of the population 2 FGs, the birthplace of most fossil groups may be a
poor cluster with an extensive network of dwarf galaxies. No optical evidence for a
collapsing poor cluster has been observed and the formation mechanism remains a
tenuous theory. The possibility exists that the two populations of fossil groups are
the opposite ends of a naturally occurring mass distribution.

In the first investigation into the hot gas properties of a substantial number of SO
galaxies, a set of general trends were discovered. Provided that the sample is a fair
representation of all lenticular galaxies, the results yield useful intrinsic and environ-
mental properties. The discovery of isolated SOs in prior isolated galaxy studies and
in the work of Marcum et al. (2004) necessitated a more complete understanding of

the X-ray properties intrinsic to all SOs and those features induced by environment.
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The SO sample galaxy, NGC 3115, is particularly important representing one of the
few field/isolated lenticulars ever observed at X-ray wavelengths.

The most important result from the X-ray study of SO galaxies is that environment
appears to be the single most important factor in determining the X-ray features of an
SO. The morphology of the hot gas halo would show signs of stripping in cluster SOs,
likely due to ram pressure stripping or galaxy-galaxy interactions. The SO galaxies
in groups would be found with a diffuse halo extending beyond the optical extent of
the galaxy. The extension of the gas halo would suggest that the gas had been pulled
from the galaxy, yet remained under the influence of the galaxy potential well. Field
lenticulars would have hot gas very tightly bound to the galaxy center. The absence
of a large diffuse halo in field SOs is interpreted as due to a lack of interactions and
perturbations to pull the gas from the galaxy. Diffuse emission properties of any
lenticular could also be predicted, as the SO sample followed the trends found for
early-type galaxies in the Lx:kT and Lyx:Mpg planes.

All sample SO galaxies had distinct sources located at the galaxy center, with four
of the eleven sample galaxies (36%) having a strong likelihood of harboring an AGN
at their core. The majority of the sample’s central sources had X-ray luminosities
falling in the range consistent with either an AGN or a low-mass X-ray binary. We
estimate that twenty to seventy-five point sources would be detected in any lenticular
galaxy observation. Approximately 10% of sources will have super-soft X-ray colors

and ~1% of the sources would have very hard colors.
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As the isolated ellipticals used in the Chandra analysis were not selected using a
consistent isolation criteria, we required a sample of galaxies selected using a robust
measure of galaxy isolation. Use of the excellent optical, spectral, and redshift data
of the Sloan Digital Sky Survey allowed for the investigation of parameters that
could be employed to morphologically select early-type galaxies. The morphological
investigation revealed that the eClass parameter is insufficient for classifying galaxies
and results in spiral contamination at greater than 90%. The fracpsf and the axial
ratio classifiers were able to select early-type samples, however the contamination was
still larger than 40%.

We expected that the most useful classification would involve some measure of a
galaxy’s light profile. The morphological classifier chosen, the inverse concentration
index, does use light distribution as a means to separate galaxy types. An inverse
concentration index value, P5o/Pgg < 0.38, would select 100% of elliptical galaxies,
~ 95% of SOs and give a manageable 20% spiral contamination.

All morphological classifications suffer from the inability to select a single galaxy
type, i.e. SOs. We began an assessment of optical and infrared parameters that could
be used to detect spirals, specifically Sa galaxies, in our sample of isolated early-type
galaxies. The method most often used to remove contaminating morphologies is visual
inspection of images, which is both inefficient and non-quantitative. A separation
between Sa and SO galaxies was observed in an infrared color-color diagram at a

value of H-K = 0.26. While not perfect, the H-K color separates ~77% of Sa
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galaxies from SOs. The infrared color presented represents one of the first parameters
that is capable of separating between two distinct morphological types.

The isolation criteria chosen to select a sample of low-density early-type galaxies
from the SDSS is the most extreme and innovative, as the research detailed here
marks the first time that three-dimensional isolation was determined from redshift
data. The two-dimensional isolation employed in the current study is a minimum
2.5 Mpc separation from any neighbor brighter than My, = —16.5. The neighbor
brightness criterion does not prevent the possibility that the candidate galaxy has
an associated system of dwarf galaxies. Three-dimensional isolation is imposed by
applying a minimum recessional velocity difference of 350 km s~ between the candi-
date galaxy and a bright neighbor falling two-dimensionally within 2.5 Mpc. The 350

! recessional velocity difference is greater than twice the line-of-sight velocity

km s~
dispersion of a typical loose group (Huchra & Geller 1982; Tucker et al. 2000).

In addition to the photometry of the SDSS, we undertook a BVR imaging study
on 24 of the isolated early-type galaxies. The deeper imaging was necessary to more
easily identify features associated with past merger events and interactions. Structural
and optical brightness profiles, integrated photometry, and residual imaging were
performed.

The most unexpected features of the IEG sample has been the extremely blue

colors and intermediate-luminosities. The assumption was that the sample of isolated

early-type galaxies would contain large bright galaxies showing the red colors of an



301

evolved stellar population with at least half of the galaxies displaying morphological
signatures of past mergers. Integrated photometry reveals that the sample is 2-3
magnitudes fainter than the average brightness found in previous studies of isolated
early-type galaxies. The sample displays an unusually large fraction of blue early-
type galaxies, which indicates that the sample galaxies have undergone a recent star
formation event.

The average Mp value for the IEGs is —16.8, which is three magnitudes fainter
than the isolated galaxies studied by Aars et al. (2001) and at least four magnitudes
fainter than the average fossil group (Mulchaey & Zabludoff 1999; Vikhlinin et al.
1999). Based on integrated luminosity, the IEGs are a different class of galaxies than
fossil groups and may not be the remains of either a collapsed bright group or merger
between disk galaxies.

Analyses of radial profiles and residual imaging reveals that the sample is lacking
in merger and interaction signatures other than the enhanced star formation. Lack
of merger signatures suggests that the isolated early-type galaxies may be accreting
clouds of low-mass neutral gas. The number of sample galaxies with colors more blue
than a typical elliptical (17/22, 77%) is unusual when compared to previous samples
of isolated early-type galaxies. As mentioned in earlier sections, the merger signatures
around lower mass, intermediate-luminosity galaxies may last for only a fraction of

the lifetime that merger features have around larger ellipticals.
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Formation via the coalescence of a group of dwarf galaxies could however explain
some of the features seen in the isolated early-type galaxies sample. IEG 182356
appears to have been formed in such a scenario. Deep optical imaging reveals the
galaxy to have two cores and an extended halo of diffuse light. Formation via the
merger of a group of dwarf galaxies may represent the low mass and low luminosity
end of the fossil group mass function and may be the dominant formation mechanism
for intermediate-luminosity early-type galaxies. A group of merging dwarf galaxies
(MDGT1) was first found by Fanelli et al. (2007) in the Sloan Digital Sky Survey. The
visual appearance and optical properties of IEG 182356, suggests an evolutionary
connection between the galaxy and MDG1. The collapse of a dwarf group is unique
theory and has not yet been explored by other researchers.

IEGs 375, 229036, and 248883 are the most likely sample galaxies to have under-
gone a relatively recent merger. All three galaxies have fan-like structures in their
residual imaged that may reveal a past merger with a spheroidal system. IEGs 375
and 229036 have similar colors and luminosities. TEG 248883 is different from the
other two, being the most luminous of the three galaxies at MY, = —18.9. The fan in
IEG 248883 is associated with a blue star forming region surrounding the otherwise
red galaxy. The blue region only partially affects the global color, as IEG 248883 has
a relatively red color at (B—V)y = 0.84.

One of the ultimate goals of extracting and examining isolated early-type galaxies

was to find systems having a pristine nature, remaining free from large-scale inter-
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actions for much of their lifetime. Three sample galaxies, IEGs 71125, 369001, and
383210 are strong candidates for having a primordial nature. These three galax-
ies might serve as the near-zero interaction baseline necessary to understand the
properties intrinsic to all early-type galaxies and those properties caused by external
interactions. TEG 369001 has red colors and morphology associated with an ellipti-
cal, but its spectra has emission features. TEG 369001 may have accreted a small
gaseous satellite that left few morphological traces but increased star formation. One
peculiarity is observed in IEG 71125, that being a blue core. IEG 383210 no unusual
characteristics and remains the most likely primordial galaxy in the sample.

In a basic study of the parameters of the SDSS spectra, analyses included estimates
of metallicity, star formation rate, and nuclear activity. The spectral properties of
the IEGs do not possess features of typical early-type galaxies. The spectra of the
isolated ealry-type galaxies were expected to have strong absorption features and no
current star formation, both typical of normal bright ellipticals. Instead the sample
galaxies exhibit strong emission-line spectra, which indicates current star formation.

The average star formation rates of 0.07 My yr—! suggest that the IEGs should
have consistently been forming or have recently begun to form stars in order to explain
the blue colors of the galaxies. The sub-solar metallicity and lack of nuclear activity
are interpreted as the isolated early-type galaxies being young galactic systems or

having been continually accreting near-primordial neutral gas.
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The extremely blue colors and the emission line spectra, indicating a young stellar
population, is consistent with the on-going accretion of dwarf companions. The impli-
cation is that in even the most isolated galaxies, minor mergers and accretion events
strongly influence galaxy evolution. As has been noted in previous research (Smith
et al. 2004a,b), isolated galaxies often are surrounded by a rich system of dwarf com-
panions. Extensive populations of dwarf galaxies have been predicted and observed
around many fossil groups (Mulchaey & Zabludoff 1999). Di Serego-Alighieri et al.
(2006) discussed the possibility that field ellipticals were the last early-type galaxies
to form. It is possible that some of the blue IEGs are now in the late stages of their

initial formation.



APPENDIX A

Glossary
Absolute magnitude (M,): The brightness an object would have if it were placed
at a distance of 10 pc from the Sun. In terms of the apparent magnitude, distance,

and extinction correction, the absolute magnitude is given by:
M =m+5—>5logd — A, (A.1)

where d is in parsecs and A is a term correcting for extinction occurring between the
object and Earth.

Abundance: Proportion of galaxy gas and dust made up of chemical elements
other than hydrogen and helium. Often defined in terms of 12 + log (O/H). Also
referred to as metallicity.

Apparent magnitude (m,): A measure of an object’s flux as viewed from Earth.

Magnitude is related to flux by:

m —m(0) = —2.5log (%) : (A.2)

where m(0) and f(0) represent the magnitude and flux of a zeroth magnitude star.
Bremsstrahlung: Radiation produced by the deflection of an electron by a charged
particle. The emitted radiation has a continuous spectrum. Commonly referred to as

braking radiation or free-free radiation.

305



306
Ellipticity: Flattening or oblateness of a spheroid. Defined as the relative differ-
ence between the equatorial radius, a, and the polar radius, b,

a—>b

a

FE =

(A.3)

Extinction: The dimming of light via scattering and absorption as it passes
through some medium.

Fossil group (FG): Elliptical galaxy that is theorized to be the remains of a
coalesced group of galaxies. Fossil groups are 2 R-band magnitudes brighter than the
next brightest companion galaxy and have an X-ray luminosity greater than 10*? ergs
s7L.

Galaxy cluster: Galaxies bounded together by their mutual gravitational attrac-
tion. Clusters contain from 50 to 100 galaxies within a diameter of tens of megaparsecs
across.

Galaxy group: Galaxies bounded together by their mutual gravitational attrac-
tion. Groups contain up to 50 galaxies within a diameter of several megaparsecs
across.

Ha: The emission arises from the electron transition in a hydrogen atom from n =
3 to n = 2. Emission occurs at 6562.8 A.

Hard X-ray band: High-energy range covering 2.5 to 8.0 keV.

Hubble’s constant: Proportionality constant that defines the linear relation be-

tween galaxy redshift, interpreted as recessional velocity, and distance. The relation
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is expressed as follows,

where v is the recessional velocity in km s™!, D is the distance in Mpc, and Hy is

Hubble's constant. The value used in the current dissertation is Hy = 72 km s7!

Mpc~t.
Infrared band system: Employed by the 2MASS survey to cover three wavebands

around 2 pm,
e J band is a broadband near-infrared filter centered at 12,500 A.
e H band is a broadband near-infrared filter centered at 16,500 A.
e K band is a broadband near-infrared filter centered at 21,700 A.

Initial mass function: An empirical function that describes the mass distribution
of a population of stars at birth. The properties of and evolution of a star are closely
related to mass, making the theoretical initial mass an important diagnostic tool for
studying a large quantity of stars.

Isophote: Contour joining points of equal light intensity from a given source.
Johnson broad-band system: Most commonly used magnitude system in optical

astronomy. Comprised of the UBVRI bands where,
e U band is an ultraviolet filter centered at 3650 A.

e B band is a blue filter centered at 4400 A.
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e V band is a visual filter centered at 5500 A.
e R band is a red filter centered at 7000 A.

e I band is a near-infrared filter centered at 8800 A.

Low-mass X-ray binary (LMXB): Binary star where one of the components is
either a black hole or a neutron star. Typically, LMXB systems emit almost all radi-
ation in X-rays, with less than one percent radiation emitted at visible wavelengths.
Medium X-ray band: High-energy range covering 1.5 to 2.5 keV.

Optical depth (7): A measure of how much light is absorbed when traveling
through some medium from a point of origin to an observer. If the intensity of
radiation at the source is given by Iy and I is the observed intensity after a given

path, the optical depth is defined as:
I = IO e’ (A5)

Parsec: A unit of distance defined in terms of the parallax angle (half the maximum

change in angular position of an object as viewed from Farth).

1
d= —pc (A.6)

99

One parsec is equivalent to 3.262 ly.

Point-spread function: The probability density that a photon will hit the imaging
device at a point offset by some vector d from where it would have hit in the absence
of seeing, and is given by:

P(d) = —el(52). (A7)
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SDSS photometric system: Filter system employed by the Sloan survey, covering

five bandpasses,

u band is an ultraviolet filter centered on 3551 A.

g band is a filter approximately corresponding to blue light centered at 4686 A.

r band is a red filter centered on 6165 A.

i band is a red filter centered on 7481 A.

7z band is an infrared filter centered on 8931 A.

Seeing: Smearing effect caused by turbulence in the Earth’s atmosphere. Measured
in units of arcseconds.

Seeing disk: Diameter of the best possible angular resolution which can be
achieved by an optical telescope. The seeing disk is determined by fitting a gaus-
sian (hence, fitting the PSF) of a star in an image. The FWHM of the gaussian gives
the size of the seeing disk.

Sloan Digital Sky Survey (SDSS): Eight year operation to scan one quarter of
the sky in five photometric wavebands and obtain spectra for galaxies and quasars.
Located at Apache Point Observatory, New Mexico, the survey used a 2.5-meter
telescope and catalogued 930,000 galaxies.

Soft X-ray band: High-energy range covering 0.3 to 1.5 keV.

Star formation rate (SFR): Derived frequency at which a galaxy is forming new

stars. As individual stars are unresolved for all but the closest galaxies, the rate of



310

star formation must be derived via integrated light measurements in the ultraviolet,
infrared, or from nebular emission (such as Ha). Given in units of solar mass per
year, Mg yr—1.

Surface brightness: Radiative flux per unit solid angle, the concept is used to
describe extended objects such as galaxies. Given in units of magnitudes per square
arcsecond and defined as,

S=m+25logA (A8)

where m is the apparent magnitude of the galaxy that extends over an area A and S
is the surface brightness.

Surface brightness profile: Calculated as the average surface brightness within
a series of annuli. Plots are often used to highlight the radial variation of surface

brightness for a galaxy.



APPENDIX B

X-ray Radiation

Bremsstrahlung radiation is emitted during encounters between charged particles
in a hot, ionized plasma. Bremsstrahlung is also referred to as free-free radiation
because the radiating particle is not bound to an atom either before or after emis-
sion. Free-free radiation occurs over a continuous spectrum, extending into X-ray
energies. To derive the emission properties of a thermal plasma, one needs to assume
a Maxwellian distribution of velocities, the probability dP of finding an electron in

the d3v velocity range is,

va

dP o "D g3y = 3T 42y (B.1)

The minimum velocity to emit a photon with energy hr leads to the photon

discreteness effect. For a thermal distribution of electrons,

AW(T,w) [, (dW (v,w/dwdV dt)v?exp(—mv? /2k,T)dv

VUmin

dVdtdw 5 v2exp(—mv? )2k, T)dv

0

(B.2)

using, dw = 2mdv, the free-free emission of a thermal plasma in units of ergs s=! cm ™3

Hz !,

dW 2°meb o \ /2 e (v
T did = 3ma <3k:bm) Z2nnip T 26 Fr) gf (B.3)
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where g// is the velocity averaged Gaunt factor. Integrating over all frequencies one

can obtain the total power emitted by thermal Bremsstrahlung,

dw Pred [ 2k \ >
= Z*nenion T2 gl! B.4

avdt  3hmc? ( 3m ) ett i (B4)
Following the above equations, the thermal Bremsstrahlung emissivity of a gas at

frequency, v, is given by,

e(v) = AnTy'? (B.5)

where Ty is the temperature of the gas, A is a constant and n. is the electron
number density. The temperature and density of X-ray emitting gas can then be
used to estimate the total gravitational mass of the system provided the gas is in

thermostatic equilibrium,

Mgrau(r)

—rkT (dlnp(r) d In T) (B.6)

= +
Gum, \ dlnr dlnr
where, m,, is the proton mass and the mean particle mass, y = 0.6 (Fabricant, Lecar,

& Gorenstein 1980). The X-ray surface brightness profile can often be fit by a two-

dimensional #-model (King 1962; Cavaliere & Fusco-Femiano 1976),

—-36+0.5
ﬂm:&0+grf) (B.7)
_ pmyo” B.8
o=t (B.5)

where, o is the velocity dispersion. The equation for § describes the ratio of the

specific energy in galaxies to the specific energy in the gas. Equation 2.8 can be
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simplified given an estimate of the slope of the radial brightness profile. Provided
that the surface brightness profile is well fit by the § model, the total gravitational

mass is simplified to (Jeltema et al. 2006),

3BT7 core 3
Mgra(r) = B.9
aras(7) Gum,, ( 1+ 2?2 ) (B:9)

r

where x = - G is the gravitational constant and m,, is the proton mass.

bl
core



APPENDIX C

Nebular Line Diagnostics

C.1 Star Formation Rates

Optical emission lines from H II regions are the primary means of determining
the gas-phase chemical composition in galaxies (Searle 1971, Shields 1990). When
hot, massive O and B stars reach the main sequence, the majority of their radiation
is emitted at UV wavenegths. If the O and B stars produce photons with energies in
excess of 13.6 eV (X < 912 A), H II regions will be produced. H II regions are generally
assumed to be in equilibrium, meaning the rate of ionization will equal the rate of
recombination. Only high mass, M > 10 Mg, short-lived stars produce a significant
ionizing flux. The emission lines are produced by short-lived stars which means
that the emission lines are good probes of the current star formation rate (SFR),
irrespective of past star formation events. The primary advantages to using nebular
emission lines are a high sensitivity and a strong coupling between the emission and
the rate of massive star formation (Gavazzi et al. 1991).

The presence of dust in galaxies can modify spectra and result in incorrect emission
line flux. The nebular emission line method is not perfect, as it does have uncertain-
ties, primarily unknowns in extinctions and the initial mass function (IMF) employed.

Much of the error occurs with the estimates of extinction. Work by Kennicutt (1983)
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and Niklas et al. (1997) have found mean extinction values A(Ha) = 0.8 — 1.1 mag.
Other studies have derived extinction to range between A(Ha) = 0.5 and 1.8 mag
(Kaufman et al. 1987, Caplan et al. 1996).

The technique most widely used to correct for extinction uses the relative strength
of lower Balmer lines, Ho and Hf (Veilleux & Osterbrock 1989). In order to derive star
formation rates from Ha emission, the Ha flux must first be corrected for extinction
using an intrinsic ratio, Ig, /Igg = 2.87. Assuming a case B recombination and a
standard reddening law (Cardelli et al. 1989), estimates of the extinction are given

by (Torres-Peimbert et al. 1989):

Ha
IHﬁ

Ha
Apa = 6.6 x log (IHﬁ ) (C.1)

where Iy, /Inp is the intrinsic ratio quoted above and Ha /Hf is the flux ratio
calculated from the SDSS spectra.

The corrected Ha flux is then determined using,

FHo = Fyo x 1098 (C.2)

corr

The initial mass function is an empirical function that describes the mass distribu-
tion of a population of stars. The properties of a star are strongly dependent on mass,
which makes the IMF a very important diagnostic to studying stellar populations.
The star formation rate is particularly sensitive to the choice of the IMF, as the SFR
is tightly dependent on the number of high mass O stars. If using a Scalo (1986) IMF,

the derived SFR would be a factor of 3 higher than the rate derived using a Salpeter
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IMF (Salpeter 1955). Dispersions among other SFR methods are primarily due to
differences in the selected IMF and the stellar evolution models (Kennicutt 1998).
Derivations of the current star formation rate from the Ha line emission are made
with the following assumptions, firstly that the average abundance of the stellar
population is solar and secondly, the IMF used is a Salpeter model (0.1 — 100 M.

The assumptions and calibrations by Kennicutt et al. (1994) provide,

SFR(Ha) = L2 x7.9x 1072 Mg yr! (C.3)

corr

where the star formation rate is calculated in units of solar masses per year.

C.2 Gas-Phase Abundances

Emission lines also can be used to estimate the degree to which gas has been en-
riched. The most commonly used proxy for determining metallicity is oxygen abun-
dance. Oxygen is important because approximately half of the metal content in the
interstellar medium is oxygen and it displays strong emission lines from multiple ion-
ization states that are easily measured. Metallicity is expressed as 12 + log (O/H),
and the standard comparison is solar metallicity, 12 + log (O/H) = 8.66 (Allende
Prieto et al. 2002; Asplund et al. 2004).

Nebular oxygen abundances were estimated for those IEGs showing emission lines
using a specific set of line ratios. We adopted the method of Yin etal (2007). The

benefit of utilizing two lines in a small d\ is that both lines will be equally effected
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by absorption and no absorption corrections need be applied. Ratios most commonly
employed are, [N II]/He, [O III]/HQB, and ([O II] + [O III})/HA. [N II] emission line
is a result of the CNO-cycle, while the [O II] line is due to collisional excitations. [N
I1] and [O III} are both forbidden lines. Forbidden lines arise from atoms undergoing
energy transitions not normally allowed by the selection rules of quantum mechanics.
The low-densities found in nebular clouds are ideal for the production of forbidden
line photons, as the likelihood of atomic collision is very small.

Metallicity was determined using analytical functions derived by Yin et al. (2007).
The sample of Yin et al. derived O/H abundances for 695 galaxies using a direct tem-
perature method. Analytical fits were made to the direct metallicity measurements

and the fits are presented below:

12 + log (O/H) = 6.486 + 1.401 log ([O III] / HP) (C.4)
12 + log (O/H) = 8.203 + 0.63 (O3N2) — 0.327 (O3N2)? (C.5)
O3N2 = log (([O II1] / HB) / ([N 1I] / Ha) (C.6)

Equation C.4 is valid for extremely metal poor galaxies, 12 + log (O/H) < 7.9,
of which none are found in the IEG sample. Equation C.5 is valid for galaxies with
1.4 < O3N2 < 3.0, which corresponds to all emission line galaxies in the IEG sample.
The equations are valid for metallicities less than 9.0. The estimated metallicities for

the IEG sample can be found in Table 5.2. We used the observed [O III]/HB and
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[N IT] /Hav ratios, which were derived from the SDSS spectra, to estimate the oxygen

abundance based on equation C.5.

C.3 Ionization Sources

Line ratios have also proven to be excellent measures of central activity in a galaxy.
As star formation and active galactic nuclei can both produce emission lines, a means
of estimating the dominant cause of emission is vital to understanding a galaxy’s
evolution. The BPT diagram (Baldwin, Phillips, & Terlevich 1981) has become the
mainstay of AGN study, using the [N II]/Ha and [O III]/Hf ratios.

Systems that are not undergoing star formation are likely either a LINER or a
Seyfert 1 or 2 galaxy. Seyfert galaxies, powered by a strong AGN, will be able to ionize
a large range of elements. Broad emission lines of the elements of helium, nitrogen,
and oxygen have been observed for Seyferts, indicating the material in the galaxy

cores are moving at speeds ~1,000 km s~

LINER galaxies, powered by a weaker
AGN, exhibit emission lines from oxygen, nitrogen, and sulfur. It has been proposed
that the ionization observed in LINERs may be due to mechanical heating via shocks.
Both types of AGN differ from star forming H II regions, which are dominated by
Balmer emission.

A BPT diagram is denoted by three regions, gas photoionized by youngs stars,

by an AGN, and by shock heating. When examining a BPT diagram, one will find

LINERs located with large values of [N IIJ/Ha. Seyfert 2 galaxies will have large
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values of both [N II]/Ha and [O IIIJ/HB. Processes common in AGN are capable
of producing photons with energies above 35 eV, which are necessary to create [O
I11]. Stellar processes are unlikely to yield such energetic photons. The star forming
galaxies will be dominated by hydrogen emission and will be found to the lower left
of the BPT diagram. A BPT diagram of the emission line IEGs was made in order to
determine the mechanism responsible for the sample’s spectral features. Verification
of recent enhanced star formation would also help explain the anomalously blue colors

observed.
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The dissertation presented details the search for isolated early-type galaxies (IEG).
A strict set of isolation criteria were employed, requiring the candidate galaxy to be
separated from nearest neighbors of My < —16.5 by a distance of 2.5 Mpc and

! Such extreme isolation produces galaxies

a redshift-space separation of 350 km s~
well suited as laboratories for the study of galaxy evolution, absent from the continual
galaxy harassment observed for galaxies in group and cluster environments.

Global and surface photometry is used in verification of early-type morphology of
the candidate galaxies. Two-dimensional residual maps, produced by model galaxy
subtractions, are used to search for fine structure as well as isophotal deviations

from a perfectly elliptical shape in the candidates. Clues provided by these analysis

techniques are used to derive estimates of the past interaction history of the galaxies.



Also investigated was the viability of X-ray diagnostics to probe the evolutionary
connection between compact groups, fossil groups (FG) and isolated ellipticals. Using
the X-ray luminosity and gas temperatures, it was discovered that fossil groups are
composed of two distinct populations. Population 1 FGs have X-ray characteristics
similar to those of the compact groups and isolated ellipticals, while population 2
FGs are significantly hotter and more luminous. The results suggest that compact
groups are the predecessors of isolated ellipticals and population 1 FGs. Population
2 FGs appear to be the remnants of a collapsed poor cluster.

The highlights of the research are summarized as: 84% of the IEGs have blue
colors and spectra indicative of young stellar populations and recent star formation.
The conclusion is that the IEGs have continued to experience accretion of dwart-
companions, which implies that even in extremely isolated galaxies, minor mergers
strongly influence galaxy evolution. The faint nature of the IEGs, which are magni-
tudes fainter than previous isolated galaxy samples, imply that the IEGs are unlikely
the remains of a collapsed group. Three sample galaxies are strong candidates for
having a pristine nature and might serve as the near-zero interaction baseline nec-
essary to separate the intrinsic galaxy properties and those properties induced by

external interactions.



