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The sky was full of stars ( galaxies ) waiting for connection.

(”Whoever you are, how lonely you are” - Kim Yeon Su)

하늘에는 연결되기를 기다리는 별(은하)들로 가득했다.

(”네가 누구든 얼마나 외롭든” - 김연수)
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ABSTRACT

Compact groups of galaxies are the densest among the known systems of galaxies

and they have a few member galaxies within tens of kiloparsec. Previous studies

suggest that compact groups are favored regions for galaxy interaction and may

suffer from merging instability. Frequent galaxy interactions in compact groups make

them an ideal target to study the effects of galaxy interactions in the evolution of

galaxies. Furthermore, it is a challenge to explain the existence of compact groups

because they are dynamically unstable systems that can collapse in a very short

time scale (< 2 Gyr).

To study environmental effects of the interaction-frequent environments of com-

pact groups, I investigate the nuclear activity of galaxies in local compact groups.

A spectroscopic sample of 238 galaxies in 58 compact groups from the Sloan Digital

Sky Survey (SDSS) data release 7 (DR7) is used to estimate the fraction of active

galactic nucleus (AGN) host galaxies in compact groups, and to compare it with

those in cluster and field regions. The AGN host galaxies are identified using the

emission-line ratio diagrams and the AGN fraction of compact group galaxies is esti-

mated to be 17-42% depending on the AGN classification method. The AGN fraction

in compact groups is not the highest among the galaxy environments. This trend

remains in the subsamples segregated by galaxy morphology and optical luminosity.

The AGN fraction for early-type galaxies decreases with increasing galaxy number

density, but the fraction for late-type galaxies changes little. There is no mid-infrared

detected AGN host galaxies in Wide-field Infrared Survey Explorer data for our sam-

ple of compact groups. These results suggest that the nuclear activity of compact

group galaxies (mostly early types) is not strong because of the lack of gas supply

even though they may experience frequent galaxy–galaxy interactions and mergers

that could trigger nuclear activity.
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Dynamical analysis of compact groups provides important tests of models of

compact group formation and evolution. To study this issue, a catalog of compact

groups with complete spectroscopic redshifts in the redshift range 0.01 < z < 0.22

is constructed by identifying 2037 redshifts from FLWO/FAST, from the literature,

and from SDSS DR12 in the fields of compact groups in McConnachie et al. (2009).

A secure sample of 332 compact groups includes 192 groups with N ≥ 4 member

galaxies and 140 groups with 3 members. The physical properties of our sample

compact groups including size, number density, velocity dispersion, and local envi-

ronment are similar to those derived for the original Hickson compact groups, but

they differ from the compact groups in the second Palomar Observatory Sky Sur-

vey. Differences result from subtle differences in the way the group candidates were

originally selected. The velocity dispersion and space density of the compact groups

change little with redshift over the range covered by this sample. The approximate

constancy of the space density for this sample is potential constraint on the evolution

of compact groups on a few Gigayear timescale.

To have a compact group sample without using previous selection criteria based

only on the photometric information, a new catalog of compact groups selected

from a complete, magnitude-limited redshift survey of SDSS DR12 is constructed by

applying the friend-of-friend algorithm. This is the largest catalog of compact groups

with complete redshifts. The identification of compact groups from redshift surveys

without using Hickson’s criteria results in a complete sample of compact groups

without bias against the groups in nearby universe and in high-density regions. The

surface galaxy number density (Σ5) distribution of compact groups show that the

local environments of them are diverse. The physical properties of compact groups

(e.g. redshift, size, density, velocity dispersion) in different environments are similar

to each other. However, the compact groups in the denser region contain more early-

type galaxies and redder galaxies, suggesting that embedded compact groups consist
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of more evolved galaxy populations.
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Chapter 1

INTRODUCTION

1.1 Compact Groups of Galaxies

Galaxy groups are the common galaxy environments where the most of local galaxies

are located (Tully 1987; Makarov & Karachentsev 2011). Studying galaxy groups

and the galaxies therein provides a unique chance to understand formation and

evolution of majority of galaxies. Galaxy groups represent a broad range of galaxy

environments in terms of size and density. For example, there is a kind of groups

like the Local group extending to 1 Mpc similar to galaxy clusters, but there is also

another kind of very small groups (i.e. compact groups) having a smaller size.

Compact groups of galaxies are an interesting entity among various types of

groups. These groups consist of three to ten galaxies separated by projected distances

of only a few tens of kiloparsec. Thus compact groups are considered as the densest

among the known galaxy systems. The velocity dispersions of these groups (∼ 250

km s−1, Hickson et al. 1992; McConnachie et al. 2009; Pompei & Iovino 2012) are

much lower than those of galaxy clusters (500 − 1000 km s−1, Rines & Diaferio

2006), and comparable to those of many loose groups (Einasto et al. 2003). Because

of these properties, compact groups represent an environment with the most frequent

1



2 Introduction

and prolonged interactions of galaxies, which makes them a test-bed for the study

of galaxy interactions (Hickson et al. 1992; Mendes de Oliveira & Hickson 1994;

Bitsakis et al. 2011, 2014; Fedotov et al. 2015).

The origin of compact groups is a puzzling issue because they seem to be dy-

namically unstable. Several N-body simulations (Barnes 1985, 1989; Mamon 1987)

showed that compact groups may suffer from merging instability. The frequent inter-

actions or mergers between galaxies that occurred in a compact group result in rapid

formation of a single giant elliptical galaxy. Barnes (1989) proposed that compact

group galaxies might be merged into a galaxy on a very short time scale (< 0.02

Hubble time), comparable to the observed crossing time (Hickson et al. 1992; Pompei

& Iovino 2012).

Although they are considered to be short-lived structures, a significant number

of compact groups are observed in the local universe. This sparked debates about

the origin of compact groups. There are several explanations for the existence of

compact groups. First, compact groups are chance alignments of discordant redshift

galaxies (Mamon 1986). Second, compact groups are very young systems that just

formed (Mamon 1987, 1990a,b). Third, compact groups could be dynamically stable

in contrast to the result from N-body simulations. Fourth, compact groups indeed

evolve in a very short times scale, but they reside in the loose rich groups which can

replenish new galaxies to compact groups (Diaferio et al. 1994). First possibility is

ruled out from the spectroscopic observations. However, the rest are still debated. To

understand the origin of compact groups, a well-defined sample of compact groups

is required.

1.2 Compact Group Surveys

Compact groups of galaxies are one of the first discovered galaxy structures. The

most famous compact group Stephan’s Quintet was discovered as early as in 1877



Introduction 3

by Edouard Stephan (Stephan 1877). The second example, Seyfert’s sextet, was

found 71 years later by Seyfert (1948). Later, several studies identified compact

groups from the Palomar Observatory Sky Survey (POSS) plates (Shakhbazyan

1973; Shakhbazyan & Petrosyan 1974; Petrosian 1974; Petrosyan 1978).

The first large-scale and systematic surveys for compact groups were conducted

by Rose (1977) and Hickson (1982). Especially, Hickson (1982) suggested selection

criteria for compact groups on the sky, which can be summarized as follows.

1. Population criterion : N(∆m < 3 mag) ≥ 4, where the ∆m indicates the mag-

nitude difference between the brightest group galaxy and the other member

galaxies.

2. Isolation criterion : Rnogal > 3Rgr. Rgr is the radius of the smallest circle

encompassing all group members, and Rnogal is the distance to the nearest

non-member galaxy with ∆m < 3 mag from the group center.

3. Compactness criterion : µgr < 26 mag arcsec2, where the µgr means the surface

brightness within the groups (R < Rgr) in red-band (E) in POSS data.

Hickson (1982) provided a catalog of 100 compact groups selected using his

criteria, which often called as Hickson compact groups, and these compact groups

are the best studied of compact groups.

Following Hickson (1982), there were several compact group surveys using the

Hickson’s criteria to large-survey data (Prandoni et al. 1994; Iovino et al. 2003; Lee et

al. 2004; de Carvalho et al. 2005; McConnachie et al. 2009; Dı́az-Giménez et al. 2012).

Prandoni et al. (1994) presented a catalog of compact groups of the southern sky,

and Iovino et al. (2003) and de Carvalho et al. (2005) searched for compact groups

in the second Digitized POSS data (DPOSS II compact groups). Similarly, Dı́az-

Giménez et al. (2012) searched for compact groups in the two micron all sky survey

(2MASS) data. The Sloan Digital Sky Survey (SDSS) was favored for identifying
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compact groups, because of their extremely large coverage on the sky. Some studies

searched for compact groups based on the different data releases of SDSS. Lee et al.

(2004) used DR4 and McConnachie et al. (2009) used DR6. Currently, McConnachie

et al’s catalog is the largest one containing 2297 compact group candidates selected

from 14.5 < r < 17.8 galaxies and more than 74000 candidates identified from

14.5 < r < 21.0 galaxies.

The previous surveys for compact groups suffered from unavoidable systematic

problems. First of all, these compact group candidates contain a significant number

of galaxies with discordant redshifts. Hickson et al. (1992) showed that only 69 of

the 100 Hickson compact groups can meet the original selection criteria by obtaining

the spectroscopic redshifts for all member galaxies. The rest of the compact groups

turned out to be galaxy triplets or chance alignments. Similarly, the redshift sur-

vey for the DPOSS II compact group candidates (Pompei & Iovino 2012) revealed

that 30% of the them are not real groups. In the case of the SDSS DR6 compact

group catalog, McConnachie et al. (2009) mentioned 55% of interloper fraction for

the group candidates from 14.5 < r < 17.8, and Sohn et al. (2013) selected only 58

compact groups that have more than four member galaxies confirmed with spectro-

scopic redshifts. These results underscore that the redshift surveys of compact group

candidates are necessary to have a cleaner catalog for studying the formation and

evolution of compact groups. The compact group surveys using the Hickson’s criteria

are also suffer from some selection biases. Barton et al. (1996) pointed out that the

Hickson’s isolation criterion introduces some selection biases, such as preferential

rejection of local compact groups or compact groups in the dense environments.

The compact group survey from the complete redshift space can resolve these

systematic problems. In this regard, Barton et al. (1996) conducted the first survey

for compact groups using the CfA2 redshift survey data (Geller & Huchra 1989), and

they discussed the selection biases from the Hickson’s criteria. Their compact groups
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do not contain interlopers with discordant redshifts and free from the selection biases.

In the era of the large-scale surveys, it is possible to survey compact groups with a

much better redshift sample that facilitates to have an unbiased sample.

1.3 The Large-Scale Environments of Compact Groups

The environments of compact groups provide a hint to understand group formation

and evolution. Diaferio et al. (1994) first suggested the formation scenario of compact

groups that galaxies in the compact regions merge into a galaxy in a short time

scale, but the new member galaxies are supplied from nearby loose rich groups.

Then compact group structures can survive much longer.

To test the model suggested by Diaferio et al. (1994), several studies investigated

the relation between compact groups and other structures (e.g. Ramella et al. 1994;

Mendel et al. 2011; Pompei & Iovino 2012; Diaz-Gimenez & Zandivarez 2015). The

fraction of compact groups embedded in rich groups changes significantly depending

on the sample size and types of rich group samples used.

Earlier works using subsamples of the Hickson compact groups found that a

majority of them are near rich groups and clusters (e.g. 75% from Rood & Struble

1994 and 76% from Ramella et al. 1994). Although they found a high fraction of

compact groups within rich groups, their results might suffer from small number

statistics because of their small sample size (smaller than 40 compact groups).

By contrast, recent works using a much larger sample of compact groups sug-

gested that 27 - 50% of them are located around rich groups, lower than previous

estimates (Andernach & Coziol 2005; Mendel et al. 2011; Pompei & Iovino 2012;

Diaz-Gimenez & Zandivarez 2015). However, neither the compact group candidates

nor the nearby rich groups in some of these studies have complete redshift mea-

surements. Moreover, they simply used the proximity between compact groups and

nearby structures to check the relation, rather than the density tracers, such as
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comparison with the mean galaxy density or surface number density to the n-th

nearest galaxy. Therefore, we need a more careful study using both compact groups

and nearby structures selected from complete redshifts with the density tracers is

needed to better understand the environmental effect for the formation and evolution

of compact groups.

1.4 Galaxy Evolution in Compact Groups

Compact groups provide an ideal laboratory to investigate the galaxy evolution in

interaction- or merger-frequent environments. Hickson (1982) found that a majority

of the Hickson compact groups show an excess of early-type galaxies compared to the

field, indicating that the galaxies underwent merging in the compact groups. Optical

imaging studies also showed that a significant fraction (∼ 43%) of the Hickson

compact groups display morphological features of interactions, such as tidal tails

or bridges (Mendes de Oliveira & Hickson 1994). Similarly, the HI distribution in

compact groups also indicates the existence of active galaxy interactions (Verdes-

Montenegro et al. 2001).

It is widely accepted that gravitational interactions and mergers between galax-

ies play an important role in galaxy evolution. Several numerical simulations showed

that the gas inflow to the center of galaxies can occur during the galaxy interactions

(Mihos & Hernquist 1996; Springel et al. 2005; Di Matteo et al. 2007). Some observa-

tional studies showed enhancement of the specific star formation rate in interacting

galaxies (Barton et al. 2000; Lambas et al. 2003; Ellison et al. 2008; Woods et al.

2010; Scudder et al. 2012; Patton et al. 2013), confirming the simulation results.

As star formation is triggered, the activity in galactic nuclei is also expected to

be triggered through galaxy interactions (Sanders et al. 1988; Barnes & Hernquist

1992; Di Matteo et al. 2005). However, the results from literature are controversial.

There are numerous studies that provided observational evidences of the interaction-
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triggered activity in galactic nuclei (Petrosian 1982; Dahari 1984, 1985; Dultzin-

Hacyan et al. 1999; Best 2004; Alonso et al. 2007; Ellison et al. 2011; Hong et al.

2015). On the other hand, some other studies found no significant excess of active

galactic nuclei (AGN) fraction in galaxy pairs, suggesting that the interaction could

not be a main mechanism for triggering nuclear activity (Schmitt 2001; Grogin et

al. 2005; Coldwell & Lambas 2006; Li et al. 2008).

Numerous studies on the compact groups have mainly focused on the environ-

mental effects on the galaxy evolution. In terms of star formation activity, infrared

surveys for compact group galaxies reported the high star formation rates, suggesting

enhanced star formation in compact group environments (Moles et al. 1994; Verdes-

Montenegro et al. 1998). More recent studies proposed that the compact groups

are divided into two groups; gas-rich groups with active star formation and gas-poor

groups that tend to be passively evolved (Johnson et al. 2007; Konstantopoulos et al.

2010; Walker et al. 2010, 2012, 2013). Meanwhile, some other works divided compact

groups into dynamically young and old groups based on the fraction of early-type

galaxies, and suggested that galaxies pass through different evolutionary tracks de-

pending on their dynamical state of the its host groups (Bitsakis et al. 2010, 2011,

2014).

The nuclear activity in compact group galaxies also has been extensively stud-

ied to see the environmental effects of interaction-frequent environments of compact

groups (Coziol et al. 1998, 2000; Shimada et al. 2000; Gallagher et al. 2008; Mart́ınez

et al. 2010; Sabater et al. 2012). For example, Coziol et al. (2000) estimated AGN

fraction to be high (∼ 41%) in compact groups and they suggested that the com-

pact groups could be the best place to find AGNs. Similarly, Mart́ınez et al. (2010)

also showed a high AGN fraction (∼ 42%) using the largest sample of the Hickson

compact groups. They concluded that compact groups are favored environments for

AGN, compared with fields and clusters. However, they simply compared the AGN
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fraction of field and cluster galaxies that were derived from inhomogeneous samples

and different AGN selection methods. In contrast, Sabater et al. (2012) showed that

AGNs are not preferentially found in compact groups when they applied the same

AGN selection method and corrected the morphology and luminosity effects. This

result indicates that a fair comparison of AGN fraction of compact groups, fields,

and clusters is required to understand better the environmental issues affecting the

nuclear activity.

1.5 Purpose of the Thesis

In this thesis, I try to address the issues on the compact groups and galaxies therein.

I use only spectroscopically identified compact group samples, reducing the bias from

the compact group-like structures with discordant redshift galaxies. not including

any photometrically selected compact group candidates. I start with a study of

compact group galaxy properties in terms of the nuclear activity. I investigate the

AGN fraction of SDSS DR6 compact groups in comparison with those of fields

and clusters using the homogeneous spectra and AGN selection methods. Next, I

construct large catalogs of compact groups in two ways; by combining the redshifts

for member galaxies in previous compact group candidate catalogs, and by surveying

the new compact groups from a complete redshift space. The physical properties of

these compact groups including size, velocity dispersion, and local environment are

investigated to understand the nature of compact groups.

This thesis consists of five chapters. In Chapter 2, a study of the nuclear activity

of galaxies in local compact groups is presented. The AGN fraction of spectroscopi-

cally identified SDSS DR6 compact groups was investigated. In Chapter 3, I present

a spectroscopically confirmed compact group catalog selected from the previous com-

pact group candidate sample of McConnachie et al. (2009) with the spectroscopic

redshifts. The physical properties of compact groups in this catalog were examined in
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comparison with other compact groups. In Chapter 4, I present the largest compact

group catalog selected from the complete spectroscopic redshifts sample of SDSS

DR12. Using this well-defined sample, the local environments of compact groups are

discussed. Finally, I summarize the primary results in Chapter 5.
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Chapter 2

ACTIVITY IN GALACTIC

NUCLEI OF COMPACT

GROUP GALAXIES IN THE

LOCAL UNIVERSE

2.1 INTRODUCTION

Understanding what powers the activity in galactic nuclei is one of the key issues

in the study of galaxy formation and evolution. There is growing evidence that

most galaxies harbor supermassive black holes (SMBHs) in their centers (Kormendy

2004; Ho 2008; McConnell & Ma 2013). However, it is poorly understood why some

galaxies show strong nuclear activity through active mass accretion to SMBHs, but

other galaxies do not.

Several mechanisms for triggering nuclear activity in galaxies are suggested to

This chapter is published in Astrophysical Journal, 2013, 771, 106

11



12 AGN in Compact Groups

explain a gas inflow towards the center of galaxies to feed SMBHs: galaxy-galaxy in-

teraction (e.g., Sanders et al. 1988; Barnes & Hernquist 1992; Springel et al. 2005; Di

Matteo et al. 2007), bar-driven gas inflow (e.g., Combes 2003), and stellar wind (e.g.,

Ciotti & Ostriker 2007). Among these, the galaxy-galaxy interaction has been exten-

sively studied because it is expected in the hierarchical picture of galaxy formation

as the star formation is triggered through galaxy-galaxy interactions and mergers.

For example, numerical simulations showed that both circumnuclear starburst and

nuclear activity can be triggered by gas inflow during galaxy-galaxy interactions

(Mihos & Hernquist 1996; Springel et al. 2005; Di Matteo et al. 2007). Some obser-

vational studies detected an enhancement of active galactic nuclei (AGN) fraction in

galaxy pairs compared to isolated galaxies, suggesting a strong connection between

galaxy interaction and nuclear activity (Alonso et al. 2007; Ellison et al. 2011). How-

ever, there are also other studies that found no significant excess of AGN fraction

in galaxy pairs (Schmitt 2001; Grogin et al. 2005; Coldwell & Lambas 2006; Li et

al. 2008).

The studies on the environmental dependence of nuclear activity can provide

important hints of AGN triggering mechanism, because the physical mechanisms for

nuclear activity, especially galaxy-galaxy interaction, are strongly affected by galaxy

environments. In this regard, several studies investigated the fraction of AGN in field

and clusters. For example, Sabater et al. (2008) identified AGN candidates among

their isolated galaxy sample using far infra-red colors based on IRAS 25 µm and 60

µm fluxes, and found that 7-22% of the isolated galaxies host AGN (see also Alonso

et al. 2007). In contrast, other studies suggested a much lower AGN fraction for

galaxy clusters. Dressler et al. (1999) reported that only 1% of cluster galaxies show

AGN features in the optical spectra, and Martini et al. (2007) found that the AGN

fraction in galaxy clusters based on X-ray data can increase up to 5%. Thus the

AGN fraction for high-density regions appears to be smaller than for low-density
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regions. However, the AGN fraction strongly depends on the AGN selection criteria

so that this conclusion needs to be checked.

Hence, it is very important to apply uniform AGN selection criteria for a ho-

mogeneous set of data to understand better environmental dependence of the AGN

fraction. Haggard et al. (2010) used uniform AGN selection criteria based on X-ray

luminosity from Chandra for field and cluster galaxies in the Sloan Digital Sky Sur-

vey (SDSS), and found similar AGN fractions between the two regions, in contrast

to the previous results described above.

Recently Hwang et al. (2012a) also used uniform AGN selection criteria based

on optical spectra for a large sample of cluster and field galaxies in the SDSS. They

confirmed the difference in the AGN fraction between cluster and field regions in the

case of early-type galaxies in the sense that the cluster galaxies show three times

higher AGN fraction than the field galaxies. However, they found little difference

in the AGN fraction between the cluster and field galaxies in the case of late-type

galaxies. From these results they further suggested that the environmental effects

on the AGN fraction strongly depend on the host galaxy morphology as well as

environments.

Compact groups of galaxies also provide an interesting environment to examine

the physical mechanisms for nuclear activity. These groups are isolated association

of several galaxies within the compact angular configuration. Because of their high

galaxy number density (e.g., Rubin et al. 1991) and low velocity dispersions (50−400

km s−1 with a median of ∼266 km s−1 (McConnachie et al. 2009), smaller than for

rich clusters with 500− 1000 km s−1 (Rines & Diaferio 2006)), the compact groups

are expected to have frequent galaxy-galaxy interactions, which could trigger the

activity in galactic nuclei. A formal definition of compact groups was first introduced

by Hickson (1982): N ≥ 4, θN ≥ 3θG, and µG < 26.0 mag arcsec−2. N is the

total number of galaxies within 3 magnitudes of the brightest galaxy. µG is the
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mean surface brightness of these galaxies within the smallest circular area of θG,

where θG is the angular diameter of the smallest circle that contains their geometric

centers. θN is the angular diameter of the largest concentric circle that contains no

additional galaxies within this magnitude range or brighter. Using these (or slightly

modified) selection criteria for compact groups, several authors construct compact

group catalogs (e.g., Hickson 1982; Lee et al. 2004; McConnachie et al. 2009), and

study the properties of these groups (e.g., Hickson et al. 1992; Hickson 1997; Bitsakis

et al. 2010, 2011; Mendel et al. 2011; Coenda et al. 2012).

In particular, several studies examined how special the compact groups are for

nuclear activity in galaxies (Coziol et al. 1998, 2000; Shimada et al. 2000; Gallagher

et al. 2008; Mart́ınez et al. 2010; Sabater et al. 2012). For example, Coziol et al.

(2000) estimated the AGN fraction (41%) for 193 galaxies in 49 compact groups

based on the analysis of the optical spectra. They suggested that compact groups

could be the best location to find AGN in the local universe. Using the 2MASS

and Spitzer data, Gallagher et al. (2008) found that 54% of galaxies in 12 Hickson

compact groups show hot dust emissions in the mid-infrared, indicating the existence

of ongoing nuclear activity and/or star formation. Mart́ınez et al. (2010) compiled

the optical spectra of 270 galaxies in 64 Hickson compact groups, and suggested that

the AGN fraction could be up to 42% if they include composite galaxies (harboring

both AGN and star formation) in the AGN class. These AGN fractions in compact

groups apparently are larger than those in field and cluster regions. However, because

of different AGN selection criteria and inhomogeneous sample of galaxies in different

studies, it is very difficult to have a fair comparison of the AGN fractions in various

environments. Recently, Sabater et al. (2012) compared the AGN population of

Hickson compact groups and isolated galaxies using a uniform AGN selection criteria

based on the optical spectra. They found that AGN do not preferentially appear in

compact groups after correcting the morphology and luminosity effects.
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In this paper, we study the activity in galactic nuclei of compact group galaxies in

the local universe. We use uniform AGN selection criteria for a homogeneous sample

of galaxies to compare nuclear activity of compact group galaxies with those of field

and cluster galaxies. This paper is organized as follows. In Section 2, we describe the

sample of compact groups and control samples of field and clusters. Section 3 explains

the AGN selection methods. We present the results on the AGN fraction in compact

groups, and compare it with those in other environments in Section 4. We discuss

our results in Section 5 and summarize our main results in Section 6. Throughout,

we adopt flat ΛCDM cosmological parameters: H0 = 70 km s−1 Mpc−1, Ωm = 0.3

and ΩΛ = 0.7.

2.2 DATA

We use the compact group catalog in McConnachie et al. (2009, hereafter M09).

M09 constructed a compact group catalog using the SDSS (York et al. 2000) data

release 6. This catalog contains 2297 CGs with 9713 member galaxies. M09 identified

compact groups based only on photometric information. Therefore, their sample

could be contaminated by interlopers. They suggested that at least 55% of their

groups may contain interlopers.

To select genuine compact groups without any interlopers, we use only compact

group galaxies with spectroscopic redshifts in the M09 sample. We first select 58

compact groups at 0.03 ≤ z ≤ 0.15 that contain at least four member galaxies with

measured redshifts in the SDSS DR7. We then select 238 member galaxies with

concordant redshifts in these compact groups (∆cz ≤ 1000 km s−1), which will be

used for the following analysis. We emphasize that our results are based only on the

spectroscopic sample of compact group galaxies, more robust than the results based

We use DR7 to add more spectroscopic redshifts (if available) for compact group galaxies

originally drawn from the photometric data in DR6.



16 AGN in Compact Groups

on the photometric sample of galaxies.

We use several value-added galaxy catalogs (VAGCs) for physical parameters of

the group galaxies. Photometric and spectroscopic parameters are adopted from the

SDSS pipeline (Stoughton et al. 2002) and from the MPA/JHU DR7 VAGC, respec-

tively. Morphology information is adopted from the Korea Institute for Advanced

Study (KIAS) DR7 VAGC(Choi et al. 2010).

We use [O III] line fluxes taken from the MPA/JHU VAGC (Tremonti et al.

2004), which is the straight integration over the fixed bandpass from the continuum-

subtracted emission line. We correct internal extinction of the line fluxes using the

Balmer decrement and reddening curve given by Cardelli et al. (1989) by assuming

an intrinsic Hα/Hβ value of 3.1 for AGN host-galaxies. We compute black hole

masses (MBH) for AGN-host galaxies using the MBH − σ relation: log(MBH/M⊙) =

α + βlog(σ/200 km s−1). We adopt α = 8.39, β = 5.20 for early-type galaxies,

α = 8.07, β = 5.06 for late-type galaxies, respectively (McConnell & Ma 2013).

We show r-band absolute magnitudes of our compact group galaxies as a function

of redshifts in Figure 2.1 (blue filled circles in both panels). For comparison, we also

plot the galaxies in the field (gray dots in the left panel) and in galaxy clusters

(gray dots in the right panel). We use these field and cluster galaxies to compare

their nuclear activity with those of compact group galaxies in Section 2.5.2. The

field and cluster galaxy samples are taken from Hwang et al. (2012a) who use the

same spectroscopic sample of galaxies in SDSS DR7. They compiled galaxies with

spectroscopic redshifts associated with 129 relaxed Abell clusters at 0.02 < z <

0.14. Among them, we use 7211 cluster galaxies within the virial radii of clusters

(r200,cl), and 20,331 field galaxies outside the cluster region (R > 5r200,cl). R is the

projected clustercentric radius. To study the environmental dependence of the AGN

fraction at a fixed optical luminosity, we divide the galaxies into two magnitude

http://www.mpa-garching.mpg.de/SDSS/DR7/

http://astro.kias.re.kr/vagc/dr7/
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Figure 2.1 Mr – z diagrams for the galaxies in the compact groups in our sample

(filled circles), field (dots in (a)), and clusters (dots in (b)) in the SDSS. Larger

boxes represent boundaries for the two magnitude subsamples.
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subsamples based on absolute r-band magnitudes and redshifts: a bright subsample

(C1; −22.5 ≤ Mr < −21.5 and 0.030 ≤ z ≤ 0.145) and a faint subsample (C2;

−21.5 ≤ Mr < −20.5 and 0.030 ≤ z ≤ 0.100). The C1 and C2 samples contain 64

and 83 galaxies, respectively.

2.3 AGN SELECTION

To identify AGN-host galaxies in our sample, we use three methods based on emission-

line flux ratios: one with strong emission lines and two with weak emission lines.

2.3.1 Strong emission-line galaxy classification

We first use the Baldwin-Phillips-Terlevich (BPT) line ratio diagrams based on [O

III]/Hβ and [N II]/Hα (Baldwin et al. 1981). Among 238 compact group galaxies, we

apply this method only to 83 galaxies with signal-to-noise ratio (S/N) ≥ 3 in the

emission lines Hα, Hβ, [O III] λ5007, and [N II] λ6584. We show the line ratios of these

83 galaxies in the left panel in Figure 2.2. We classify them (star-forming galaxies,

AGN, and composite galaxies) based on their relative positions with respect to the

demarcation lines identifying extreme starbursts (Kewley et al. 2001) and pure SF

(Kauffmann et al. 2003).

Composite galaxies are between the two demarcation lines. They could be ex-

treme star-forming galaxies (Kewley et al. 2001), or host a mixture of star formation

and AGN (Kewley et al. 2006). Although the physical origin of this class is not com-

pletely understood (Ho 2008), several observational results in other wavelengths

suggest that many of them host (hidden) AGN (e.g., Panessa et al. 2005; Lee et al.

2012). In this study, we include composite galaxies in the AGN class to compute

the AGN fraction. We call ‘pure SF’ and ‘pure AGN’ for star-forming and AGN

types (pSF and pAGN in tables and figures), respectively, to distinguish them from
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composite galaxies. Excluding composite galaxies to compute the AGN fraction does

not change our conclusions, although our statistics become worse as the number of

AGN-host galaxies becomes smaller.

2.3.2 Weak emission-line galaxy classification

To determine the optical spectral types of the remaining 155 compact group galax-

ies with low-S/N emission lines, we use two methods based on flux ratios of weak

emission lines.

We use the WHAN method (Cid Fernandes et al. 2010, 2011) that uses [N II]/Hα

and Hα equivalent width (WHα). This method classifies galaxies into five spectral

types: pure SFs, Seyferts, LINERs, retired galaxies and passive galaxies (no emission

lines). We can apply this method only to 71 galaxies with S/N≥3 in [N II] and Hα

emission lines. We show the classification diagram in the right panel of Figure 2.2

(dashed lines), and list the selection criteria for each spectral type,

• weak emission-line star-forming galaxies: log([N II]/Hα) > −0.4 and WHα ≥ 3

Å;

• weak emission-line Seyferts: log([N II]/Hα) > −0.4 and WHα ≥ 6 Å;

• weak emission-line LINERs: log([N II]/Hα) > −0.4 and 3 Å ≤ WHα < 6 Å.

We include weak emission-line Seyferts and LINERs in the AGN class when we

compute the AGN fraction using this method.

We also adopt the classification method in Mart́ınez et al. (2010), which is based

only on [N II]/Hα (hereafter N2Hα method). Their classification scheme is as follows

(vertical dotted lines in the right panel of Figure 2.2):

• star-forming galaxies: log([N II]/Hα) ≤ −0.4;

• composite galaxies: −0.4 < log([N II]/Hα) ≤ −0.1;
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Figure 2.2 Classification of spectral types for compact group galaxies. (a) The BPT

diagnostic diagram with [O III]/Hβ vs. [N II]/Hα emission-line ratios. The dashed

line represents a boundary for pure star-forming galaxies (Kauffmann et al. 2003)

and the solid line denotes a theoretical upper limit for starburst galaxies provided by

Kewley et al. (2001). (b) The WHAN diagram (Cid Fernandes et al. 2011) for weak

emission-line galaxies with S/N < 3 of Hβ or [O III]. Dashed lines are borderlines that

divide weak emission-line galaxies into weak emission-line SFs (wSF), weak emission-

line Seyferts (wSeyfert), weak emission-line LINER (wLINER), and retired galaxies.

Two vertical dotted lines represent the classification scheme for star-forming nuclei,

transition objects, and AGN in Mart́ınez et al. (2010).
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• AGN: log([N II]/Hα) > −0.1.

2.4 RESULTS

2.4.1 AGN fraction in compact groups

Among the 238 compact group galaxies in our sample, we can determine the spectral

types of 83 galaxies with high-S/N emission lines based on the BPT method: 43 pure

SFs, 23 composite galaxies, and 17 pure AGN. These correspond to 51.8% ± 5.4%,

27.7% ± 5.0%, and 20.5% ± 4.4% among the strong emission-line galaxies. If we

compute the fraction among the total sample of compact group galaxies, the fraction

of each spectral type would be 18.1% ± 2.5%, 9.7% ± 1.9%, and 7.1% ± 1.6% for

pure star-forming, composite, and pure AGN-host galaxies, respectively. The AGN

fraction (including composite galaxies) is then 16.8% ± 2.5%. We summarize these

results in Table 2.1. We also list the results for 71 weak emssion-line galaxies based

on WHAN and N2Hα methods in Table 2.1.

Table 2.1 indicates that the AGN fractions based on strong plus weak emission-

line galaxies are higher than for based only on strong emission-line galaxies. If we

combine BPT and WHAN methods, the total AGN fraction is 24.4% ± 2.8%. On

the other hand, the total AGN fraction is 42.4% ± 3.3% if we combine BPT and

N2Hα methods. We discuss in Section 2.5.1 why different AGN selection methods

give different AGN fractions.

We also examine the AGN fractions of compact group galaxies segregated by

their morphologies. Among the 238 compact group galaxies, there are 152 (64%)

early-type and 86 (36%) late-type galaxies. The higher fraction of early-type galax-

ies in compact groups is also apparent for the compact groups in McConnachie et

al. (2009) and for the Hickson compact groups (Hickson 1982). The spectra of early-

type galaxies typically do not show emission lines. Therefore, we can determine the
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Table 2.1. Spectral Types of All Galaxies in Compact Groups

pSF Composite pAGNd AGNe

Method N(sample)a Nb fpSF(%)c N fComp(%) N fpAGN(%) N fAGN(%)

BPT 83 43 18.1± 2.5 23 9.7± 1.9 17 7.1± 1.6 40 16.8± 2.5

WHAN 71 5 2.1± 0.9 – – 18 7.6± 1.7 18 7.6± 1.7

N2Hα 71 10 4.2± 1.2 31 13.0± 2.1 30 12.6± 2.2 61 25.6± 2.7

BPT + WHAN 154 48 20.2± 2.6 – – 58 24.4± 2.8 58 24.4± 2.8

BPT + N2Hα 154 53 22.3± 2.7 54 22.7± 2.8 47 19.7± 2.5 101 42.4± 3.3

aThe number of galaxies used for spectral classification.

bThe number of galaxies in each spectral type.

cThe fraction of each type among total 238 compact group galaxies in our sample. The error in the fraction represents 68% (1σ)

confidence interval that is determined from the bootstrap resampling method.

dPure AGN including Seyferts and LINERs.

eAGN including pAGN and composite galaxies.
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spectral types based on the BPT method only for 17.8% (27 galaxies) of early-type

galaxies. Using the WHAN and the N2Hα methods, we can increase the number of

early-type galaxies with spectral types up to 73 (48.0%). For late-type galaxies, we

can determine the spectral types for 65.1% (56 galaxies) based on the BPT method,

and 94.2% (81 galaxies) based on the combination of BPT and N2Hα/WHAN meth-

ods.

We summarize the fraction of each spectral type segregated by galaxy mor-

phologies in Table 2.2. As expected, the AGN fractions are different depending on

the AGN selection method. However, all the AGN selection methods yield higher

AGN fractions for late-type galaxies than for early-type galaxies.

2.4.2 Comparison of AGN fractions in various environments

To study the environmental dependence of nuclear activity, we plot the fractions of

each spectral type for compact group galaxies (red solid line) in comparison with

cluster (black dashed line) and field (blue dotted line) galaxies in Figure 2.3. The

fractions are based on the BPT method, and the results do not change even if we

use the AGN fractions based on other methods (i.e., WHAN and N2Hα). Because

the AGN fraction strongly depends on host galaxy properties (Choi et al. 2009;

Schawinski et al. 2010), we compute the fractions of each spectral type segregated

by absolute magnitude and morphology. The top panels are for early-type galaxies,

and bottom panels are for late-type galaxies. The left, middle and right panels are

for total, bright and faint samples of galaxies.

The top left panel shows that the AGN fraction (including composite galaxies)

for early-type galaxies is not the highest in compact groups. This is also apparent for

two magnitude subsamples (middle and right panels). The AGN fraction seems to

decrease from field to cluster regions. The AGN fraction for late-type galaxies is not

higher in compact groups compared to other regions (left bottom panels), similar to
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Table 2.2. Spectral Types of Early- and Late-type Galaxies in Compact Groups

pSF Composite pAGN AGN

Method Types N(sample) N fpSF(%)a N fComp(%) N fpAGN(%) N fAGN(%)

BPT ETG 27 9 5.9± 1.8 8 5.3± 1.7 10 6.6± 2.0 18 11.8± 2.6

LTG 56 34 39.5 ± 5.2 15 17.4 ± 4.1 7 8.1± 2.9 22 25.6± 4.7

BPT ETG 73 9 5.9± 1.8 – – 23 15.1± 2.8 23 15.1± 2.8

+ WHAN LTG 81 39 45.3 ± 5.5 – – 34 39.5± 5.2 34 39.5± 5.2

BPT ETG 73 14 9.2± 2.3 25 16.4 ± 2.9 34 22.4± 3.3 59 38.8± 4.0

+ N2Hα LTG 81 39 45.3 ± 5.3 29 33.7 ± 5.0 13 15.1± 3.8 42 48.8± 5.4

aThe fraction whose numerator is the number of ETGs (or LTGs) with a spectral type and whose denominator is the number of

total 152 ETGs (or total 86 LTGs).
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Figure 2.3 Fractions of each spectral type for early-type (upper panels) and late-type

(lower panels) galaxies in different galaxy environments (field: dotted-diamonds,

clusters: dashed-triangles, and compact groups: solid-circles). Fractions are for the

whole sample (a,d), the C1 sample (b,e), and the C2 sample (c,f). We arbitrarily

shifted the points along the x-axis to show symbols and error bars clearly.
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early-type galaxies. However, the difference in AGN fractions among different envi-

ronments is insignificant for late-type galaxies. The two magnitude subsamples show

similar trends. Although the C2 sample shows the higher AGN fraction in compact

groups, the difference is insignificant (< 2σ) due to the large error. The fractions

of star-forming galaxies among late types are again similar in all environments. We

also summarize these results in Table 2.3, 2.4 and 2.5.

To further examine the environmental dependence of nuclear activity, we use a

surface galaxy number density (Σ3) as an environment indicator. We compute the

surface galaxy number density with Σ3 = 3(πD2
p,3)

−1, where Dp,3 is a projected

distance to the third nearest galaxy. To minimize the contamination by foreground

and background galaxies, we identify the third nearest galaxies among the neighbor

galaxies with Mr < −21.5 and 0.03 ≤ z ≤ 0.15 from the spectroscopic sample of

galaxies in the SDSS DR7. The neighbor galaxies should have relative velocities to

the target galaxy smaller than 1500 km s−1.

We show the normalized distribution of Σ3 in top panels of Figure 2.4. The left

two panels are for early-type galaxies, and right two panels are for late-type galaxies.

Σ3 gradually increases from field (dashed-filled histogram) to cluster (dot-dashed-

hatched histogram) in all panels. Compact group (solid-hatched histogram) galaxies

are distributed in wide range, generally in between field and cluster galaxies, except

bright early-type galaxies in C1 sample.

The middle panels show the AGN fractions as a function of Σ3 for each sub-

sample. For early-type galaxies, the AGN fraction in high-density regions is lower

than for low-density regions in both two magnitude subsamples (panels (c-d)). The

difference is larger for relatively faint galaxy sample (panel (d)). On the other hand,

the AGN fraction for late-type galaxies does not change with surface galaxy number

density (panels (i-j)). These results are consistent with those in Figure 2.3, which

are based on different subsamples rather than surface galaxy number densities.



A
G
N

in
C
o
m
p
a
ct

G
ro
u
p
s

27
Table 2.3. Comparison of Spectral Types of Galaxies in the Field, Compact

Groups, and Clusters

Environment N(total) pSF Composite pAGN AGN

N fpSF (%) N fComp (%) N fpAGN (%) N fAGN (%)

Field 20331 6917 34.0± 0.3 2393 11.8± 0.2 1705 8.4± 0.2 4098 20.2± 0.3

Compact Groups 238 43 18.1± 2.5 23 9.6± 2.0 17 7.1± 1.6 40 16.8± 2.5

Clusters 7211 911 12.6± 0.4 464 6.4± 0.3 349 4.8± 0.2 813 11.3± 0.4
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Table 2.4. Comparison of Spectral Types of Early-type Galaxies in the Field,

Compact Groups, and Clusters (BPT)

(1) Early-type galaxies in the total sample

Environment N(total)a N(sample)b pSF Composite pAGN AGN

N fpSF (%) N fComp (%) N fpAGN (%) N fAGN (%)

Field 8185 2001 288 3.5± 0.2 753 9.2± 0.3 960 11.7± 0.3 1713 20.9± 0.5

Compact Groups 152 27 9 5.9± 1.8 8 5.3± 1.7 10 6.6± 2.0 18 11.8± 2.6

Clusters 4849 466 77 1.6± 0.2 201 4.1± 0.3 188 3.9± 0.3 389 8.0± 0.4

(2) Early-type galaxies in the C1 sample

Environment N(total) N(sample) pSF Composite pAGN AGN

N fpSF(%) N fComp(%) N fpAGN(%) N fAGN(%)

Field 2033 566 36 1.8± 0.3 173 8.5± 0.6 357 17.6± 0.9 530 26.1± 1.0

Compact Groups 44 7 0 0.0± 0.0 1 2.3± 1.6 6 13.6± 5.0 7 15.9± 5.5

Clusters 923 131 7 0.8± 0.3 58 6.3± 0.8 66 7.2± 0.8 124 13.4± 1.1

(3) Early-type galaxies in the C2 sample

Environment N(total) N(sample) pSF Composite pAGN AGN

N fpSF(%) N fComp(%) N fpAGN(%) N fAGN(%)

Field 3209 834 86 2.7± 0.3 330 10.3± 0.5 418 13.0± 0.6 748 23.3± 0.7

Compact Groups 55 10 2 3.6± 2.3 5 9.1± 3.7 3 5.5± 2.9 8 14.5± 4.6

Clusters 1812 180 18 1.0± 0.2 85 4.7± 0.5 77 4.2± 0.5 162 8.9± 0.7

aThe number of total galaxies in each category.

bThe number of galaxies classified their spectral type using the BPT method.
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Table 2.5. Comparison of Spectral Types of Late-type Galaxies in the Field,

Compact Groups, and Clusters (BPT)

(1) Late-type galaxies in the total sample

Environment N(total) N(sample) pSF Composite pAGN AGN

N fpSF (%) N fComp (%) N fpAGN (%) N fAGN (%)

Field 12,071 9013 6628 54.9± 0.4 1640 13.6± 0.3 745 6.2± 0.2 2385 19.8± 0.4

Compact Groups 86 56 34 39.5± 5.2 15 17.4± 4.1 7 8.1± 2.9 22 25.6± 4.7

Clusters 2332 1258 834 35.8± 1.0 263 11.3± 0.6 161 6.9± 0.5 424 18.2± 0.8

(2) Late-type galaxies in the C1 sample

Environment N(total) N(sample) pSF Composite pAGN AGN

N fpSF(%) N fComp(%) N fpAGN(%) N fAGN(%)

Field 1717 1152 414 24.1± 1.0 408 23.8± 1.0 330 19.2± 1.0 738 43.0± 1.2

Compact Groups 20 13 6 30.0± 10.1 3 15.0± 7.7 4 20.0± 8.3 7 20.0± 11.0

Clusters 344 196 68 19.8± 2.1 60 17.4± 2.0 68 19.8± 2.1 128 37.2± 2.7

(3) Late-type galaxies in the C2 sample

Environment N(total) N(sample) pSF Composite pAGN AGN

N fpSF(%) N fComp(%) N fpAGN(%) N fAGN(%)

Field 4359 3229 2221 51.0± 0.7 751 17.2± 0.6 257 5.9± 0.4 1008 23.1± 0.6

Compact Groups 28 23 11 39.3± 9.7 9 32.1± 8.7 3 10.7± 5.6 12 42.9± 9.6

Clusters 828 457 284 34.3± 1.6 108 13.0± 1.2 65 7.9± 0.9 173 20.9± 1.5
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Figure 2.4 Left: AGN fraction as a function of the surface galaxy number density,

Σ3, for (a) bright and (b) faint early-type galaxies. The normalized fractions of Σ3

of early-type galaxies in the field (dashed-filled), clusters (dot-dashed-hatched) and

compact groups (solid-hatched) for (c) the C1 and (d) C2 subsamples. The bottom

panels show the fraction of strong AGN-host galaxies (logL[OIII] ≥ 7.0, circles), and

weak AGN–host galaxies (logL[OIII] < 7.0, diamonds) for each subsample. Right:

Same as left panels, but for late-type galaxies.
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In bottom panels, we show the fractions of AGN-host galaxies segregated by

their [O III] line luminosities. The [O III] line luminosity could be an accretion

rate indicator (Kauffmann et al. 2003; Heckman et al. 2005; but see also Trouille

& Barger 2010). The left two panels for early-type galaxies show that the AGN

fractions again decrease with increasing surface galaxy number density except the

strong AGN (logL[OIII] ≥ 7.0) in C1 sample. For late-type galaxies, the dependence

of AGN fraction for each subsample is not conclusive, but no subsamples show strong

dependence.

To further study the dependence of nuclear activity, we plot [O III] luminosities

of AGN-host galaxies (pAGN and composite galaxies from the BPT method) as

a function of Σ3 (top left panel) and of different environments (top right panel)

in Figure 2.5. It is apparent that [O III] luminosities of late-type galaxies are, on

average, larger than those of early-type galaxies. Interestingly, the [O III] luminosities

for both early- and late-type galaxies do not show any environmental dependence.

In bottom panels, we plot L[OIII]/MBH of AGN-host galaxies. L[OIII]/MBH is pro-

portional to the Eddington ratio, and can be used as an indicator of AGN power.

The L[OIII]/MBH again does not show any environmental dependence, similar to [O

III] luminosities. These results are consistent with those in previous studies (Hwang

et al. 2012a), suggesting that the triggering of nuclear activity depends on the envi-

ronment, but the AGN power is not controlled by the environment.

2.5 DISCUSSION

2.5.1 AGN fraction in compact groups: comparison with other stud-

ies

In this section, we compare the AGN fractions estimated in this study with those

for other compact group samples in previous studies. Previous studies on the AGN
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Figure 2.5 Left panels: (a) L[OIII] vs. Σ3 and (c) L[OIII]/MBH vs. Σ3 of AGN in our

total sample including field, clusters, and compact groups. The small circles and

diamonds show the distribution of early-type and late-type galaxies, respectively.

The large circles and diamonds indicate the mean values of each type of galaxies,

and the error bars mean standard deviations. Right panels: Mean values and their

standard deviations (error bars) of (b) L[OIII] and (d) L[OIII]/MBH in three different

galaxy environments. The definitions of symbols and error bars are same as left

panels. Note that we arbitrarily shifted the large points to show symbols and error

bars clearly in all four panels.
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fraction were mainly based on Hickson compact group galaxies (Coziol et al. 1998;

Shimada et al. 2000; Coziol et al. 2004; Mart́ınez et al. 2010). For example, Coziol

et al. (1998) first found that the AGN fraction for 82 bright galaxies in 17 Hickson

compact groups is ∼ 40% based on the BPT method. Similar values of AGN frac-

tions (from 28% in Coziol et al. 2004 to 44% in Shimada et al. 2000) were reported

based on similar sample sizes. Recently, Mart́ınez et al. (2010) studied the AGN

fraction in Hickson compact groups using the largest sample with 270 galaxies in 64

Hickson compact groups up to date. They obtained optical spectra for 200 galaxies,

and compiled the spectra for the rest of sample galaxies in the literature. According

to their classification based on emission-line flux ratios, 28.4% and 14.4% of their

sample are classified as pure AGN and composite galaxies, respectively. This cor-

responds to the AGN fraction (including composite galaxies) of 42.8% among the

total sample. Although the AGN selection methods in these studies are similar to

the one in this study (i.e., emission-line ratio diagrams), the previous values of AGN

fractions seem higher than our fractions.

To examine what makes the AGN fraction different depending on galaxy samples,

we compare our compact group galaxy sample with the one in Mart́ınez et al. (2010).

Figure 2.6 shows absolute B-band magnitudes of our compact group galaxies (blue

filled circles) as a function of redshift. We compute the B-band absolute magnitudes

using the SDSS ugriz photometric data with the K-correct routine of Blanton &

Roweis (2007). Because our sample is from the SDSS spectroscopic sample, the

increase of magnitude limit with redshift is apparent in the figure. For comparison,

we also plot the galaxies in Mart́ınez et al. (2010, gray crosses). Our compact group

galaxies are in the redshift range 0.03 ≤ z ≤ 0.15, but the galaxies in Mart́ınez et

al. (2010) are at z ≤ 0.05. We divide the galaxies into two magnitude subsamples

(dashed lines) to reduce the magnitude effects.

In Figure 2.7, we show the fraction of each spectral type for two galaxy samples
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Figure 2.6 (a) Absolute B-band magnitudes vs. redshifts for compact group galaxies

in this study (circles) and in Mart́ınez et al. (2010, crosses). Redshift and magni-

tude histograms for these samples are shown in (b) and (c), respectively. Hatched

histograms represent the distribution of the galaxies in this study, while filled his-

tograms denote that of compact group galaxies in Mart́ınez et al. (2010). Horizontal

dashed lines denote the lines of demarcation of two magnitude bins that are used in

Figure 2.7.
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Figure 2.7 Fractions of each spectral type for compact group galaxies in two magni-

tude bins; (a) −22.0 < MB ≤ −20.5 and (b) −20.5 < MB ≤ −19.0. Diamonds and

circles, respectively, represent the fractions based on the BPT and the BPT+N2Hα

methods in this study. Triangles represent those in Mart́ınez et al. (2010). Each point

is arbitrarily shifted along the x-axis to show symbols and error bars better.
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(this study and Mart́ınez et al. 2010). The left and right panels are for bright and

faint galaxy subsamples. In both panels, the fractions of composite galaxies and pure

AGN based on the BPT method in this study (red solid lines) are significantly lower

than those for Mart́ınez et al. (2010). Note that Mart́ınez et al. (2010) included

weak emission-line galaxies, and used the N2Hα method. When we use the same

classification method as Mart́ınez et al. (2010) (i.e., N2Hα method), the fractions

in this study (blue dotted lines) are similar to those in Mart́ınez et al. (2010, black

dashed lines). This demonstrates that the estimated AGN fraction is strongly af-

fected by the AGN selection method. This also emphasizes the importance of using a

consistent AGN selection method to have a fair comparison between different galaxy

samples.

Table 2.1 shows that the AGN fraction based on the BPT+N2Hα method is

higher than those based on other AGN selection methods. This could result from

a contamination from ‘fake’ AGN to the AGN sample in the N2Hα method. For

example, the galaxies with small Hα equivalent widths (i.e., < 3 Å) are classified

as ‘retired’ or ‘passive’ galaxies in the WHAN method (Cid Fernandes et al. 2011).

However, these galaxies are classified as either star-forming, composite or AGN in the

N2Hα method even though their emission lines are very weak. Actually, 22 composite

galaxies and 40 pure AGN based on the N2Hα method have Hα equivalent widths

smaller than 3Å, suggesting that the classification of these galaxies can be uncertain.

We also examine the mid-infrared colors of compact group galaxies to identify

AGN missed by the spectral diagnostics. We use the Wide-Field Infrared Survey

Explorer (WISE, Wright et al. 2010) all-sky source catalog, containing photometric

data for over 563 million objects at four MIR bands (3.4, 4.6, 12, and 22 µm). We use

Because of increasing magnitude limit with redshift in our sample (see Figure 2.6), the faint

galaxy sample may not be complete. However, we confirm that the results do not change even if we

use the galaxies not affected by the magnitude limit.

http://wise2.ipac.caltech.edu/docs/release/allsky/#src cat
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the point-source profile-fitting magnitudes, and restrict our analysis to the sources

with S/N ≥ 3 at 3.4, 4.6 and 12 µm bands.

The combination ofWISE colors is useful for identifying dusty AGN-host galaxies

(e.g., Jarrett et al. 2011; Mateos et al. 2012; Hwang et al. 2012b,c). We show the

WISE color-color distribution of compact group galaxies in Figure 2.8. We also

overplot two AGN selection criteria proposed by Jarrett et al. (2011, dotted line)

and Mateos et al. (2012, dashed line). Interestingly, none of compact group galaxies

are selected as AGN in this plot, suggesting that there are few dusty AGN-host

galaxies in compact groups.

2.5.2 Are the compact groups favored environments for the activity

in galactic nuclei?

We find that the AGN fraction in compact groups is not the highest among various

galaxy environments. If we assume that the activity in galactic nuclei is triggered

through galaxy-galaxy interactions, the low AGN fraction in compact groups can

suggest that galaxy-galaxy interactions are not frequent in compact groups. This

is different from what is usually expected in compact group environment; compact

group galaxies would experience frequent interactions and mergers because of their

high galaxy number density and low velocity dispersion (Rubin et al. 1991; Forbes

et al. 2006; McIntosh et al. 2008). However, Zabludoff & Mulchaey (1998) pointed

out that the galaxy interaction rate in X-ray detected groups could be indeed lower

than for galaxy-dominated systems because only 10−20% of mass of X-ray detected

groups is associated with individual galaxies.

On the other hand, the compact groups are considered to be dynamically old

systems that already underwent interaction frequent stage. The high fraction of

early-type galaxies (∼ 65%) in the current epoch also suggests that the compact

group galaxies could have experienced frequent galaxy interactions in early epoch.
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For example, Wilman et al. (2009) found that the fraction of S0 galaxies in z ∼ 0.4

groups is already much higher than those in the field, suggesting that the morpho-

logical transformation occurred at the early times. The nuclear activity of compact

group galaxies may also have been triggered with morphological transformation at

early epoch, and then be turned off in the present epoch probably because of lack

of fuel (i.e., gas).

In other words, the lower AGN fraction of early-type compact group galaxies

than for early-type field galaxies could be understood in terms of lack of gas to fuel

SMBHs. Galaxy-galaxy interactions can produce a gas inflow to the central regions of

galaxies, and then can trigger both nuclear activity and star formation (e.g., Storchi-

Bergmann et al. 2001). However, if there is no gas left in the interacting galaxies, the

nuclear activity cannot be triggered in spite of frequent galaxy interactions (Park &

Choi 2009; Park & Hwang 2009). As shown in Figures 2.3 and 2.4, the AGN fraction

of early-type galaxies is lower in high-density regions than in low-density regions.

This suggests that compact group galaxies contain less amount of gas than field

galaxies because the galaxies in compact groups might have consumed or lost their

gas. This argument is supported by the atomic gas depletion observed in Hickson

compact groups (Verdes-Montenegro et al. 2001). Verdes-Montenegro et al. found

that the HI deficiency is stronger for compact groups with more early-type galaxies.

These imply that galaxy interactions involving early-type galaxies in compact groups

do not trigger nuclear activity because of lack of gas. This interpretation is also valid

for early-type cluster galaxies that might have consumed or lost most of their gas

(see Hwang et al. 2012a).

For late-type galaxies, the AGN fraction varies little with the environment. The

atomic gas in late-type compact group galaxies also seems to be depleted as in

early-type compact group galaxies (Verdes-Montenegro et al. 2001). However, the

amount of molecular gas in late-type compact group galaxies is still similar to that
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in field galaxies (Martinez-Badenes et al. 2012). This suggests that the cold gas

(mainly molecular gas) of late-type galaxies in compact groups or clusters are not

be stripped or consumed yet. This could be because late-type galaxies in compact

groups or clusters are accreted recently (Biviano & Katgert 2004; Hwang & Lee

2008). Similarly, Haines et al. (2012) concluded that X-ray AGN in their galaxy

clusters at 0.15< z <0.30 appear to be an infalling population. These results suggest

that late-type AGN host galaxies in compact groups or clusters can still feed their

SMBHs to be active using the gas that they keep from the field (Martini et al. 2009;

Haggard et al. 2010; Hwang et al. 2012a). Therefore, the AGN fractions for late-type

galaxies are similar in high- and low-density regions.

We also find that there are few dusty AGN-host galaxies in compact groups

(see Figure 2.8). Considering that the dust depletion in cluster galaxies is strongly

connected to the atomic gas depletion (Cortese et al. 2012), the lack of dusty AGN

in compact groups is consistent with expectation (Verdes-Montenegro et al. 2001).

2.6 SUMMARY

Using 238 spectroscopically selected member galaxies in 58 compact groups at 0.03 ≤

z ≤ 0.15, we study the activity in galactic nuclei in compact groups. We also compare

nuclear activity of compact group galaxies with those of cluster and field galaxies.

Our primary results are summarized as follows.

1. Among the 238 compact group galaxies, we determine the spectral types of

83 galaxies with strong emission lines based on the BPT method. We also use

WHAN and N2Hα methods to classify other 71 galaxies with weak emission

lines.

2. We find a strong environmental dependence of AGN fraction for early-type

galaxies: highest in the field, but lowest in cluster regions. We confirm this



AGN in Compact Groups 41

trend with the surface galaxy number density, Σ3. These results suggest the

nuclear activity in early-type galaxies is not strong in high-density regions

because of lack of gas to fuel SMBHs.

3. The AGN fraction for late-type galaxies shows little environmental depen-

dence. This can indicate that late-type galaxies in compact groups are accreted

recently, thus they can still keep their gas to fuel SMBHs.

4. L[OIII] and L[OIII]/MBH of AGN-host galaxies are higher in late-type galaxies

than in early-type galaxies. L[OIII] and L[OIII]/MBH of AGN-host galaxies do

not show any environmental dependence.

5. We find no dusty AGN-host galaxies in our galaxy sample of compact groups.
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Chapter 3

COMPACT GROUPS OF

GALAXIES WITH

COMPLETE

SPECTROSCOPIC

REDSHIFTS IN THE LOCAL

UNIVERSE

3.1 INTRODUCTION

Compact groups of galaxies provide a very dense environment for the study of galaxy

evolution. These groups contain a few galaxies separated by projected distances of

only a few tens of kiloparsec, comparable with the galaxy sizes. Compact groups

are thus the densest galaxy systems known. The line-of-sight velocity dispersions of

43
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these groups (∼ 200 km s−1, Hickson et al. 1992) are lower than those of clusters

(500−1000 km s−1, Rines & Diaferio 2006; Hwang et al. 2012a), but comparable with

many loose groups (Einasto et al. 2003). The high density, low velocity dispersion,

and short crossing time of compact groups make them a test-bed for the study of

galaxy interactions (e.g. Hickson et al. 1992; Mendes de Oliveira & Hickson 1994;

Bitsakis et al. 2011; Sohn et al. 2013; Bitsakis et al. 2014; Fedotov et al. 2015).

The physical processes important for the formation and evolution of compact

groups remain unclear. The mere survival of these systems for times much longer

than a few crossing times has been a long-standing puzzle. Several numerical sim-

ulations showed that galaxies within a compact group should merge and the group

should thus disappear (Barnes 1985, 1989; Mamon 1987). In fact, Barnes (1989)

proposed that compact group galaxies merge into a single elliptical galaxy on a very

short time scale (< 0.02 Hubble time), comparable with the observed crossing time

(Hickson et al. 1992; Pompei & Iovino 2012). Other simulations suggested that com-

pact groups can survive much longer than the crossing time (Governato et al. 1991;

Athanassoula et al. 1997). Governato et al. (1991) showed that for galaxies with

a mass range appropriate to compact groups, some group members may remain in

quasi-stable orbits for billions of years. Athanassoula et al. (1997) suggested that

compact groups survive because galaxies are embedded in a common halo. In yet

another picture, Diaferio et al. (1994) proposed that compact groups form within a

single rich loose group and they can thus acquire new members from the surround-

ing environment thus lengthening their apparent lifetime. The number density of

compact groups as a function of epoch may thus depend not only on the merger rate

of galaxies within them but also on the replenishment with new members accreted

from the surroundings.

The environments of compact groups are an important clue to understanding

their formation and evolution. Known compact groups inhabit a range of environ-
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ments ranging from clusters and rich groups to low density regions. Ramella et al.

(1994) found that 76% of a sample of 38 Hickson compact groups are embedded

in rich groups. Several studies showed that a significant fraction of compact groups

are embedded in clusters, rich groups, less dense poor groups and in the surround-

ing larger-scale structures (Rood & Struble 1994; Ribeiro et al. 1998; Andernach &

Coziol 2005; Mendel et al. 2011; Pompei & Iovino 2012). In some of these studies

neither the compact group candidates nor the environments have complete redshift

measurements (e.g. see the discussion by Mendel et al. 2011). A fuller understanding

of the environmental issues affecting the formation and evolution of compact groups

requires a complete spectroscopy of compact group candidates within a large volume

redshift survey.

The abundance of compact groups as a function of redshift is also a potential

constraint on the evolution of these systems. For example, Kroupa (2015) suggested

that the abundance of compact groups should decline significantly over a 1 Gyr

timescale for halos composed of exotic dark matter particles. The suggestion by

Kroupa (2015) tacitly assumes that compact groups do not accrete new members

from the environment in contrast with the model proposed by Diaferio et al. (1994).

To date there are no direct observational measures of the number density evolution

of compact groups to test these conjectures.

There have been several attempts to construct larger catalogs of compact groups

(Rose 1977; Hickson 1982; Prandoni et al. 1994; Iovino et al. 2003; Lee et al. 2004;

de Carvalho et al. 2005; McConnachie et al. 2009). Hickson (1982) published a

widely used catalog of 100 compact groups. McConnachie et al. (2009) used Hickson’s

criteria to identify compact groups in the photometric data of the Sloan Digital Sky

Survey (SDSS) data release 6 (DR6, Adelman-McCarthy et al. 2008). Currently

the sample of McConnachie et al. (2009) is the largest catalog of compact groups

containing 77088 tentative groups in total. However, McConnachie et al. (2009)
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mentioned that at least 55% of their compact group candidates identified from the

magnitude-limited sample with 14.5 < r < 18.0 are contaminated by interlopers as

a result of their selection based on photometric data.

Redshift surveys of compact group candidates provide a basis for cleaner catalogs

that are better suited to testing models for the formation and evolution of these

system (Hickson et al. 1992; Pompei & Iovino 2012). Hickson et al. (1992) showed

that 69 of the 100 compact groups in his original catalog include four or more

members with accordant redshifts. Similarly, Pompei & Iovino (2012) observed 138

compact groups candidates drawn from the second digital Palomar Observatory Sky

Survey (Iovino et al. 2003; de Carvalho et al. 2005); 96 of these contain three or

more galaxies with accordant redshifts (DPOSS II compact groups hereafter). The

70% success rate for these two catalogs underscores the importance of spectroscopic

observations for constructing a robust sample of compact groups.

We conduct a spectroscopic survey of compact group candidates in the SDSS

DR6 to construct an updated sample of compact groups with complete redshifts.

By adding 2064 redshifts, we construct the largest catalog of compact groups with

complete spectroscopic redshifts. Based on this sample, we examine the physical

properties of compact groups including size, velocity dispersion, space density and

local environment. We compare these properties with the Hickson and the DPOSS

II groups. We show that the physical characteristics of the groups in our catalog

are not a strong function of the redshift of the system. We also estimate upper and

lower limits to the number density of compact groups as a function of redshift for

the range 0.02 < z < 0.16. These estimates are a first step toward using the number

density as a test of models for the evolution of these systems.

Section 2 describes the basic sample used to construct the compact group cat-

alog. Section 3 explains the method of identifying compact group members once

the redshifts are measured. We examine the physical properties of the sample com-
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pact groups with complete redshifts and compare them with other compact group

catalogs in §4. We summarize in §5. Throughout, we adopt ΛCDM cosmologi-

cal parameters H0 = 100h km s−1 Mpc−1, ΩΛ = 0.7, and Ωm = 0.3. We use

H0 = 100h km s−1 Mpc−1 to facilitate comparison with earlier work.

3.2 DATA

3.2.1 Parent Sample

McConnachie et al. (2009) used Hickson’s criteria (Hickson 1982) to identify com-

pact group candidates in the photometric sample of SDSS DR6 galaxies. Hick-

son’s criteria can be expressed as follows: N(∆m < 3) ≥ 4, RN ≥ 3RG, and

µgr < 26.0 mag arcsec−2. N(∆m < 3) means the total number of member can-

didate galaxies within 3 mag of the brightest galaxy in a system. RG is the angular

size of the smallest circle containing all members, and RN is the angular size of

the largest circle that includes no additional galaxies within 3 mag of the brightest

galaxy. µgr is the mean surface brightness within the circle of radius RG. Based on

the Hickson’s criteria, McConnachie et al. (2009) constructed two compact group

candidate catalogs from the two magnitude-limited galaxy samples: catalog A from

the 14.5 ≤ r ≤ 18.0 and catalog B from the 14.5 ≤ r ≤ 21, 0. The catalog A and cat-

alog B list 2297 and 74791 compact group candidates with 9713 and 313508 tentative

member galaxies, respectively.

We used the catalog A as the parent sample because the spectroscopic complete-

ness of catalog A is much higher than for catalog B. However, only a small fraction

of group candidates in catalog A were confirmed as genuine compact groups with

spectroscopic redshifts for all of the apparent members. There are only 70 complete

compact groups in their catalog that contain four or more members with velocity

difference from the mean group velocity less than 1000 km s−1 (see Table 3.1).
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Table 3.1. Statistics of Sample Compact Groups

Survey N ≥ 4 CGs N = 3 CGs N = 3 incomplete CGs

(members) (members) (members)

McConnachie et al. (2009) 70 (291) 55 (165) 191 (573)

SDSS DR12 164 (685) 125 (375) 346 (1038)

This study 192 (799) 140 (420) 395 (1185)
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3.2.2 Redshift Data: FLWO/FAST Observation

To construct a sample of compact groups with complete redshifts, we conducted

a redshift survey of the galaxies in the fields of compact group candidates in Mc-

Connachie et al. (2009). Among the candidate group galaxies in McConnachie et

al. (2009) (see their Table 3), we primarily targeted the galaxies in groups that

already have two or three members with measured redshifts. We then ranked the

targets by their apparent magnitude; they have r−band magnitudes in the range

14.2 < r < 17.0. Figure 3.1 shows the color-magnitude diagram for the target galax-

ies. We use the extinction-corrected Petrosian magnitudes from the SDSS DR12.

We also plot the compact group galaxies identified with the SDSS DR6 and DR12

redshift data. The FAST target galaxies are generally brighter than compact group

galaxies with the SDSS redshifts. The color distribution of compact group galaxies

shows a peak at g − r ∼ 0.8.

We obtained long-slit spectra of 193 galaxies with FAST spectrograph (Fabricant

et al. 1998) installed on the 1.5m Tillinghast telescope at the Fred Lawrence Whipple

Observatory (FLWO) from 2013 May to 2014 May. We used a long slit with 3 arcsec

width and a 300 line grating providing spectral resolution of 2.94Å and a dispersion

of 1.47Å pixel−1. The spectra cover a wavelength range 3470−7420Å. The exposure

times range from 900 to 1800s depending on the brightness of the target galaxy.

The basic data reduction is done using IRAF. The radial velocity of each galaxy is

measured with the rvsao (Kurtz & Mink 1998) task in IRAF. During the pipeline

processing, spectral fits are assigned a quality flag of ‘Q’ for high-quality redshifts,

’?’ for marginal cases, and ’X’ for poor fits. Among the 193 spectra obtained in

this study; five of these have an ’X’ flag and three have a ’?’ flag, and we do not

include these objects in the analysis. The mean of velocity measurement errors of

the FLWO/FAST spectra for compact group galaxies is 18 km s−1.

We supplement these data with redshifts from the literature (see Hwang et al.
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Figure 3.1 (a) The g − r vs. r color magnitude diagram of FLWO/FAST target

galaxies compared with compact group galaxies from McConnachie et al. (2009)

(triangles) and SDSS DR12 (crosses). Dots indicate compact group candidate galax-

ies without redshifts. (b)-(c) The r-band magnitude and g − r color distributions

for compact group galaxies with SDSS DR6 redshifts (filled histogram), those with

SDSS DR12 redshifts (open histogram), and FLWO/FAST target galaxies (hatched

histogram).
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2010 for details) including the FAST archive and the SDSS DR12 (Alam et al. 2015).

There are two redshifts from the FAST observations between 2006 and 2008 as part

of an unpublished study of low-redshift clusters and groups (P.I.: K. Rines). There

are 161 and 1718 new redshifts from the literature and SDSS DR12 for the galaxies

in the fields of compact group candidates in McConnachie et al. (2009). The total

number of redshifts we add to the McConnachie et al. (2009) catalog is 2064.

3.3 A SAMPLE OF COMPACTGROUPS WITHRED-

SHIFTS

We combined the 2064 additional redshifts with the existing data for galaxies in

the fields of compact group candidates in McConnachie et al. (2009). We use only

galaxies with spectroscopic redshift to determine compact group membership.

We first compute the median redshift of compact group member candidates as

a tentative group redshift. We then calculate the line-of-sight velocity differences

between member candidates and the median redshift of compact group member

candidates, and remove foreground and background galaxies with line-of-sight ve-

locity differences larger than 1500 km s−1. We use the mean velocity of the remaining

group galaxies as a group systemic redshift. We finally select member galaxies in each

group that have concordant redshifts of |vgalaxy − vgroup| ≤ 1000 km s−1, following

the velocity separation of CG galaxies used in previous studies (Hickson et al. 1992;

Mendel et al. 2011; Pompei & Iovino 2012).

We adopt galaxy morphology information for the compact group galaxies from

the Korea Institute for Advanced Study (KIAS) DR7 value-added catalog (VAGC)

(Choi et al. 2010). Choi et al. (2010) classified the morphology of galaxies using the

u − r color, the g − i color gradient, and the i band concentration index following

the automatic classification scheme suggested by Park & Choi (2005). We used the
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SDSS images and visually inspected galaxies not included in the KIAS DR7 VAGC.

There are three types of compact groups in our spectroscopic sample: groups with

≥ 4 members (N ≥ 4 compact groups hereafter), groups with 3 members (N = 3

compact groups hereafter), and incomplete groups with three confirmed members

(N = 3 incomplete compact groups hereafter). Because the N = 3 incomplete

compact groups can potentially contain more members, we do not use these N = 3

incomplete groups for further analysis.

Hickson (1982) originally defined compact groups with N ≥ 4 members rather

than with N ≥ 3 members. Duplancic et al. (2013) compared the properties (i.e.

stellar mass, star formation rate and color) of compact triplets with those of larger

compact group candidates. They concluded that galaxy triplets do not differ from

more populated compact groups, but they do differ from galaxy pairs and clusters.

Many previous studies have included N = 3 compact groups for their analysis when

all three galaxies have measured redshifts. We thus include the N = 3 compact

groups.

Table 3.1 summarizes the results of our compact group selection. In the original

catalog of McConnachie et al. (2009), there are 70 N ≥ 4 and 55 N = 3 genuine

compact groups with 291 and 165 members, respectively. By adding the SDSS DR12

data, the number of compact groups increases to 164 N ≥ 4 and 125 N = 3 compact

groups with 685 and 375 members, respectively. Finally our FLWO/FAST observa-

tions contribute an additional 28 N ≥ 4 and 15 N = 3 complete compact groups

for a final sample of 192 N ≥ 4 and 140 N = 3 compact groups with 799 and 420

member galaxies, respectively. Among the N ≥ 4 compact groups, there are 164, 26,

1 and 1 groups with N = 4, 5, 6 and 7 members. We also identified 395 N = 3 incom-

plete compact groups with 1185 member galaxies. The number of compact groups

with complete spectroscopic redshifts in this study is about three times larger than

the number in the original McConnachie et al. (2009) catalog.
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The new redshift data also identify many chance alignments among the com-

pact group candidates of McConnachie et al. (2009). There are 144 and 9 compact

group candidates that turn out to be chance alignments of galaxies with discor-

dant redshifts based on the SDSS DR12 and FLWO/FAST data, respectively. This

substantial number of chance alignments clearly underscores the importance of spec-

troscopic redshifts for reducing the contamination the compact group sample.

The data yield a measure of the interloper fraction for our sample groups. These

interlopers are galaxies initially selected as candidate group members, but the red-

shift shows that they are non-members. We base the estimate of the interloper frac-

tion on the N ≥ 4 and N = 3 compact groups and chance alignments where most

candidate group galaxies in McConnachie et al. (2009) have measured redshifts. We

exclude N = 3 incomplete compact groups and group candidates, because we do not

know the exact number of interlopers with redshift in these groups. Table 3.2 lists

the numbers of compact group candidate galaxies and the number of interlopers.

The interloper fraction we estimate for the original McConnachie et al. (2009) cata-

log is 52.5± 1.6%, consistent with their estimate of 55%. The error of the interloper

fraction represents 1−σ standard deviation of the interloper fractions from the 1000

times resamplings. The interloper fractions for the groups we complete with the

SDSS DR12 and FLWO/FAST data are slightly smaller than the estimate for the

McConnachie et al. (2009) catalog. We add many redshifts of bright galaxies from

FLWO/FAST and SDSS DR12 data sets that are more likely to be true members

of the groups than the fainter candidates also included in the McConnachie et al.

(2009) estimate (see Figure 3.1).

We examine whether there are any compact groups close to galaxy clusters using

the NASA Extragalactic Database (NED): |vgroup − vcluster| < 3000km s−1 and

Rprojected < 1h−1 Mpc, typical virial radius (R200) for galaxy clusters (Rines et

al. 2013). Only 69 (21%) of our sample compact groups are near known massive
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Table 3.2. Interloper Statistics for Compact Groups

Redshift Survey Ntotal
a Ninterloper finterloper

b

McConnachie et al. (2009) 958 503 52.5 ± 1.6%

SDSS DR12 1883 815 43.3 ± 1.1%

FLWO/FAST 242 83 34.3 ± 3.2%

Total 2125 898 42.3 ± 1.1%

aThe number of galaxies in N ≥ 4 and N = 3 compact

groups, and chance alignments.

bThe error of the interloper fractions represent 1σ stan-

dard deviation from 1000-times bootstrap resamplings.
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clusters. Even we applied the generous criteria |vgroup − vcluster| < 6000km s−1

and Rprojected < 1h−1 Mpc, following Mendel et al. (2011), the number of compact

groups within the known massive clusters changes little to 80 (24%). These fractions

are much lower than the result from the previous studies, who suggested that 35%

(Pompei & Iovino 2012)and 50% (Mendel et al. 2011) of compact groups are located

near rich groups with similar criteria. Mendel et al. (2011) used the compact groups

identified with photometric redshifts and N > 4 rich groups selected from SDSS

DR7 (Tago et al. 2010) to investigate the local environments of compact groups.

Because we use only the compact groups that were selected with complete redshifts

and known massive clusters, the result in this study could be more reliable.

Table 3.3 lists 332 compact groups with N ≥ 3 including ID, R.A., Decl., num-

ber of members, group redshift, group size, group number density, velocity disper-

sion, and neighboring clusters if there are any. Table 3.4 lists 1473 galaxies in the

fields of compact groups in Table 3.3 including ID, R.A., Decl., morphology, r−band

magnitude, g − r color, membership flag, redshifts and its source. We list only the

galaxies originally included in the compact group galaxy catalog of McConnachie et

al. (2009).

In Table 3.5, we also list 139 galaxies with FLWO/FAST redshifts, not included

as member galaxies of N ≥ 4 and N = 3 compact groups listed in Table 3.3. Among

the 139 galaxies, 49 are in N = 3 incomplete compact groups and nine galaxies are

in chance alignments. The other 81 galaxies are in compact group candidates that

can be confirmed as groups if we secure redshifts for the other member galaxies.

These groups require further spectroscopic observation.
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Table 3.3. A Catalog of Spectroscopically Identified Compact Groups∗

IDa
R.A. Decl.

nmem zb
Rgr

b Rgr
b log ρb σb

Nearby clusterc

(J2000) (J2000) (arcmin) (h−1 kpc) (h3 Mpc−3) (km s−1)

SDSSCGA00027 5.91056 -0.78910 3 0.0633 ± 0.0003 0.325 ± 0.070 16.6 ± 3.6 5.19 ± 4.60 140± 20 SDSS-C42022

SDSSCGA00029 204.18318 -3.49931 3 0.0531 ± 0.0000 0.118 ± 0.027 5.1± 1.2 6.72 ± 6.17 14± 6

SDSSCGA00035 141.03156 13.21444 4 0.0780 ± 0.0009 0.433 ± 0.076 26.9 ± 4.7 4.69 ± 4.14 500± 69

SDSSCGA00037 10.36639 -9.23039 3 0.0470 ± 0.0001 0.263 ± 0.077 10.2 ± 3.0 5.83 ± 5.28 76± 25

SDSSCGA00042 155.54219 38.52117 4 0.0549 ± 0.0007 0.586 ± 0.131 26.3 ± 5.9 4.72 ± 4.18 470± 64 400dJ1020+3831

SDSSCGA00046 127.02769 44.76412 4 0.1465 ± 0.0004 0.267 ± 0.076 28.7 ± 8.2 4.61 ± 4.11 320± 73 Abell0667

SDSSCGA00070 157.91676 36.01777 4 0.0861 ± 0.0002 0.401 ± 0.073 27.2 ± 5.0 4.68 ± 4.14 180± 29 NSCSJ103122+355649

SDSSCGA00071 31.82000 -1.01116 4 0.1181 ± 0.0010 0.383 ± 0.072 34.3 ± 6.5 4.37 ± 3.81 600 ± 130

SDSSCGA00090 141.44824 7.72078 4 0.1360 ± 0.0008 0.333 ± 0.075 33.6 ± 7.6 4.40 ± 3.90 540 ± 120

SDSSCGA00110 147.18958 25.49768 3 0.0455 ± 0.0000 0.344 ± 0.072 12.9 ± 2.7 5.52 ± 4.95 22± 7

∗A portion of whole catalog is shown here for guidance regarding its form and content. This table is available in its entirety in a machine-

readable form in the following reference: astro.snu.ac.kr/jbsohn

aThe ID comes from Table 1 in McConnachie et al. (2009).

bThe errors represent 1-σ deviation from the 1000-times bootstrap resampling.

cKnown galaxy clusters in NED with Rprojected < 30′′.
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Table 3.4. A Catalog of Member Galaxies in Spectroscopically Identified

Compact Groups∗

IDa R.A. (J2000) Decl. (J2000) Morph.b r g − r Membershipc z Redshift sources

SDSSCGA00027.1 5.90833 -0.78417 1 15.42 0.85 1 0.0636 ± 0.00002 SDSS

SDSSCGA00027.2 5.91375 -0.79242 1 16.47 0.90 1 0.0636 ± 0.00002 SDSS

SDSSCGA00027.3 5.90958 -0.79072 1 16.53 0.90 1 0.0627 ± 0.00001 SDSS

SDSSCGA00027.4 5.91083 -0.79033 1 16.94 1.16 0 0.2724 ± 0.00007 SDSS

SDSSCGA00029.1 204.18459 -3.49792 1 14.90 0.83 1 0.0531 ± 0.00015 NED

SDSSCGA00029.2 204.18333 -3.50086 2 15.59 0.79 1 0.0531 ± 0.00008 FLWO

SDSSCGA00029.3 204.18167 -3.49914 1 16.12 1.08 1 0.0530 ± 0.00002 SDSS

SDSSCGA00029.4 204.17500 -3.50419 1 17.58 0.86 0 0.0870 ± 0.00002 SDSS

SDSSCGA00035.1 141.03000 13.21414 1 15.52 0.88 1 0.0789 ± 0.00001 SDSS

SDSSCGA00035.2 141.03749 13.21878 2 14.32 0.90 1 0.0764 ± 0.00012 FLWO

∗A portion of whole catalog is shown here for guidance regarding its form and content. This table is available in its entirety

in a machine-readable form in the following reference: astro.snu.ac.kr/jbsohn

aThe ID comes from Table 3 in McConnachie et al. (2009).

bMorphology flag : 1 for early-type galaxies, 2 for late-type galaxies.

cMembership flag : 1 for members, 0 for non-members, 9 for those without redshifts.



58 Redshift Survey of Compact Groups

Table 3.5. A Catalog of FLWO/FAST Target Galaxies, Non-Members of

Compact Groups

IDa R.A. (J2000) Decl. (J2000) r g − r z

SDSSCGA00012.1 116.18042 16.92258 15.36 0.92 0.0751 ± 0.00009

SDSSCGA00012.2 116.17667 16.92736 15.95 0.85 0.0717 ± 0.00008

SDSSCGA00021.1 178.52542 3.92100 15.32 0.86 0.0747 ± 0.00001

SDSSCGA00023.2 130.04375 8.99811 15.75 0.96 0.0662 ± 0.00015

SDSSCGA00067.1 176.31375 11.49378 15.08 1.13 0.1141 ± 0.00002

aThe ID comes from Table 3 in McConnachie et al. (2009).



Redshift Survey of Compact Groups 59

3.4 RESULTS

3.4.1 The Physical Properties of Compact Groups

Physical Properties

Figure 3.2 shows the absolute r−band magnitudes of individual compact group

member galaxies as a function of redshift. The sample galaxies are distributed over

a redshift range 0.015 < z < 0.212 and a magnitude range −22.5 < Mr < −16.0. The

plot shows no significant difference in redshift and magnitude distribution for N ≥ 4

and N = 3 compact group galaxies. For comparison, we plot the absolute r−band

magnitudes of the Hickson compact group members. The sample here extends to a

higher redshift limit than the Hickson sample.

Figure 3.3 shows the group velocity dispersion as a function of redshift. The

median redshift for our sample is z = 0.08. There are more N = 3 compact groups

than N ≥ 4 groups at z > 0.15, but the most distant compact groups are one

of N ≥ 4 at z = 0.211. There is actually no significant difference in the redshift

distribution between the two types of compact groups. The velocity dispersions of

N ≥ 4 and N = 3 compact groups appear to increase slightly with redshift, but the

change is within the uncertainties.

The top panel in Figure 3.3 shows the space density of compact groups. To

compute the space density, we first count all the compact groups in McConnachie

et al. (2009) including the N ≥ 4 and N = 3 compact groups, N = 3 incomplete

compact groups, and group candidates in the volume spanned by the 8032 square-

degrees of SDSS DR7 main galaxy survey. Because some group candidates may

not be genuine compact groups, these numbers give upper limits. We then use the

spectroscopically complete N ≥ 4 compact groups, N = 3 compact groups, and the

N = 3 incomplete compact groups to compute the lower limits. Because we use a

magnitude-limited sample of galaxies to identify compact groups, the variation in



60 Redshift Survey of Compact Groups

0.00 0.05 0.10 0.15 0.20
z

-16

-18

-20

-22

M
r

SDSS DR12 galaxies
Hickson CG galaxies
N = 3 CG galaxies   
N ≥ 4 CG galaxies

SDSS DR12 galaxies
Hickson CG galaxies
N = 3 CG galaxies   
N ≥ 4 CG galaxies

(a)

50

100

150

N

50

100

150

N

50

100

150

N

N ≥ 4 CG galaxies
N = 3 CG galaxies

Hickson CG galaxies

(b)

25 50 75
N

(c)

Figure 3.2 (a) Mr – z diagrams for the galaxies in N ≥ 4 compact groups (circles)

and N = 3 complete compact groups (triangles) in our catalog, and for N ≥ 3

Hickson compact group galaxies (crosses). Grey dots indicate SDSS DR12 galaxies

(we display only 1% of the data for clarity). The box defines a volume-limited sample

of SDSS DR10 galaxies used for computing surface number densities (see Section 5).

(b) The redshift distributions and (c) the Mr distributions for our sample compact

group galaxies and Hickson compact group galaxies.
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Figure 3.3 (a) The velocity dispersion (σ) distribution vs. the redshifts of N ≥ 4

compact groups (circles) and N = 3 compact groups (triangles). Larger symbols

represent the median values for each type. (b) and (c) shows the redshifts and velocity

distributions of N ≥ 4 compact groups (filled histogram) and N = 3 compact groups

(hatched histogram). (d) The volume number density of compact groups in this study

as a function of redshift.
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the absolute magnitude limit as a function of redshift affects the observed space

density of compact groups.

To correct for this effect, we use the results of Tempel et al. (2014) who computed

the space densities of SDSS groups for several galaxy samples including volume-

limited samples with different redshift limits and a magnitude-limited sample. Be-

cause the space density of compact groups in volume-limited samples changes with

different redshift and absolute-magnitude limits, we can use this change as a function

of redshift to correct for the effect of the variation in the absolute magnitude limit

as a function of redshift in a magnitude-limited sample. We thus derive the relation

between the SDSS group space density and the redshift using the volume-limited

samples of Tempel et al. (2014, see their Table 1). and weight the space density of

compact groups in this study by the inverse of the SDSS group space density in each

redshift bin.

The top panel in Figure 3.3 shows that the space density of compact groups

changes little with redshift. The space density appears to change in the redshift

range 0.02 < z < 0.08, but the change is not significant given the uncertainty of the

space density (i.e. the width of the band). If this change is real, it probably results

from one of Hickson’s selection criteria for compact groups; the isolation criterion

requires there be no other galaxies, within three magnitude of the brightest group

galaxy, and within three group radii of the center. This criterion was introduced

to avoid very dense regions like cluster centers, but it also tends to reject nearby

groups derived from photometric samples of galaxies. Barton et al. (1996) indeed

showed that the space density of compact groups does not change in the redshift

range 0.00 < z < 0.03 when the compact groups are identified directly from a

spectroscopic sample of galaxies based on the friends-of-friends algorithm. We plan

to examine this issue in more detail in a forthcoming paper based on compact groups

identified from a spectroscopic sample of galaxies.
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Kroupa (2015) suggested that there would be more compact groups 1 Gyr ago

(e.g. z ∼ 0.1) than in the current universe if compact groups collapse into a single

elliptical galaxies in a short timescale. Our results suggest that the space density of

compact groups does not change significantly with redshift. Thus compact groups

either survive longer than 1 Gyr or they are replenished constantly with galaxies in

the surrounding region.

To study the cause of the possible slight increase in the velocity dispersion of com-

pact groups with redshift in Figure 3.3, we plot the velocity dispersion of compact

groups as a function of the total group luminosity (Figure 3.4). The total luminosity

is the sum of luminosities of the members. The velocity dispersion increases with

total luminosity; the correlation tests including Pearson’s, Spearman’s and Kendall’s

result in correlation coefficients of 0.27-0.38 with the two-sided significance of ∼ 0,

indicating a weak, but significant correlation. The distribution for compact groups

within rich clusters does not differ from the other groups. Compact groups at higher

redshifts tend to have higher total luminosities (as a result of selection) and have

higher velocity dispersion than nearby compact groups. Thus the slight increase in

velocity dispersions of compact groups with redshift in Figure 3.3 reflects the higher

total luminosities of the higher redshift systems.

Morphological Properties

We next examine the morphological dependence of physical properties of compact

group galaxies. Both N ≥ 4 and N = 3 compact groups show higher fractions of

early-type galaxies than late-type galaxies (Table 3.6). We find that 65.3 ± 1.7%

and 56.0 ± 2.3% of N ≥ 4 and N = 3 compact group galaxies are early types,

respectively. In total, 62.1± 1.4% of compact group galaxies are early types; this is

higher than the fraction of early-type galaxies in the Hickson compact groups (i.e.

51 ± 2%, Hickson et al. 1988), but similar to that for local galaxy clusters (Park &
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Figure 3.4 Velocity dispersion vs. total luminosity of compact groups. Circles and

starlets show compact groups in normal environments and compact groups within

rich clusters, respectively. Lighter colored symbols represent compact groups at

higher redshifts.
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Table 3.6. Morphology Composition of Our Sample Compact Groups

Early-type galaxies Late-type galaxies

N ≥ 4 522 (65 ± 1.7%) 277 (35 ± 1.7%)

N = 3 235 (56 ± 2.3%) 185 (44 ± 2.3%)

Total 757 (62 ± 1.4%) 462 (38 ± 1.4%)
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Hwang 2009).

Figure 3.5 shows the rest-frame groupcentric velocities of galaxies as a function

of projected groupcentric radius (i.e. R-v diagram) for N ≥ 4 compact groups. We

distinguish early- and late-type galaxies with different symbols (open circles and

triangles). The distribution of projected groupcentric radius for early- and late-

type galaxies are similar. The Kolmogorov-Smirnov (K-S) test cannot reject the

hypothesis that the radial distributions of the two samples are extracted from the

same parent population. The distributions of the rest-frame groupcentric velocities

also show no significant difference. The velocity dispersions of early- and late-type

galaxies for N ≥ 4 compact groups are similar, 259 ± 9 km s−1 and 266 ± 14 km

s−1, respectively. These results differ from galaxy clusters that typically show higher

velocity dispersions for the more centrally concentrated early-type galaxies relative

to late-type galaxies (Colless & Dunn 1996; Mahdavi et al. 1999; Hwang & Lee 2008).

However, Rines et al. (2013) showed that the velocity distributions of the blue and

red galaxies in galaxy clusters are not significantly different, similar to the result for

compact groups.

Figure 3.6 shows a similar R-v diagram for N = 3 compact groups. The projected

groupcentric distributions for early- and late-type galaxies are similar as for the

N ≥ 4 compact groups. However, the velocity dispersion of early-type galaxies is

significantly larger than for the late-type galaxies (234 ± 15 km s−1 vs. 163 ± 14 km

s−1) in contrast with the observation for the N ≥ 4 compact groups.

Figure 3.7 shows the fraction of early-type galaxies as a function of projected

groupcentric distance for N ≥ 4 and N = 3 compact groups. The fraction of

early-type galaxies appears to decrease with groupcentric radius in the range 0 <

Rprojected < 70 h−1 kpc for both N ≥ 4 and N = 3 compact groups. However, the

fraction in the outermost region at 70 < Rprojected < 150 h−1 kpc is as high as the

fraction in the very inner region. Because we have a similar number of galaxies in
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Figure 3.5 Rest-frame groupcentric radial velocities vs. the projected groupcentric

distances for N ≥ 4 compact group galaxies. Circles and triangles represent early-

and late-type galaxies, respectively. Their distributions in (b) the projected dis-

tances and (c) the radial velocity differences are shown with the filled and hatched

histogram, respectively.
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each radial bin, this behavior does not simply result from small number statistics.

We also examine the velocity dispersion of early- and late-type galaxies as a

function of groupcentric distance. The dispersion profiles do not change much with

groupcentric radius except for the innermost region of N = 3 compact groups. This

result is different from dispersion profiles for galaxy clusters that typically increase

with decreasing clustercentric radius (Mahdavi et al. 1999; Biviano & Katgert 2004;

Hwang & Lee 2008), but on the much larger scale.

Figure 3.7 shows that we can explore the radial dependence of properties of

compact groups (such as early-type fraction and velocity dispersion) in a radius

range 0 < Rprojected < 150 h−1 kpc. This small range is interesting because it is

hard to sample in any other systems. The scale is, for example, comparable to or

smaller than the typical size of the brightest cluster galaxies (∼ 100 kpc, Newman et

al. 2013; López-Cruz et al. 2014). The morphological properties of galaxies in these

small dense regions may ultimately provide interesting tests of processes involved in

galaxy evolution.

3.4.2 Comparison with Other Compact Group Samples

We compare the physical properties of the compact groups in this study with those

of the Hickson compact groups (Hickson et al. 1992) and with those of the DPOSS

II compact groups (Pompei & Iovino 2012). These samples include groups with

complete spectroscopic redshifts analogous to the sample we construct.

The selection criteria for the DPOSS II compact groups differ slightly from Hick-

son’s. Iovino et al. (2003) and de Carvalho et al. (2005) used selection criteria stricter

than the Hickson’s: N(∆m < 2) ≥ 4, RN ≥ 3RG, and µG ≤ 24.0 mag arcsec−2. The

definition of each parameter is similar to that of the Hickson’s criteria (see §2.1).

However, these criteria differ from the Hickson’s criteria in several ways. First, Hick-

son used N(∆m < 3) rather than N(∆m < 2), where N(∆m < 2) means the total
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Figure 3.7 (a) Fraction of early-type galaxies vs. projected distances from the group

center for N ≥ 4 compact groups. (b) The velocity dispersion of all N ≥ 4 mem-

ber galaxies (squares-solid lines), early- (circle-dashed lines), and late-type galaxies

(triangle-dotted lines). Each point is arbitrarily shifted along the x-axis for clarity.

(c) and (d) panels are same as (a) and (b), but for N = 3 compact groups.
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number of galaxies within 2 mag of the brightest member galaxy. Second, RN in

the Hickson’s criteria is the angular size of the smallest circle encompassing no ad-

ditional galaxies within 3 mag of the brightest group member, while RN for the

DPOSS II compact groups is the angular size of the smallest circle that includes no

additional galaxies within 0.5 mag of the faintest group member. The definition of

RG in the two selection criteria are same. Third, the mean surface brightness limit

for Hickson’s criteria is 26.0 mag arcsec−2 rather than 24.0 mag arcsec−2. These dif-

ferences between DPOSS II’s and Hickson’s criteria are responsible for some of the

differences in the physical properties of compact groups in the two samples.

We estimate the velocity dispersion for our sample compact groups using the

equation given in Danese et al. (1980); the dispersions range from 13 km s−1 to 834

km s−1 with a typical measurement error of 44 km s−1 (Figure 3.8). The median

velocity dispersion of all compact groups, N ≥ 4, and N = 3 compact groups are,

respectively, 207 ± 12 km s−1, 244 ± 11 km s−1 and 160 ± 14 km s−1. These results

are similar to the Hickson compact groups (median(σ) = 204 ± 13 km s−1), but

smaller than for the DPOSS II compact groups (median(σ) = 251 ± 22 km s−1).

When we compare the velocity dispersions of N ≥ 4 and N = 3 compact groups

separately, the velocity dispersions of the DPOSS II compact groups are still larger

than those of the other two samples.

Figure 3.9 shows the size (Rgroup) distribution of our sample compared with the

Hickson and the DPOSS II groups. The Rgroup is defined as the projected radius of

the smallest circle encompassing all group member galaxies. Our sample compact

groups have sizes ranging from 10 kpc to 178 kpc; the other compact group samples

contain systems with similar sizes. The median size of our sample compact groups

is 57.7 ± 1.7 h−1 kpc, similar to the Hickson compact groups (67.8 ± 4.7 h−1 kpc),

but larger than for the DPOSS II compact groups (34.1 ± 1.4 h−1 kpc). When we

compare N ≥ 4 and N = 3 compact groups separately, the differences remain.
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We compute the group density using the equation in Pompei & Iovino (2012)

ρ =
3N

4πR3
group

(3.1)

where N is the number of member galaxies, and Rgroup is the group radius in Mpc.

Figure 3.10 displays the distribution of densities for our sample and for the Hickson

and the DPOSS II samples. The number densities in our sample are similar to the

Hickson compact groups, but lower than for the DPOSS II sample. As expected, the

number densities of N ≥ 4 compact groups exceed those for the N = 3 complete

compact groups. The median number density for our sample is log(ρ/[h−3 Mpc3]) =

3.65, much higher than for subclusters and subgroups in the A2199 superclusters

(the median number density at R < 0.5R200 is log(ρ/[h−3 Mpc3]) = 1.97, Lee et al.

2015). Compact groups are indeed much denser environments than galaxy clusters.

Table 3.7 summarizes the physical properties of the compact groups in this study

compared with the Hickson and the DPOSS II samples.

Finally, we investigate the local environments of our sample compact groups com-

pared with the Hickson and the DPOSS II compact groups. We use Σ5 = 5(πD2
p,5)

−1

as the surface number density where Dp,5 is the projected distance between the cen-

ter of the compact group and the fifth nearest neighbor galaxy. We use galaxies in

the spectroscopic sample of SDSS DR12 to compute the nearest neighbor densities.

To make a fair comparison regardless of redshift, we define a volume-limited sam-

ple of tracers for computing the surface number density: we take Mr < −20.5 and

0.01 < z < 0.14 (see the large box in Figure 3.2). We use neighbor galaxies with

relative velocities less than ∆v = 1500 km s−1. We compute the Σ5 relative to the

center of each compact group.

Figure 3.11 shows the Σ5 distribution for our sample compact groups and the

Hickson and the DPOSS II compact groups for the redshift range 0.01 < z < 0.14.

Some groups in this study are in denser environment than the Hickson compact



Redshift Survey of Compact Groups 75

0

10

20

30

40

0

10

20

30

40

0

10

20

30

40

N

HCGs
DPOSS II CGs

This study

(a) N ≥ 4 CGs

2 3 4 5 6
0

10

20

30

2 3 4 5 6
0

10

20

30

2 3 4 5 6
log (ρ / [h−3 Mpc3])

0

10

20

30

N

(b) N = 3 CGs
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Table 3.7. Basic Properties of Compact Groups

Samples Types Ngr Ngal Rgroup
a log ρa σa

[h−1 kpc] [h3 Mpc−3] [km s−1]

This Study Total 308 1129 63.4± 1.5 4.10 200 ± 28

(0.016 < z < 0.211) N ≥ 4 192 799 67.3± 2.0 3.90 228 ± 41

N = 3 140 420 58.4± 2.5 4.27 164 ± 44

Hickson Compact Groups Total 92 382 80.2± 5.0 5.61 217 ± 13

(0.003 < z < 0.333) N ≥ 4 69 313 77.0± 4.7 5.73 232 ± 14

N = 3 23 69 89.8 ± 13.5 4.48 169 ± 22

DPOSS II Compact Groups Total 96 370 38.6± 2.3 4.58 313 ± 22

(0.044 < z < 0.233) N ≥ 4 63 271 34.9± 2.1 4.66 321 ± 32

N = 3 33 99 45.6± 5.1 4.40 298 ± 50

aThe mean value of each parameter are listed. The errors represent 1σ standard deviations derived

from 100-times bootstrapping tests.
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groups. However, the overall distributions of the three samples are similar. The K-S

test cannot reject the hypothesis that the distributions of all the three samples are

extracted from the same parent population.

Figure 3.12 displays an example of the spatial distribution of compact groups

relative to the surrounding large-scale structure for a slice of 9h < α2000 < 16h

and 12.5◦ < δ2000 < 13.5◦. We plot the galaxies in the volume-limited sample used

for computing the surface number densities in Figure 10 (i.e. Mr < −20.5 and

0.00 < z < 0.14). We choose this slice to show various environments of compact

groups even though there are only four compact groups because of thin slice. As

expected based from previous studies of smaller samples (Rood & Struble 1994;

Ramella et al. 1994; Ribeiro et al. 1998; Andernach & Coziol 2005; Pompei & Iovino

2012), the environments of compact groups are diverse (Figure 3.11).

3.5 SUMMARY

By measuring new redshifts and incorporating redshifts from SDSS DR12 and other

literature, we construct a catalog of 192 N ≥ 4 compact groups with 799 member

galaxies and 140 N = 3 complete compact groups with 420 member galaxies at

0.01 < z < 0.21. In this catalog, all member galaxies have spectroscopic redshifts. To

date this catalog is the largest spectroscopically complete sample of these unusually

dense systems. We explore the physical properties of the groups in this catalog and

compare them with previous samples.

We examine the redshift dependence of physical properties of compact groups

in the redshift range 0.02 < z < 0.16. The velocity dispersion of compact groups

changes little with redshift, indicating no significant evolution of dynamical masses

of compact groups in this redshift range. The space density of compact groups also

shows no significant change with redshift. Thus it appears that either compact groups

can survive longer than 1 Gyr or they continually reform by accreting new members
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groups and their member galaxies, respectively. Small dots denote SDSS galaxies in

a volume limited sample with Mr < −20.5 and 0.01 < z < 0.14. The Σ5 for the

compact groups from the right are Σ5 = 16.08, 0.07, 0.67 and 0.19.
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from their surroundings.

The early-type fraction in our sample compact groups is 62%, slightly higher

than the Hickson compact groups. We superimpose all of the compact groups in our

sample to investigate the radial behavior of the velocity dispersion and morphological

fraction. The velocity dispersion of early- and late-type galaxies are similar to each

other in N ≥ 4 compact groups, but the dispersion for the early-type galaxies is

larger than for late-type galaxies in N = 3 compact groups. The velocity dispersions

of early- and late-type galaxies in compact groups do not change much as a function

of groupcentric radius. Compact groups enable examination of these issues at a

galaxy density and spatial scale that are hard to access with any other systems.

We compare the catalog we construct with the Hickson and the DPOSS II sam-

ples that also have complete spectroscopy. We compare sizes, number densities,

velocity dispersions and environments as measured by the fifth nearest neighbor to

the group. The physical properties of our sample groups are similar to those for

the Hickson compact groups, but they differ from those of the DPOSS II compact

groups. The differences result from differences in the selection criteria for the DPOSS

II and the Hickson compact groups. The parent catalog we use, McConnachie et al.

(2009), is based on Hickson’s criteria.

Compact groups are a fascinating laboratory for studying galaxy evolution. Ex-

amination of the number density of these systems over a larger redshift range and

comparison with simulations may further constrain the formation and evolution of

these systems. It is also important to clarify the subtle issues in the identification

of the compact systems. Further exploration of identification directly from complete

spectroscopic surveys in the nearby and moderate redshift universe would provide a

further foundation for understanding the nature of these systems.



Chapter 4

COMPACT GROUPS OF

GALAXIES FROM REDSHIFT

SURVEYS

4.1 INTRODUCTION

Compact groups are the densest systems in the universe. They contain three to eight

galaxies in a compact configuration, only a few tens of kiloparsec. Since Stephan

(1877) first identified Stephan’s Quintet compact group, there have been many at-

tempts to find such small aggregations of galaxies. Among those, (Hickson 1982)

proposed the selection criteria for compact groups, which have been successfully

used for constructing a large sample of compact groups in the local universe. Most

previous catalogs of compact groups are based mainly on these Hickson’s criteria

(Iovino et al. 2003; de Carvalho et al. 2005; McConnachie et al. 2009; Dı́az-Giménez

et al. 2012).

The selection criteria can be summarized as follows :

81
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1. Population criterion : N(∆m < 3 mag) ≥ 4, where the ∆m indicates the

magnitude difference between the brightest group galaxy and member galaxies.

2. Isolation criterion : Rnogal > 3Rgr. Rgr is the radius of the largest circle en-

compassing all group members, and Rnogal is the distance to the nearest galaxy

with ∆m < 3 mag from the group center.

3. Compactness criterion : µgr < 26 mag arcsec2, where the µgr means the surface

brightness within the groups (R < Rgr).

Although the Hickson’s criteria have successfully produced samples of compact

groups, the previous compact group catalogs suffer from several systematic problems

(Barton et al. 1996). First, the Hickson’s criteria are based only on photometric infor-

mation of galaxies, thus the compact groups can contain interlopers with discordant

redshifts. Hickson et al. (1992) already showed that among the 100 compact groups

in his original catalog, only 69 groups meet the original selection criteria having four

or more member galaxies with accordant redshifts. The recent catalogs based on his

criteria also suffer from similar contamination by interlopers (Iovino et al. 2003; de

Carvalho et al. 2005; McConnachie et al. 2009; Pompei & Iovino 2012; Diaz-Gimenez

& Zandivarez 2015). Second, the Hickson’s isolation criterion can reject some gen-

uine compact groups that have neighbor galaxies around the compact groups. This

criterion was originally introduced to remove compact group-like structures in the

regions of galaxy clusters(Hickson 1982). However, the compact groups can survive

even in cluster regions, thus they should not be rejected in the group sample. Third,

the detection rate of compact groups changes with redshift. The spatial extent of

nearby compact groups could be larger than that of distant compact groups. There-

fore, the chance to have interlopers within the area covered by compact groups is

larger in nearby groups than in distant groups. Then some nearby compact groups

could be unidentified because of this bias.
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To resolve these issues, Barton et al. (1996) did not use the Hickson’s criteria,

but did identify compact groups based on physical extent rather than angular size

from a complete, magnitude-limited redshift survey. This method could provide an

unbiased sample of compact groups, crucial for studying the formation and evolution

of compact groups.

Here, we adopt this approach to identify compact groups from a spectroscopic

sample of galaxies in the Sloan Digital Sky Survey (SDSS) Data Release 12 (DR12)

(Alam et al. 2015). We use the friend-of-friend (FoF) algorithm to connect neigh-

bor galaxies, which does not introduce any redshift-dependent selection bias. We

then compare the physical properties of compact groups in this study with those of

previous samples based on Hickson’s criteria.

Section 2 describes the observational data we use. We explain the method of iden-

tifying compact groups from the redshift survey using the FoF algorithm in Section

3. We compare the physical properties of the compact groups in this study with those

based on Hickson’s criteria in Section 4. We discuss the implication of our sample

compact group selection in Section 5, and then summarize in Section 6. Throughout,

we adopt the flat ΛCDM cosmological parameters of H0 = 100 h km s−1 Mpc−1,

ΩΛ = 0.7, and Ωm = 0.3.

4.2 THE DATA

To identify compact groups, we use the spectroscopic sample of galaxies in the SDSS

DR12. The DR12 is the final data release of the SDSS-III, containing the redshifts of

more than 1.3 million galaxies. We obtain the basic properties of galaxies including

position, photometry, and redshifts from the DR12 database.

The SDSS galaxy sample often misses some galaxy redshifts because of the satu-

ration (especially for bright galaxies with r < 14.5), cross-talk in the spectrograph,

and the fiber collisions in high-density regions (Park & Hwang 2009; Tempel et
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al. 2014). Especially, the fiber collision can have strong impacts on the surveys for

compact groups where many galaxies are in a compact configuration. Therefore, it

is necessary to complement the SDSS galaxy sample with redshifts for the missing

galaxies.

We supplement the DR12 data with the redshifts from the literature (see Hwang

et al. 2010 for details). We also added the redshifts from our recent FAST observa-

tions at Fred Lawrence Whipple Observatory (Sohn et al. 2015). We finally have a

sample of 2,779,912 redshifts.

To have a spatially uniform sample of compact groups, we restrict our analysis to

the galaxies at r < 17.77, which is the limit for the SDSS main galaxy sample. Figure

4.1 shows the absolute r−band magnitudes as a function of redshift. The lower limit

indicates the magnitude limit of the sample, r = 17.77. We further restrict our

analysis to the galaxies in the redshifts range 0.01 < z < 0.20; there are 711,113

galaxies in this sample (see Table 4.1). We also define three volume-limited samples

(see also Figure 4.1): V1 for galaxies with Mr < −19.0 and 0.01 < z < 0.0741, V2

for galaxies with Mr < −20.0 and 0.01 < z < 0.1154, and V3 for galaxies with

Mr < −21.0 and 0.01 < z < 0.1778. The number of galaxies in each volume-limited

sample is listed in Table 4.1.

We adopt galaxy morphology information for the compact group galaxies from

the Korea Institute for Advanced Study (KIAS) DR7 value-added catalog (VAGC)

(Choi et al. 2010). Choi et al. (2010) classified the morphology of galaxies using the

u − r color, the g − i color gradient, and the i band concentration index following

the automatic classification scheme suggested by Park & Choi (2005). We used the

SDSS images and visually inspected galaxies not included in the KIAS DR7 VAGC.
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redshift (we display only 1% of the data for clarity). Solid lines define volume-limited

samples.
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Table 4.1. The Number of Compact Groups

Sample Nsample N ≥ 3 CGs N ≥ 4 CGs N = 3 CGs

Flux-limited sample 711113 2292 625 1667

V1 sample 149136 720 151 569

V2 sample 210346 305 40 265

V3 sample 140021 23 2 21
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4.3 COMPACT GROUP SELECTION

4.3.1 The friend-of-friend method

We adopt the friend-of-friend (FoF) method to identify compact groups in the spec-

troscopic sample of galaxies (Turner & Gott 1976; Press & Davis 1982; Huchra &

Geller 1982). The FoF method finds neighbor galaxies of each galaxy within the

linking length, and it bundles up the neighbor galaxies in a single galaxy system. To

find neighbor galaxies in the redshift survey data using the FoF method, we should

define the linking lengths for the projected separation (∆D) and the line-of-sight

separation (∆V ). The linking lengths determine not only group detection rate, but

also size and richness of groups. Following the Barton et al. (1996), we use the link-

ing lengths of ∆D = 50 h−1 kpc, and ∆V = 1000 km s−1; these linking lengths work

well for selecting compact systems like the Hickson compact groups (Barton et al.

1996)

We apply the FoF method to the magnitude-limited sample of galaxies, and

select the galaxy systems with three or more galaxies as compact groups. Hickson

(1982) originally defined compact groups with more than four member galaxies,

and some previous studies also have used the same criterion. However, spectroscopic

observations suggested that there are many compact groups with only three member

galaxies (Hickson et al. 1992; Pompei & Iovino 2012). Recently, Duplancic et al.

(2013) showed that the physical properties of triplets including stellar masses and

star formation rates are similar to those of compact groups, but different from galaxy

pairs and clusters. We therefore include galaxy triplets into our compact group

catalog as well as those with more than four member galaxies.

We do not employ the upper limit for the number of group member galaxies

even though some previous surveys restricted their analysis to the groups with the

number of members less than ten (e.g. Dı́az-Giménez et al. 2012; Diaz-Gimenez &
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Zandivarez 2015). The upper limit for the number of member galaxies allows us

to distinguish groups from clusters, but the clear boundary between groups and

clusters is not well established (Tully 2015). We therefore use no upper limit for the

maximum number of member galaxies in compact groups.

4.3.2 A Sample of Compact Groups with Complete Redshifts

By applying the FoF method to the magnitude-limited sample of galaxies in the

SDSS DR12, we found 2292 compact groups including 625 N ≥ 4 compact groups,

and 1667 N = 3 compact groups (Table 4.1). Figure 4.2 displays the spatial distri-

bution of compact groups on the sky. Compact groups are found all over the SDSS

DR12 survey coverage. We also identified compact groups in the three volume-limited

samples, summarized in Table 4.1.

Table 4.2 lists 2292 compact groups with N ≥ 3 including ID, R.A., Decl.,

number of members, group redshift, group size, group number density, velocity dis-

persion, and comments whether the group is also identified as the Hickson compact

group. Table 4.3 lists 8133 member galaxies of the compact groups in Table 4.2 in-

cluding Group ID, Galaxy ID, R.A., Decl., morphology, r−band magnitude, u − r

color, redshifts and its source.

We examine the morphological composition of the compact groups (Table 4.4).

We find that the fraction of early-type galaxies in the compact groups of this study

is 63.3 ± 0.5%, higher than for the Hickson compact groups (i.e. 51 ± 2%, Hickson

et al. 1988). The fraction for N ≥ 4 compact groups (69.8± 0.8%) is higher than for

N = 3 compact groups (59.2 ± 0.7%).

Figure 4.3 shows the velocity dispersion of compact groups as a function of

redshift. The sample compact groups are found in the redshift range 0.01 < z < 0.19,

with the median redshift of z = 0.04. There are more N = 3 compact groups than

N ≥ 4 compact groups at all the redshift range. The velocity dispersions of N ≥ 4
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Table 4.2. A Catalog of SDSS DR12 Compact Groups∗

ID
R.A. Decl.

nmem za
Rgr

a Rgr
a log ρa σa

Mark
(J2000) (J2000) (arcmin) (h−1 kpc) (h3 Mpc−3) (km s−1)

SDSSDR12CG0001 198.227158 1.012775 3 0.0723 ± 0.0008 39.2 ± 5.7 37.7± 5.5 4.12 ± 0.33 483± 117

SDSSDR12CG0002 251.559814 31.722052 3 0.0534 ± 0.0004 41.4 ± 5.3 30.1± 3.8 4.42 ± 0.26 287± 70

SDSSDR12CG0003 120.326035 25.299557 3 0.0151 ± 0.0001 35.5 ± 8.7 7.6± 1.9 6.21 ± 0.45 104± 19

SDSSDR12CG0004 140.182175 33.686241 4 0.0229 ± 0.0003 113.7 ± 11.3 36.8± 3.6 4.28 ± 0.16 170± 31

SDSSDR12CG0005 140.011292 33.666660 5 0.0222 ± 0.0003 179.1 ± 12.5 56.2± 3.9 3.83 ± 0.10 280± 84

SDSSDR12CG0006 131.646744 29.609098 4 0.0711 ± 0.0004 56.8 ± 7.2 53.9± 6.9 3.78 ± 0.31 270± 85

SDSSDR12CG0007 139.937119 33.735817 6 0.0213 ± 0.0008 154.7 ± 23.0 46.7± 7.0 4.15 ± 0.28 700± 156

SDSSDR12CG0008 146.524597 34.623238 3 0.1318 ± 0.0010 12.6 ± 0.9 20.7± 1.4 4.91 ± 0.11 628± 157

SDSSDR12CG0009 154.741516 37.298061 3 0.0480 ± 0.0003 50.0 ± 8.1 32.9± 5.3 4.30 ± 0.40 210± 36

SDSSDR12CG0010 116.557556 21.999365 4 0.0460 ± 0.0004 63.9 ± 11.2 40.4± 7.1 4.16 ± 0.37 224± 41

∗A portion of whole catalog is shown here for guidance regarding its form and content. This table is available in its entirety in

a machine-readable form in the following reference: astro.snu.ac.kr/jbsohn

aThe errors represent 1-sigma deviation from the 1000-times bootstrap resampling.
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Table 4.3. A Catalog of Galaxies in SDSS DR12 Compact Groups∗

Group ID Galaxy ID R.A. Decl. Morph.a r−mag u− r z z source

SDSSDR12CG0001 1237648705657307198 198.233322 1.007515 2 17.70 2.61 0.0738 sdss

SDSSDR12CG0001 1237648705657307347 198.229294 1.010990 1 17.38 2.47 0.0727 sdss

SDSSDR12CG0001 1237648705657307315 198.218872 1.019821 1 16.25 3.10 0.0704 sdss

SDSSDR12CG0002 1237661387083284633 251.569153 31.726006 1 14.81 2.34 0.0541 sdss

SDSSDR12CG0002 1237661387083284634 251.560486 31.725866 2 15.87 2.84 0.0522 sdss

SDSSDR12CG0002 1237661387083284893 251.549835 31.714281 1 17.33 2.50 0.0538 sdss

SDSSDR12CG0003 1237660343925408213 120.328392 25.289940 2 15.72 1.70 0.0155 boss

SDSSDR12CG0003 1237660562968543702 120.324623 25.304325 2 15.87 1.42 0.0149 sdss

SDSSDR12CG0003 1237660343925408211 120.325096 25.304403 2 17.67 3.52 0.0149 NED

∗A portion of whole catalog is shown here for guidance regarding its form and content. This table is available

in its entirety in a machine-readable form in the following reference: astro.snu.ac.kr/jbsohn

aMorphology of the galaxy. 1 for early types and 2 for late types

bThe source of redshift of the galaxy.
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Figure 4.2 The spatial distribution of compact groups (open circles) on the sky in

comparison with the spectroscopic sample of galaxies in the SDSS DR12 (dots).
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Table 4.4. The Morphology Composition of SDSS DR12 Compact Groups

CG type Early-types Late-types

N ≥ 4 2186 (69.8± 0.8%) 946 (30.2 ± 0.8%)

N = 3 2963 (59.2± 0.7%) 2038 (40.8± 0.7%)

Total 5149 (63.3± 0.5%) 2984 (36.7± 0.5%)
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Figure 4.3 (a) Space density of compact groups as a function of redshift. The errors

represent Poisson noise. (b) Redshift distribution of compact groups for N ≥ 4

(hatched) and N = 3 (open) compact groups. (c) Velocity dispersions of the compact

groups as a function of redshift. Open circles are the N ≥ 4 compact groups, and

triangles are the N = 3 compact groups. (d) Histograms of the velocity dispersions

of the compact groups. The shapes of the histograms are the same as (b).
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compact groups are slightly larger than for N = 3 compact groups.

We note that there are 18 compact groups with more than ten member galax-

ies; these compact groups have 10−76 member galaxies. These kinds of groups are

rejected in some previous compact group samples because of too many member

galaxies (Dı́az-Giménez et al. 2012; Diaz-Gimenez & Zandivarez 2015). We have

checked whether they are close to known galaxy clusters using NASA Extragalac-

tic Database (NED). Most of these compact groups (16 out of 18 groups) are found

near known galaxy clusters. The separation between groups and clusters ranges from

0.25 to 3.7 arcmins, smaller than the typical group size. These groups are probably

cluster cores or sub-groups of massive clusters.

4.4 RESULTS

4.4.1 Comparison with Other Compact Groups

We compare the physical properties of compact groups in this study with the Hick-

son compact groups (Hickson et al. 1992), and with the SDSS DR6 compact groups

(McConnachie et al. 2009; Sohn et al. 2015). The SDSS DR6 compact groups were

identified with the spectroscopic redshifts from our FLWO/FAST observations and

from the literature including the SDSS DR12 (Sohn et al. 2015), but were still based

on the Hickson’s criteria (McConnachie et al. 2009). Therefore, comparison with this

sample can allow us to understand the effects of selection methods on the identi-

fication of compact groups. Both the compact groups in this study and the SDSS

DR6 compact groups are essentially based on the same SDSS DR12 spectroscopic

data, but we refer the compact groups (Sohn et al. 2015) to the SDSS DR6 compact

groups to avoid confusion.

Figure 4.4 shows the redshift distributions of the compact groups. Our sample

compact groups are found in a wide range of redshifts, but the Hickson’s compact
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groups are only at lower redshifts (z < 0.08) and the SDSS DR6 compact groups

are mainly found at intermediate redshifts (0.03 < z < 0.16).

The velocity dispersion distributions of the compact groups are in Figure 4.5.

The compact groups in this study have velocity dispersions up to 985 km s−1 with

the median value of 202± 5 km s−1. The velocity dispersions of the compact groups

in previous studies are distributed in a range similar to our sample. The median

values are 204± 13 km s−1 for the Hickson compact groups and 207± 31 km s−1 for

the SDSS DR6 compact groups, similar to that for our compact group sample.

Figure 4.6 shows the size distributions of the compact groups. Our sample com-

pact groups have sizes ranging from 1 to 286 kpc, similar to other compact groups.

However, the median size of our sample compact groups (33.3 ± 0.3 h−1 kpc) is

smaller than that of the Hickson compact groups (67.8±5.0 h−1 kpc) and the SDSS

DR6 compact groups (58.0 ± 1.5 h−1 kpc).

To understand the size difference between the samples, we plot the sizes of com-

pact groups as a function of redshift in Figure 4.7. The plot shows that the range

of sizes for the compact groups in this study does not change much with redshift

except that there are few groups with Rgr > 70 h−1kpc at z > 0.07. Because we use

the magnitude-limited sample of galaxies, the chance to detect N ≥ 4 groups with

large sizes decreases significantly with redshift. The size distribution of the Hickson

compact groups is similar to our compact groups except for N = 3 compact groups;

there are some N = 3 Hickson compact groups with Rgr > 50 h−1kpc, not seen in

our N = 3 sample.

The range of sizes for the SDSS DR6 compact groups is similar to that for our

compact groups, but the sizes appear to change with redshift. This is because the

Hickson’s criteria used for the SDSS DR6 compact groups selectively miss large

compact groups at lower redshifts (Rgr > 100 h−1 kpc and z < 0.08) and small

compact groups at higher redshifts (Rgr < 40 h−1 kpc and z > 0.08). We discuss
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Figure 4.4 Redshift distribution of the compact groups in this study (open his-

tograms) in comparison with the Hickson compact groups (hatched histograms,

Hickson et al. 1992), and the SDSS DR6 compact groups (filled histograms, Sohn et

al. 2015).
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Figure 4.5 Velocity dispersion distributions for the compact groups in this study and

other compact groups. The shapes of histograms are the same as Figure 4.4.
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groups. The shapes of histograms are the same as Figure 4.4.



Compact Groups from Redshift Survey 99

50

100

150

200

250

R
gr

 (
kp

c)

50

100

150

200

250

R
gr

 (
kp

c)

0.00 0.05 0.10 0.15 0.20
z

50

100

150

200

250

R
gr

 (
kp

c)

(a) N ≥ 3 CGs

(b) N ≥ 4 CGs

(c) N = 3 CGs

HCGs
SDSS DR6 CGs
This study

Figure 4.7 Size distribution of the compact groups as a function of redshift. Open

circles, pluses and crosses are the compact groups in this study, the Hickson compact

groups, and the SDSS DR6 compact groups, respectively.
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more about the effects of the Hickson’s criteria on the identification of compact

groups in Section 4.5.

Figure 4.8 shows the number density of the compact groups. The number density

is defined by

ρ =
3N

4πR3
gr

, (4.1)

where N is the number of members and Rgr is the group radius in h−1 Mpc.

Because our sample compact groups are apparently smaller than other compact

groups, the resulting number density appears to be higher than for other com-

pact groups. The median density of our sample groups is log(ρ/[h−3 Mpc3]) =

4.32 ± 0.01, while log(ρ/[h−3 Mpc3]) = 3.52 ± 0.09 for the Hickson compact groups

and log(ρ/[h−3 Mpc−3]) = 3.65± 0.04 for the SDSS DR6 compact groups. When we

fix the redshift range (e.g., 0.04 < z < 0.06) where the selection effect of the Hick-

son’s criteria is insignificant, the distributions of three compact groups are similar.

4.4.2 The Large-Scale Environments of Compact Groups

To study the local environments of compact groups, we compute the surface galaxy

number density (Σ5) for each compact group. The Σ5 is defined by

Σ5 =
5

πD2
p,5

, (4.2)

where Dp,5 indicates the projected distance from the center of compact groups to

the fifth nearest neighbor galaxy. To compute the surface number density, we use a

volume-limited sample for density tracers with Mr < −20.0 and 0.01 < z < 0.115

from the SDSS DR12 spectroscopic sample (see blue box in Figure 4.1). We do not

include the compact group member galaxies in the sample of tracers to focus only

on the environment where the compact groups are located. For each compact group,

we compute Σ5 at the center of the group using the neighbor galaxies with relative

velocities less than ∆v = 1500 km s−1.
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4.4.
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Figure 4.9 shows Σ5 distribution of compact groups. Interestingly, Σ5 of compact

groups shows a wide distribution, which can be divided into two components. To

check the bimodality quantitatively, we run the Gaussian Mixture Modelling (GMM,

Muratov & Gnedin 2010) that is often used for studying the multiplicity of data.

The GMM returns three parameters including the p−value, the probability that the

χ2 from the fitting for bimodal case is the same with that for unimodal case, kurtosis

and the separation of peaks (D). If a data is bimodal, the GMM gives p−value close

to 0, negative kurtosis, and the separation of peaks larger than two.

The GMM for the Σ5 distribution of the compact groups shows that the distri-

bution can be divided into two at log Σ5 = 0.1471 with p−value of < 0.01, kurtosis

of −0.927, and D = 3.01 ± 0.11. It also suggests that 62% of the compact groups

have log Σ5 lower than 0.1471. We refer the compact groups with log Σ5 ≤ 0.1471 to

‘isolated compact groups’, and their counterpart with log Σ5 > 0.1471 to ‘embedded

compact groups’.

We also compute Σ3 and Σ10 based on the third and tenth nearest neighbors.

Both Σ3 and Σ10 show bimodal distributions similar to that for Σ5, and the GMM

confirms the visual impression.

Figure 4.10 shows an example cone diagram for the spatial distribution of com-

pact groups and the large-scale structure. We plot galaxies in the magnitude-limited

sample to show the large-scale structure. The compact groups show diverse envi-

ronments, consistent with the distribution of Σ5 and with the results from previous

studies (Ramella et al. 1994; Barton et al. 1996; Ribeiro et al. 1998; Mendel et al.

2011; Pompei & Iovino 2012).
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Figure 4.9 The surface number density Σ5 of (a) the compact groups, (b) N ≥ 4 and
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4.5 DISCUSSION

4.5.1 Isolation Criteria

The Hickson’s criteria have been widely used for identifying compact groups, but the

isolation criterion can introduce significant selection biases. The isolation criterion

is originally introduced to remove compact group-like structures in galaxy cluster

environment. However, this criterion also rejects genuine compact group-like struc-

tures when there are any nearby galaxies projected on the sky in isolation annulus

even though the galaxies have redshifts different from the group. This false rejection

can happen more frequently in the local universe because nearby compact groups

are spatially more extended than distant compact groups.

Figure 4.4 clearly demonstrates this selection effect. Both our sample compact

groups and SDSS DR6 compact groups use the same SDSS DR12 data, but the

redshift distribution is significantly different. The compact groups in this study are

found in a redshift range 0.01 < z < 0.20 with the median redshift of z ∼ 0.04, but

the SDSS DR6 compact groups are in a redshift range 0.03 < z < 0.16 with the

median redshift of z ∼ 0.08. There are relatively fewer compact groups at z < 0.03

in the SDSS DR6 group catalog, supporting that the isolation criterion used for the

SDSS DR6 compact groups rejects many nearby compact groups.

The isolation criterion also has impact on the identification of compact groups

in high-density regions. The chance alignments of interlopers occur more often in

high-density regions than in low-density regions. Thus the isolation criterion pref-

erentially removes compact group-like structures in high-density regions. This can

mislead the view of the compact group environments, closely related to the formation

mechanisms of compact groups.

Indeed, we find a number of embedded compact groups (664), but there are

only 22 and 58 embedded groups in the Hickson and the SDSS DR6 compact group
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catalog, respectively. The fraction of embedded compact groups in our sample is 38%,

similar to that of the Hickson compact groups (40%), but larger than for the SDSS

DR6 compact groups (28%). When we examine the fraction of embedded compact

groups as a function of redshift, the fraction in this study is always larger than that

for the SDSS DR6 compact groups (Figure 4.11) . This means that the difference is

not simply because of redshift-dependent selection effects. This again supports that

the Hickson’s isolation criterion can introduce a bias against the compact groups in

high density regions.

4.5.2 Environmental Effects on the Properties of Compact Groups

Figure 4.9 shows that the Σ5 distribution of the compact groups in this study is very

wide, indicating that the environments of compact groups are diverse. This result is

consistent with the results in other studies (e.g. Ramella et al. 1994; Ribeiro et al.

1998; Andernach & Coziol 2005; Mendel et al. 2011; Pompei & Iovino 2012; Dı́az-

Giménez et al. 2012). When we divide the compact groups into two (i.e. isolated

and embedded ones), the fraction of embedded groups is different depending on the

group sample. For example, Ramella et al. (1994) suggested that 76% of 29 Hickson

compact groups are embedded ones, and Mendel et al. (2011) showed that 50% of the

SDSS DR6 compact groups are found within the 1 Mpc from rich groups. Pompei

& Iovino (2012) found that 33% of the compact groups in the second Digitized

Palomar Observatory Sky Survey (DPOSS II) are embedded in rich groups. Diaz-

Gimenez & Zandivarez (2015) also suggested a low fraction of the compact groups

in loose groups in the 2MASS compact group catalog (27%). The fraction of the

embedded compact groups in this study is 38% based on the Σ5 distribution. This

fraction is lower than the results in some previous studies (e.g. Ramella et al. 1994;

We plot only the SDSS DR6 compact groups because the redshift range for the Hickson compact

groups is very small
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(pentagons). Lower : Σ5 distribution of the compact groups as a function of redshift.
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Mendel et al. 2011), but is larger than the results from recent studies (e.g. Pompei

& Iovino 2012; Diaz-Gimenez & Zandivarez 2015). However, the methods to define

the environments of compact groups are different depending on the sample, thus the

direct comparison of the numbers is not so meaningful.

To examine whether the two types of compact groups in different environments

have different physical properties or not, we compare the physical properties of the

two types in Figure 4.12. Panels (a)-(d) show redshifts, sizes, velocity dispersions,

and galaxy number densities. The range and the median of these properties for the

two types are listed in Table 4.5. The plots show that the physical properties of the

two groups are similar. The median values of the physical properties agree within

the uncertainties. This is consistent with the results of Mendel et al. (2011), who

found no significant differences in physical properties between isolated and embedded

compact groups.
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Table 4.5. A Comparison between Isolated and Embedded Compact Groups

CG types
z Rgr (h−1 kpc) log (ρ / [h−3 Mpc3]) σ (km s−1)

Range median Range median Range median Range median

Isolated CGs 0.01 < z < 0.19 0.04 ± 0.00 3 < Rgr < 286 33.1 ± 0.35 2.89 < log ρ < 7.42 4.32± 0.01 1 < σ < 944 196± 5

Embedded CGs 0.01 < z < 0.13 0.04 ± 0.00 1 < Rgr < 135 33.8 ± 0.01 3.03 < log ρ < 8.92 4.30± 0.00 2 < σ < 985 217± 0

All CGs 0.01 < z < 0.19 0.04 ± 0.00 1 < Rgr < 286 33.3 ± 0.30 2.89 < log ρ < 8.92 4.32± 0.01 1 < σ < 985 202± 5
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We also compare the properties of member galaxies between isolated and embed-

ded compact groups. Interestingly, the properties of member galaxies including the

fraction of early-type galaxies and the u− r color distribution are different between

the two types. The fraction of early-type galaxies is higher in embedded compact

groups (76.3 ± 0.9%) than in isolated compact groups (58.1 ± 0.7%). The member

galaxies in embedded compact groups are, on average, redder than those in isolated

compact groups, suggesting that embedded compact groups consist of more evolved

galaxy populations.

4.6 SUMMARY

By applying the friend-of-friend algorithm to the spectroscopic sample of galaxies

in the SDSS DR12, we construct a catalog of 2292 N ≥ 3 compact groups with

8133 member galaxies at 0.01 < z < 0.20. This is the largest catalog of compact

groups with complete redshifts, but without using Hickson’s criteria based only on

the photometric information. Our primary results are as follows.

1. The physical properties of our sample compact groups including velocity dis-

persions, sizes and galaxy number densities are similar to those of other com-

pact groups. This suggests that our method well reproduces the Hickson-like

compact groups, but with complete redshifts.

2. We find many compact groups at z < 0.05, which were missed in previous sur-

veys based on the Hickson’s criteria. This supports that the Hickson’s isolation

criterion can introduce a significant bias against very nearby compact groups.

3. The Σ5 distribution of our sample compact groups is very wide, which can

be fit with two Gaussian distributions; 38% of groups are in relatively denser

region (i.e. embedded compact groups). This fraction is higher than that for
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Figure 4.12 The distribution of CG physical properties including (a) redshift, (b)

size, (c) velocity dispersion, and (d) local density for isolated compact groups (open

histogram) and embedded groups (hatched histogram). for groups in denser region

(hatched histogram) and for groups in less dense region (open histogram). The lower

two panels show (e) fraction of early- and late-type galaxies and (f) u − r color

distribution of isolated and embedded compact groups.
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the compact groups using the same redshift data, but based on the Hickson’s

criteria. This indicates that our method is very efficient for identifying embed-

ded groups that could be missed in previous surveys based on the Hickson’s

isolation criterion.

The identification of compact groups from redshift surveys without using Hick-

son’s criteria results in a complete sample of compact groups without biases against

the groups in nearby universe and in high-density regions. Comparison of compact

groups in this study with those identified in cosmological simulations based on the

similar method can give strong constraints on models of compact group formation

and evolution.



Chapter 5

SUMMARY

This thesis focused on the understanding the properties of compact groups and

their member galaxies. I used the compact groups that were identified from the

SDSS with the complete spectroscopic redshifts. Also, I constructed compact group

catalogs with two different methods. First, I compiled the spectroscopic redshifts for

the compact group galaxies that were identified with the Hickson’s criteria (Chapter

3). Second, I made the largest catalog of compact groups by applying the friend-of-

friend method for a complete redshift data from SDSS DR12 (Chapter 4).

In chapter 2, I studied the activity in galactic nuclei in compact groups using 238

spectroscopically selected member galaxies in 58 compact groups at 0.03 ≤ z ≤ 0.15.

I also compared nuclear activity of compact group galaxies with those of cluster and

field galaxies. The primary results in this chapter are summarized as follows.

1. Among the 238 compact group galaxies, I determined the spectral types of

83 galaxies with strong emission lines based on the BPT method. I also used

WHAN and N2Hα methods to classify other 71 galaxies with weak emission

lines.

2. I found a strong environmental dependence of AGN fraction for early-type

113
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galaxies: highest in the field, but lowest in cluster regions. I confirmed this

trend with the surface galaxy number density, Σ3. These results suggest that

the nuclear activity in early-type galaxies is not strong in high-density regions

because of lack of gas to fuel SMBHs.

3. The AGN fraction for late-type galaxies shows little environmental depen-

dence. This can indicate that late-type galaxies in compact groups are accreted

recently, thus they can still keep their gas to fuel SMBHs.

4. L[OIII] and L[OIII]/MBH of AGN-host galaxies are higher in late-type galaxies

than in early-type galaxies. L[OIII] and L[OIII]/MBH of AGN-host galaxies do

not show any environmental dependence.

5. I found no dusty AGN-host galaxies in our galaxy sample of compact groups.

In chapter 3, I conducted a redshift survey of compact group galaxies, and com-

bined them with the data in the literature to increase the spectroscopic complete-

ness of the SDSS compact group catalog. As a result, the largest catalog of compact

groups with complete spectroscopic redshifts is constructed, which is useful for the

study of compact groups. The main results of chapter 3 are as follows.

1. I constructed a catalog of 192 N ≥ 4 compact groups with 799 member galaxies

and 140 N = 3 complete compact groups with 420 member galaxies at 0.01 <

z < 0.21.

2. I examined the redshift dependence of physical properties of compact groups

in the redshift range 0.02 < z < 0.16. The velocity dispersion of compact

groups changes little with redshift, indicating no significant evolution of dy-

namical masses of compact groups in this redshift range. The space density of

compact groups also shows no significant change with redshift, suggesting that
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the compact groups can survive longer than 1 Gyr or continuously reform in

the universe.

3. The early-type fraction in our sample compact groups is 62%, slightly higher

than the Hickson compact groups. The velocity dispersion of early- and late-

type galaxies are similar to each other in N ≥ 4 compact groups, but that

of early-type galaxies is larger than for late-type galaxies in N = 3 compact

groups. Unlike galaxy clusters, the velocity dispersions of early- and late-type

galaxies in compact groups do not change much with groupcentric radius.

4. I compared sizes, number densities, velocity dispersions and large-scale en-

vironments of the compact groups in this study with those of the Hickson

compact groups and the DPOSS II compact groups. The physical properties

of our sample groups are similar to those of the Hickson compact groups, but

different from those of the DPOSS II compact groups. This results from the

different selection criteria for the DPOSS II compact groups from the Hickson’s

criteria.

In final chapter 4, I constructed a new catalog of compact groups by applying

the friend-of-friend algorithm to the spectroscopic sample of galaxies in the SDSS

DR12. This catalog contains 2292 N ≥ 3 compact groups with 8133 member galax-

ies at 0.01 < z < 0.20. This is the largest catalog of compact groups with complete

redshifts, but without using Hickson’s criteria based only on the photometric infor-

mation. The main results in this chapter are summarized as follows.

1. The physical properties of the sample compact groups including velocity dis-

persions, sizes and galaxy number densities are similar to those of other com-

pact groups. This suggests that our group-finding method well reproduces the

Hickson-like compact groups, but with complete redshifts.
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2. I found many compact groups at z < 0.05, which were missed in previous sur-

veys based on the Hickson’s criteria. This supports that the Hickson’s isolation

criterion can introduce a significant bias against very nearby compact groups.

3. The Σ5 distribution of our sample compact groups is very wide, which can

be fit with two Gaussian distributions; 38% of groups are in relatively denser

region (i.e. embedded compact groups). This fraction is higher than that for

the compact groups using the same redshift data, but based on the Hickson’s

criteria. This indicates that our method is very efficient for identifying embed-

ded groups that could be missed in previous surveys based on the Hickson’s

isolation criterion.

The identification of compact groups from redshift surveys without using Hick-

son’s criteria results in a complete sample of compact groups without biases against

the groups in nearby universe and in high-density regions. Comparison of compact

groups in this study with those identified in cosmological simulations based on the

similar method can give strong constraints on models of compact group formation

and evolution.
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요 약

밀집 은하군(Compact Group of Galaxies)은 은하가 발견되는 다양한 환경 중가장

특이한 환경이다. 밀집 은하군은 4개에서 10개 정도의 은하가 수십 킬로 파섹(kpc)의

좁은 영역에 모여있는 은하계를 일컫는다. 다양한 은하 환경 중 은하 밀도가 가장 높고,

구성은하사이의속도차이가적어밀집은하군안에서은하끼리의상호작용이일어날

확률이 높고, 상호 작용이 오랫동안 지속되는 것으로 생각된다. 따라서 밀집 은하군은

은하끼리의 상호 작용이 은하의 진화에 미치는 영향을 살펴보기에 좋은 환경으로 주목

받고 있다.

밀집 은하군과 관련한 중요한 연구 과제 중 하나는 밀집 은하군에서 은하의 형성과

진화에 관한 것이다. 밀집 은하군에서 빈번히 발생하는 은하 사이의 상호 작용이 개별

은하의 형성과 진화에 어떤 영향을 끼치는지에 대한 연구가 필요하다. 이를 위해서는

밀집 은하군과 다른 은하 환경에 놓인 은하들의 특성을 비교하여야 한다.

은하의 중요한 특성 중 하나인 은하핵의 활동성에 밀집 은하군의 환경이 끼치는

영향을 확인하기 위해 밀집 은하군 은하들의 활동성 은하핵 특성을 조사하였다. 슬로언

전천 탐사(Sloan digital sky survey)의 6번째 자료 공개(Data Release 6)에서 분광학

적으로 확인된 밀집 은하군 58개에 속한 238개 은하를 표본으로 사용하였다. 활동성

은하핵은 스펙트럼에서 측정된 방출선 세기 비를 이용해 분류하였다. 밀집은하군 은하

의 활동성 은하핵 비율은 활동성 은하핵 분류법에 따라 17-42% 정도로 나타났다. 밀집

은하군의 활동성 은하핵 비율은 같은 분류법으로 조사한 저밀도 환경(field)과 은하단

환경의 은하들의 활동성 은하핵 비율과 비교하여 높지 않은 것으로 나타났다. 각 환경

에 위치한 은하의 형태와 밝기를 통일시켜 비교하여도 밀집 은하군의 활동성 은하핵

비율은 특별히 높지 않았다. 한편, 광시야-적외선 탐사선(Wide-field Infrared Survey

Explorer) 자료를 이용하여 확인한 결과, 중적외선에서 빛을 내는 활동성 은하핵 또

한 밀집 은하군에서 발견되지 않았다. 은하 사이의 상호 작용이 활발한 밀집 은하군

환경에서 활동성 은하핵이 더 많이 나타난다는 기존의 연구와 상반되는 결과이다.

은하의 활동성 은하핵에 대한 환경 효과는 은하의 형태에 따라 다르게 나타났다.
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조기형 은하의 경우, 활동성 은하핵 비율이 은하단 – 밀집 은하군 – 저밀도 환경 순으로

높아졌다. 은하가 고밀도 환경에 머물면서 활동성 은하핵에 공급할 수 있는 연료인 가

스를잃기때문인것으로생각된다.한편,만기형은하의경우에는은하단,밀집은하군,

저밀도 환경에서 활동성 은하핵 비율의 차이가 없었다. 은하들이 가스를 가진 채로 은

하단이나 밀집 은하군 환경에 진입하였기 때문에 활동성 은하핵의 비율이 차이가 없는

것으로 보인다.

밀집 은하군은 활발한 상호 작용 이후에 빠른 시간 내에 하나의 은하로 합쳐져 형

태를 오랫동안 유지할 수 없을 것으로 예상되지만, 상당히 많은 수의 밀집 은하군이

발견되었다. 밀집 은하군의 기원을 설명하기 위해 몇 가지 설명이 제시되었다. 예를 들

어, 1) 서로 다른 거리에 있는 은하들이 우연히 좁은 영역에 모여 있어 밀집 은하군으로

분류된 경우, 2) 밀집 은하군이 만들어진지 얼마 지나지 않아 하나의 은하로 병합되기

전을 관측하게 된 경우, 3) 밀집 은하군이 주변의 거대 구조와 연결되어있어 주변 환

경으로부터 은하가 지속적으로 유입되어 밀집 은하군의 형태가 유지되는 경우를 들 수

있다. 위의 가능성을 확인하고, 밀집 은하군의 기원에 대해 확인하기 위해서는, 많은

수의 밀집 은하군을 이용하여 그 특성과 주변 환경에 대한 통계적인 연구를 수행해야

한다.

본 연구에서는 밀집 은하군에 대한 통계적인 연구를 위해 큰 밀집 은하군 목록을

작성하였다. 같은 거리에 위치한 은하들로 구성된 진짜 밀집 은하군을 고르기 위해,

슬로언 전천 탐사에서 6번째로 공개한 측광 자료로부터 골라진 밀집 은하군 후보들에

속한 은하들을 분광 관측하고, 여러 기존 연구에서 분광 자료를 수집하였다. 분광 자

료로부터 적색 편이량을 측정하여, 같은 거리에 위치한 은하들로 구성된 밀집 은하군

332개를 최종적으로 선정하였다. 이밀집 은하군 목록에는 구성 은하가 4개 이상인 192

개 은하군과, 구성 은하가 3개인 140개의 은하군이 포함되어있다. 밀집 은하군의 크기,

속도분산,은하밀도,주변환경등에대해서조사하였는데, 기존에연구가많이이뤄진

힉슨(Hickson) 밀집은하군의특성과비슷하였다. 그러나팔로마전천탐사에서찾아진

DPOSS II 밀집 은하군과는 차이를 보였다. DPOSS II 밀집 은하군의 선정 기준이 본

연구의 밀집 은하군과 힉슨 밀집 은하군의 선정 기준과 다르기 때문으로 생각된다. 본
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연구의 밀집 은하군 표본이 분포하는 우주의 적색 편이 구간 0.01 < z < 0.16에서 밀집

은하군의 속도 분산과 밀집 은하군 개수 밀도(abundance of compact groups)는 크게

변화하지 않았다. 밀집 은하군이 분포한 적색 편이 구간에 해당하는 약 10억 년 동안

밀집 은하군의 특성에 큰 변화가 없었음을 의미한다. 밀집 은하군 개수 밀도도 변하지

않았기 때문에 기존 예상과는 달리 밀집 은하군이 형태를 꽤 오랫동안 하나의 은하로

병합되지 않거나, 주변환경으로부터 은하를 공급받아 형태를 유지할 수있음을 추론할

수 있다.

마지막으로 분광 자료만 사용하여 현존하는 가장 큰 밀집 은하군 목록을 작성하였

다. 기존에 사용했던 밀집 은하군 선정 방법은, 측광 자료로부터 밀집 은하군 후보를

선정하고, 분광 자료로부터 적색편이량을 측정해 같은 거리에 놓인 은하들로 이루어진

진짜 밀집 은하군을 골라내는 것이다. 그러나 이 방법으로 골라진 밀집 은하군은 몇

가지 편향성을 갖고 있다. 를 들어, 밀집 은하군 선정 기준 중 고립 기준(예isolation

criterion)으로 인해 가까운 우주의 밀집 은하군과 고밀도 환경에 위치한 밀집 은하군

을 선택적으로 배제하게 된다. 이러한 편향성에서 벗어나기 위해 ‘친구의 친구 찾기

(friend-of-friend)’방법을 슬로언 전천 탐사에서 12번째로 공개한 자료 중 은하 분광

표본에 적용하여 밀집 은하군을 찾았다. 새로운 밀집 은하군의 적색 편이 분포를 조

사해본 결과, 기존 방식의 편향성에서 벗어나 가까운 우주에서 새로운 밀집 은하군을

많이 찾을 수 있었다. 또, 기존 방식에서 찾지 못한 고밀도 환경의 밀집 은하군을 더 찾

아낼수있었다. 밀집 은하군의 주변환경밀도 분포(Σ5, 5번째가까운 은하까지의 은하

밀도)를 조사한 결과 38% 정도의 은하군이 고밀도 환경에 위치하는 것으로 나타났다.

고밀도환경과저밀도환경에위치한밀집은하군의적색편이량,크기,은하개수밀도,

속도 분산의 분포는 비슷하였다. 그러나 고밀도 지역에 위치한 밀집 은하군은 더 많은

조기형 은하로 구성되어있었고, 평균적인 은하 색도 붉게 나타났다. 고밀도 지역에 위

치한 밀집 은하군 안에서 은하 진화가 더 빨리 일어났고, 은하군 자체의 진화 정도에도

차이가 있음을 의미하는 결과이다.

주요어: 은하:진화, 은하:은하군: 은하, 은하:상호작용

학 번: 2009-20439
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