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Abstract

Compact quiescent galaxies in the redshift range 0.5 < z < 1.1 are the missing link
needed to complete the evolutionary histories of these objects from the high-redshift
z � 2 Universe to the local z ⇠ 0 Universe. We identify a sample of 52 intermediate-
redshift compact quiescent galaxies, with sizes at most half of the size of their z ⇠ 0
counterparts of the same mass, by searching the DEEP2 Redshift Survey in conjunc-
tion with derived spectroscopic and structural properties. The compact quiescent
galaxies have half-light radii ranging from 0.45  Re,c  5.01 kpc (mean Re,c = 1.62
kpc) and dynamical masses ranging from 1.20⇥1010  Mdyn  2.45⇥1012 M� (mean
Mdyn = 1.35⇥1010 M�). In addition to having structural properties that bridge the
gap between their high- and low-redshift counterparts, our sample of intermediate-
redshift quiescent galaxies spans a large range of ages but is drawn from two distinct
epochs of star formation quenching: quenching at z > 2 which suggests these ob-
jects may be the predecessors of the observed high-redshift compact galaxies and
quenching at z  2 which suggests there is an additional population of more recently
formed quiescent compact galaxies. Furthermore, initial comparisons of the stellar
and dynamical masses of these compact quiescent objects suggest that a bottom-
heavy initial mass function (IMF) is unphysical for these galaxies. This is in tension
with recent IMF developments that claim the IMF for massive, early-type galaxies
becomes increasing bottom-heavy as velocity dispersion increases.
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Chapter 1

Introduction

1.1 The Structure of the Universe

Galaxies are the fundamental components of the Universe’s structure. Made up of

gravitationally bound dust, gas, stars, and dark matter, galaxies are the largest and

most diverse objects in the Universe. Over the past few decades, redshift surveys have

revealed that the spatial distribution of galaxies in the Universe is not uniform, with

galaxies clustering into patterns of filaments and voids on the scale ten thousand times

larger than the size of our own galaxy. Figure 1-1 shows slices of the three-dimensional

distribution of galaxies obtained from the Sloan Digital Sky Survey (SDSS), the 2-

degree Field Galaxy Redshift Survey (2dFGRS), and the Center for Astrophysics

(CfA) galaxy redshift survey, which together have probed large-scale structure out to

redshift z ⇠ 0.2, which corresponds to a distance of ⇠800 Mpc1 [Springel et al., 2006].

The leading paradigm for how large-scale structure emerged from the seemingly uni-

form energy distribution of the early Universe revealed by the cosmic microwave

background involves small matter density fluctuations that, through the complex in-

teraction between baryonic and dark matter, eventually evolved into the structure

of the Universe observed today. While there are still many unanswered questions

about the large-scale structure of the Universe, simulations of large-scale structure

1Throughout this work, a ⇤CDM cosmology is assumed with H0 = 70 km s�1 Mpc�1, ⌦⇤ = 0.7,
and ⌦M = 0.3 [Bennett et al., 2013]. Additionally, magnitudes are listed in the AB system.
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from the Millennium Run, which evolved the distribution of over ten billion dark

matter particles over 13 billion years, have proved to match the observed distribution

of galaxies quite well [Lemson and Virgo Consortium, 2006]. From these simulations,

cosmological models describing the geometry and type of matter in the Universe have

been developed and refined.

Figure 1-1 Observed and modeled distribution of galaxies in the Universe out to a
redshift of z ⇠ 0.2 [Springel et al., 2006]. The top and left panel show the observations
of galaxy spatial distribution from the SDSS, CfA, and 2dFGRS surveys while the
bottom and right panels show simulated large-scale structure from the Millennium
Run.

As the luminous tracers of large-scale structure, galaxies and the study of their

observable properties are crucial to understanding the evolution of the Universe. By

studying how galaxies form and evolve we can probe the physical processes that

govern the formation and evolution of large-scale structure. While the Gigayear (Gyr)

timescale of galaxy evolution is much larger than can be observed in real-time, we can

exploit the finite speed of light to infer how populations of galaxies change throughout

10



cosmic time by relating their properties at di↵erent redshifts. The redshift, z, is a

function of the distance which, because the speed of light is finite, allows us to observe

the Universe as it appeared earlier in history. So galaxies observed at higher redshifts

appear as they were in the early Universe and galaxies observed at lower redshifts

appear as they are in the more recent Universe.

1.2 Galaxy Morphology and Properties

It is currently estimated that there are at least 100 billion galaxies in the observ-

able Universe, but in the early 1900s our view of the cosmos consisted solely of the

Milky Way. While the theoretical beginnings of modern cosmology were underway,

there was not yet observational evidence of a Universe beyond our own galaxy. Using

the Hooker telescope on Mount Washington, Edwin Hubble observed small patches

of dust, termed nebulae, that most believed to be a part of the Milky Way. But

by observing a Cepheid variable star, which is a standard candle, in the dust patch

now known as the Andromeda galaxy Hubble was able to prove that this dust patch

was far beyond the reaches of the estimated size of the Milky Way. Hubble’s obser-

vation marked an important milestone in the birth of extragalactic astronomy and

observational cosmology.

For the rest of his career Hubble observed numerous galaxies and established a

classification scheme based on their appearance. His scheme, the Hubble sequence,

divides galaxies into three distinct classes: elliptical, lenticular, and spiral. Figure 1-2

shows his classical ‘tuning-fork’ of galaxy morphology. Elliptical galaxies, character-

ized as smooth spheroids, are depicted on the left increasing in degree of ellipticity.

At the node of the fork is a lenticular galaxy which is a class of transitional galaxy

between elliptical and spiral. Spiral galaxies branching o↵ into normal and barred

types are shown on the left arranged by the tightness of their spiral arms. The in-

terpretation of the Hubble Sequence as an evolutionary scenario led to the misnomer

of elliptical galaxies being named early-type and spiral galaxies named late-type. As

will be discussed in Section 1.3, this naming scheme is actually the opposite of what
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has become the currently understood scenario of galaxy evolution.

Figure 1-2 The Hubble tuning-fork of galaxy morphology [Hubble, 1936]. Early-type,
elliptical galaxies are shown on the left and late-type, spiral galaxies are shown on
the right. Figure from [Hubble, 1958].

Since Edwin Hubble’s classifications, our knowledge of the di↵erent types of galax-

ies in the Universe has certainly broadened, and not all galaxies fall neatly into the

categories Hubble sequence. As shown in Figure 1-3, galaxies are observed to have

a wide range of morphologies with some galaxies falling into the Hubble sequence

and others more irregular. Large observing programs such as the ground-based Sloan

Digital Sky Survey (SDSS) have permitted detailed studies of thousands of galaxies

in the local Universe with a mean redshift of z ⇠ 0.1. Observed galaxy properties,

including color, luminosity, stellar mass, and star formation rate scale with Hubble

classification, making the Hubble sequence and continued study of galaxy morphology

still relevant.

Space telescopes such as the Hubble Space Telescope (HST) have also imaged

thousands of galaxies with great resolution and have aided in studying galaxies prop-

erties, in a statistical sense, out to z ⇠ 2. But at higher redshifts, the morphology of

galaxies becomes increasingly irregular suggesting that the more distinct morpholog-

ical categories observed in the local Universe is something that the galaxy population

evolved into over time. The continued study of galaxy morphology and properties

12



Figure 1-3 SDSS images of various galaxy types. The top row is of early-type galaxies
NGC 0391, NGC 0155, and NGC 0219, the second row shows lenticular galaxies UGC
00386, NGC 0676, and NGC 2562, the third row shows various late-type galaxies NGC
7814, NGC 0291, and NGC 2541 and the last row shows irregular galaxies NGC 4795,
NGC 4438, and NGC 3169. Images are taken from the NASA/IPAC Extragalactic
Database.
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at high-redshift will provide clues to how galaxies and the Universe evolved. In the

near future, the planned James Webb Space Telescope (JWST), with a launch date

of October 2018, will allow comprehensive studies of galaxy properties out to z ⇠ 4

corresponding to a Universe age of 1.5 Gyrs.

1.3 Early-type Galaxies

The subject of this thesis are early-type, elliptical galaxies. Initially, early-type galax-

ies were thought to be the simplest of the three main morphology classes due to their

smooth appearance. But elliptical galaxies have turned out to be quite diverse and

complex systems. Early-types galaxies are characterized by observable properties

such as their the surface brightness profiles, kinematics, and stellar populations.

1.3.1 Structural Properties

The total luminosity of a galaxy is given by Ltot = 2⇡
R1
0 I(r)rdr where I(r) is the two-

dimensional surface brightness profile typically measured in units of luminosity per

unit area. The two-dimensional surface brightness profile describes how the intensity

of light emitted from a galaxy changes as a function of position from the center of

the galaxy. Early-type galaxies display varying degrees of ellipticity so radius r is

the elliptical radius (x2 + (y/q)2)1/2. The axis ratio, q, is given by a/b where a is the

major axis and b the minor axis.

The two-dimensional surface brightness profile, I(r) of an elliptical galaxy follows

de Vaucouleurs’ law,

I(r) = Iee
�7.669[( r

re
)1/4�1], (1.1)

where Ie is the brightness at the half-light radius re [de Vaucouleurs, 1948]. The half-

light radius, which is the radius containing half the total flux of the galaxy, is used

to characterize a galaxy’s size. Sizes of early-type galaxies typically range from a
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fraction of a kiloparsec to tens of kiloparsecs2. As we will discuss in Chapter 3, the

size of a galaxy can be measured from its image.

1.3.2 Kinematics

The stars that make up an early-type galaxy have random orbits, and thus overall

the galaxy has little net rotation. The distribution of stellar velocities closely follows

a Gaussian, N(⌫) / e�⌫2/2�2

, where N is the number of stars at velocity ⌫ relative

to the galaxy center. The standard deviation � of the distribution of star speeds is

the velocity dispersion which is a fundamental and important property of early-type

galaxies. As we discuss in Chapter 2, the velocity dispersion can be measured from

the spectra of a galaxy.

While the mass of an early-type galaxy is unobservable, it can be derived from

the virial theorem using the galaxy’s size and velocity dispersion. As explained in

[Galaxy Formation and Evolution, Ho 2010] the virial theorem, 2hT i = -hU i, relates

the time average kinetic energy T of a system to its time average potential energy

U for a system with a stable moment of inertia. Under a few assumptions the virial

theorem can be used to derive the dynamical mass, a measure of the gravitational

mass, of early-type galaxies. The kinetic energy can be approximated under the

assumptions that the stars in the galaxy are identical with equal masses and that

their motion is isotropic. The velocity dispersion for all the stars that make up the

system is �2 = (1/N)
P

i ⌫
2
i,LOS where N is the total number of stars and ⌫i,LOS is the

line-of-sight velocity of each star. Thus, under the assumption that the motion of the

stars is the same in all directions, the average kinetic energy of the system can be

written as,

hT i =
3

2

M

N

X

i

h⌫2
i,LOSi =

3⌘

2
M�2, (1.2)

where M is the total mass of N identical stars and ⌘ is a constant determined by

the specifics of the stellar population. The potential energy can be approximated by

21 kiloparsec (kpc) = 3.09⇥1019 m
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assuming the system is in net equilibrium and the distribution of stellar masses is

smooth. Under these two assumptions the potential energy of an early-type galaxy

is approximated to be,

hUi = �↵
GM2

R
(1.3)

where ↵ is a constant determined by the density profile of the galaxy, R is the ra-

dius of the galaxy, and G Newton’s gravitational constant. Using the virial theorem

and combining Equations (1.2) and (1.3), the virial mass of an early-type galaxy is

estimated to be,

Mdyn = �
�2R

G
, (1.4)

with � = (3⌘)/(4↵) being a constant that depends on the specific arrangements of

the system being considered. As we will discuss in Chapter 4, the dynamical mass is

the gravitational mass contained within the optical radius of the velocity dispersion

measurement.

1.3.3 Stellar Populations

As galaxies are collections of stars, the properties of the underlying stellar population

of a galaxy are fundamental to the overall characteristics exhibited by a galaxy. Early-

type galaxies are composed mainly of stars and contain little dust and gas. In the

1930s, Annie Jump Cannon qualitatively classified over 400,000 stellar spectra based

upon the ratios of absorption and emission lines. She created the classification scheme

still in popular use today: OBAFGKM, which turns out to be arranged in order of

decreasing temperature with O-type stars being the hottest (40,000K) and M-type

stars being the coolest (3,000K). Cooler stars have many metal absorption lines while

hotter stars have few metal absorption lines. This is due to hotter stars completely

ionizing most metal atoms, while cooler stars may only singly ionize metal atoms.

Spectra can further be classified into luminosity classes based on spectral emission

line ratios. The basic Yerkes scheme classifies stars into four main categories: dwarfs,
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Figure 1-4 Hertzsprung-Russell diagram showing the relation between lumi-
nosity, surface temperature, and spectral class of stars. (Image credit:
http://casswww.ucsd.edu/archive/)

main sequence, giants and supergiants, which corresponds to the stellar evolutionary

track. Dwarf stars are the least mature stars while supergiants are stars farther along

in their lifetime. Figure 1-4 shows the Hertzsprung-Russell (HR) diagram which

displays how luminosity, surface temperature, and spectral class of stars are related.

The di↵erent Yerkes stellar classifications are separated into distinct regions of the

HR diagram.

The light from early-type galaxies primarily comes from red giant, K-type stars.

Most early-type galaxies are often referred to as “red and dead” because the light from

K-type stars peaks in the red part of the electromagnetic spectrum and a majority

of their stars have evolved past the main sequence. Some early-type galaxies, called

“young post-starbursts” have recently ended a period of active star formation and in

addition to red giant K-type stars contain younger and hotter O- and B-type stars.

As the stars in post-starburst, early-type galaxies continue to evolve, they become

dominated by A-type supergiant stars (E+A type galaxies). When there is no longer
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evidence of new star formation, a galaxy is considered to be quiescent (”dead”). In

Chapter 2 we discuss how stellar populations of early-type galaxies give rise to their

observed spectral characteristics.

1.4 Galaxy Evolution

Based on galaxy morphology beyond the local Universe, a paradigm of galaxy evo-

lution has emerged but still leaves many unanswered questions. Prior to the current

scenario of galaxy evolution, there were two opposing theories of evolutionary mech-

anisms for early-type galaxies: monolithic collapse and hierarchical merging. In the

monolithic collapse scenario, galaxies form from the collapse of primordial gas as

stars are made and subsequently evolve in isolation [Eggen et al., 1962]. The initial

conditions of the dark matter halo of the galaxy are what influences its formation

and evolution. On the other hand, in the hierarchical merging scenario, stars form

only in the disks of late-type galaxies that eventually merge together to form quies-

cent elliptical galaxies [Toomre, 1977]. Two disk-type galaxies interact, merge, and

eventually form a larger spheroidal-type galaxy. As the two disk galaxies begin to

interact, star formation is induced from the compression of gas. The gas then falls

towards the center of the merging galaxy, feeding the central black hole and creating

an active galactic nucleus. After the two disk galaxies coalesce, all merging features

disappear and a single spheroidal-type galaxy remains. Thus, it is expected that disk

type galaxies and mergers were more common in the higher density early Universe

and elliptical galaxies are more common in the local Universe. The di↵erence be-

tween these two evolution scenarios is the prominent “nature versus nurture” debate

of galaxy formation and evolution.

While the original nature versus nurture debate of galaxy evolution is still an open

question of galaxy evolution, a general picture of galaxy evolution that is a mixture

of both monolithic collapse and hierarchical merging is beginning to surface. The

continued study of the properties of elliptical galaxies throughout the history of the

Universe is essential for piecing together a coherent picture of galaxy evolution. There
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are still many unanswered questions and puzzles concerning the complex evolution of

early-type galaxies.

1.5 Compact Quiescent Galaxies

Massive (M � 1010 M�)3 quiescent galaxies continue to challenge the prevailing sce-

narios of galaxy evolution. Observations of high-redshift early-type galaxies (ETGs)

near z ⇠ 2 have shown that at least 50% of quiescent massive galaxies are compact

[Szomoru et al., 2012, van Dokkum et al., 2008]. Figure 1-5 shows the mass-size dis-

tribution of a sample of high-redshift galaxies (1.5 < z < 2.5) from [Szomoru et al., 2012].

Larger galaxies that fall above the upper dashed line are late-type spiral galaxies,

while galaxies that fall below the solid relation are early-type galaxies. Normal mas-

sive ETGs fall between the dashed lines while the ETGs below the dashed line are

compact. A majority of compact early-type galaxies are quiescent, denoted by a red

cross in Figure 1-5.

These compact quiescent galaxies (CQGs), characterized by small e↵ective radii,

high velocity dispersions, and little to no evidence of active star formation were

first discovered at z � 1.4 and initially had no known similarly compact counter-

parts in the local (z⇠) Universe [Daddi et al., 2005]. In addition, recent studies

have described the properties of even more z � 1 compact galaxies [Belli et al., 2014,

van de Sande et al., 2013, Bezanson et al., 2012, Onodera et al., 2012, Toft et al., 2012,

Newman et al., 2010, van Dokkum et al., 2009, van der Wel et al., 2008, Trujillo et al., 2006],

CQGs have now also been confirmed to exist at lower redshifts in the range 0.2 < z

< 0.6. CQGs in the more local Universe have been found in the Sloan Digital Sky Sur-

vey (SDSS) dataset [Damjanov et al., 2013, Damjanov et al., 2014]. Initially thought

to be stars, they were discovered under further inspection of the spectra, which con-

firmed them to be CQGs. A small number of CQGs have also been found in the local, z

⇠ 0 Universe [Trujillo et al., 2009, Taylor et al., 2010, Ferré-Mateu et al., 2012]. The

discovery and characterization of CQGs in the redshift range 0.5 < z < 1.1, from an

3M� = 1.99⇥1030 kg, the mass of the Sun

19



Figure 1-5 Size against mass for a sample of 1.5 < z < 2.5 galaxies from
[Szomoru et al., 2012]. Galaxies marked with red are quiescent.

age of the Universe from 5.4 to 8.4 Gyrs, will be necessary to bridge the observational

gap for a comprehensive evolutionary study of ETGs beginning from their formation

in the high-redshift Universe and ending in their current state in the local Universe.

1.5.1 Evolution of Massive Early-type Galaxies

Observations have shown that there is a size evolution of massive quiescent galaxies,

with the high-redshift objects being 2 - 5 times smaller than their massive quiescent

ETG counterparts in the local Universe [Damjanov et al., 2009, Buitrago et al., 2008,

Strazzullo et al., 2010, Cassata et al., 2011, Cimatti et al., 2008, Bruce et al., 2012,

Szomoru et al., 2012, Carrasco et al., 2010, Saracco et al., 2011]. This is puzzling be-

cause somehow these galaxies grow in size while remaining passive and not undergoing

any new star formation. The mechanism responsible for this size evolution remains an
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open question whose answer will provide insight into the field of galaxy evolution as

a whole. As discussed in [Damjanov et al., 2014], the most widely accepted evolution

scenario that explains the observed size increase of compact quiescent objects through-

out cosmic time involves individual quiescent galaxies expanding through a num-

ber of dry (gas-poor) minor mergers [Oogi and Habe, 2013, van der Wel et al., 2009,

Oser et al., 2012, Naab et al., 2009, López-Sanjuan et al., 2012]. The mergers in-

crease the size of the size of the galaxy without the formation of new stars.

To corroborate the minor merger theory of size evolution, the fraction of massive

quiescent galaxies is expected to decrease with time as quiescent objects merge with

one another and form a smaller total number of larger quiescent objects. Results from

semi-analytic models based on the Millennium Simulation project, which simulated

the evolution of nearly twenty million galaxies [Lemson and Virgo Consortium, 2006,

Quilis and Trujillo, 2013], show that a large majority of massive quiescent objects

at z > 2 must be compact and a significant number of massive quiescent objects

in the range 0 < z < 2 must be compact as well. Observations of high-redshift

galaxies near z ⇠ 2 have shown that at least 50% of quiescent massive galaxies are

indeed compact [Szomoru et al., 2012, van Dokkum et al., 2008], but observations of

the number density of compact quiescent systems in the local Universe are varied.

Some studies report number densities much higher than the Millennium predictions

[Poggianti et al., 2013] while other studies are reporting densities well below the pre-

dictions [Taylor et al., 2010, Trujillo et al., 2009].

To further piece together the evolutionary history of compact quiescent galaxies,

several studies have focused on tracing the formation of high-redshift, 1  z  2

massive quiescent galaxies by searching for and characterizing their progenitors at z

> 2 [Toft et al., 2014, Williams et al., 2014, Marchesini et al., 2014]. As discussed in

[Toft et al., 2014], while minor merging is believed to be the main mechanism driv-

ing the evolution of these objects, recent studies suggest that other mechanisms play

a larger role than previously thought [Krogager et al., 2014, Newman et al., 2012,

Carollo et al., 2013]. One such scenario involves a gas-rich major merger that induces

nuclear star formation as the two objects coalesce. As gas is driven towards the cen-
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ter, the generated active galactic nucleus (AGN) quenches star formation resulting in

a compact, quiescent bulge [Naab et al., 2007, Naab et al., 2009, Sanders et al., 1988,

Wuyts et al., 2010, Hopkins et al., 2006]. While sub-millimeter galaxies (SMGs), char-

acterized by extreme starburst activity masked by dust, are the leading progenitor

candidate of quenched, gas-rich major mergers [Coppin et al., 2008, Schinnerer et al., 2008,

Blain et al., 2004, Tacconi et al., 2006, Toft et al., 2007, Cimatti et al., 2008], the epochs

of formation for these objects are still being investigated. Recently, studies have

shown that there are a number of SMGs that formed between 3  z  ⇠6, rendering

them possible progenitors of the massive, compact quiescent galaxies we observe at z

⇠ 2 [Toft et al., 2014, Cappellari et al., 2009, Capak et al., 2008, Carilli et al., 2010,

Combes et al., 2012, Riechers et al., 2010, Yun et al., 2012].

1.5.2 Constraining the Initial Mass Function

In addition to constraining models of galaxy evolution, the study of compact quiescent

objects also has the potential to refine initial mass function (IMF) models. The IMF,

⇠(M), which is widely assumed to be universal for all newly formed stellar populations,

describes the fraction of stars ⇠ at di↵erent masses in a newly formed population. The

IMF is a power law,

d⇠(M) /

8
><

>:

dM�x
1 , M < 0.5 M�

dM�x
2 , M � 0.5 M�

(1.5)

that describes the number of stars in a population that are within a mass range

dM . The slopes of the IMF, x, determines whether the stellar population is more

“bottom-heavy” or “top-heavy”. The mass of a bottom heavy IMF, described by

larger values of x, is dominated by a larger number of low mass stars. The mass of

top-heavy IMF, described by smaller values of x, is dominated by the fewer number

of high mass stars. The uni-modal Salpeter IMF with x=2.35 [Salpeter, 1955] and

the bi-modal Kroupa IMF with x1 = 1.3 and x2 = 2.3 [Kroupa, 2002] are the most

commonly adopted universal IMFs.

Recent IMF studies are revealing that a universal IMF is not an accurate descrip-
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tion of the stellar populations of massive, early-type galaxies [Cappellari et al., 2012,

Conroy et al., 2013]. The universal Salpeter and Kroupa IMFs are both based on

studies of stellar populations in the Milky Way and have shown little evidence of IMF

variation. But as presented in [Cappellari et al., 2012, Conroy et al., 2013], there is

evidence to support that the IMF becomes increasingly bottom-heavy as the velocity

dispersion and mass of early-type galaxies increases. There are many systematic un-

certainties in measuring the IMF, but compact quiescent objects are proving to be the

most promising stellar systems to study to reduce some of these uncertainties because

they are believed to have little to no dark matter at their centers, based on the fact

that their stellar masses equal their dynamical masses within the optical radius. As

discussed in [Conroy et al., 2013], if these objects were to have dark matter content

that rivaled the mass of the stellar population, a significant modification to the NFW

dark matter density profile4 would have to be made. Thus, the dark matter deficiency

of CQGs introduces a constraint on the allowed values of the IMF slope because it

would be unphysical for these galaxies to have dynamical masses lower than their

stellar masses.

1.6 Outline of Thesis

For this thesis, we search for compact quiescent galaxies in the DEEP2 Redshift

Survey and derive their structural and stellar properties to begin to bridge the evolu-

tionary gap between these objects and their low- and high-redshift counterparts. We

present the properties of 52 CQGs by inspecting quiescent early-type galaxies in the

redshift range 0.5 < z < 1.1. In Chapter 2 we describe the observables of galaxies,

the DEEP2 Redshift Survey and our initial selection of massive, quiescent early-type

galaxies. Chapter 3 describes the existing structural properties of our sample and

explains the methods for performing our own size measurements on the remaining

sample with available HST imaging. In Chapter 4 we pull in a comparison sample

4Navarro-Frenk-White (NFW) dark matter density profile as a function of radius from the center
of a galaxy is described by ⇢(r) = ⇢0[(r/rs)(1 + (r/rs))

2]�1 where ⇢0 is the critical density and rs is
the characteristic radius.
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of SDSS local early-type galaxies that we use to place a compactness criterion on

the quiescent early-type DEEP2 galaxies. We identify 52 CQGs, derive their stel-

lar masses, evaluate their properties, and compute their redshifts of star formation

quenching. In Chapter 5 we discuss preliminary work relating to the dynamical and

stellar mass comparison of CQGs and summarize the findings of this thesis.
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Chapter 2

Searching for Quiescent ETGs in

DEEP2

2.1 Observations of Galaxies

The only way we can observationally study the properties of early-type galaxies de-

scribed in Chapter 1 is by studying the light they emit. Spectroscopy and photometry

are two critical astronomical techniques that use light to study the properties of galax-

ies.

2.1.1 Spectroscopy

The spectroscopic redshift, velocity dispersion, and stellar properties of a galaxy

can be derived from its spectrum. The spectroscopic redshift of a galaxy is found by

measuring the wavelength shift of known rest-frame emission or absorption lines. The

velocity dispersion � of an early-type galaxy, described in Section 1.2.1, is measured

from the Doppler broadening of the spectral lines. Additionally, since the spectrum of

a galaxy is the superposition of the spectra of the stars it contains, the properties of

the underlying stellar population of a galaxy can be probed to determine the overall

age and metallicity [Z/H] of a galaxy.

Figure 2-1 shows three galaxy spectra: a typical red and dead early-type spectrum,
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Figure 2-1 The upper left spectrum is of a typical “red and dead” early-type galaxy
while the lower left spectrum is of a young post-starburst quiescent elliptical galaxy
[A. Kinney “Galaxies in the Universe”]. The spectrum on the right of a late-type
galaxy shows emission lines indicative of active star formation [Kniazev et al., 2002].

a quiescent young post-starburst spectra, and a late-type emission spectrum with

common emission and absorption lines are labeled in each. There are two main

types of quiescent ETG spectra: (1) old red galaxies, that exhibit the characteristic

4000 Å break due to the lack of hot O+B type stars, calcium H+K ��4934,3969

absorption lines, and G-band �4304 absorption features and (2) young, bluer post-

starburst galaxies, that indicate recent conclusion of star formation with their spectra

displaying strong Balmer absorption lines but no strong emission. The spectra of

young, post-starburst galaxies eventually evolve into the spectra of red and dead

early-type galaxies.

Emission lines in a galaxy spectrum arise from the interstellar gas and dust being

ionized by star formation. The right spectrum in Figure 2-1 shows a galaxy with

emission lines indicative of star formation. From the emission line information the

star formation rate (SFR) of a galaxy can be computed. The lack of emission lines in

a galaxy spectrum indicates that the galaxy is quiescent and not undergoing active
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star formation.

2.1.2 Photometry

Photometry is another essential tool for studying the light from galaxies. Imaging

of galaxies by CCDs is not only useful for determining morphological characteristics

(as will be discussed in Chapter 3), but also necessary for probing the stellar content

and colors of galaxies. The light coming from an astronomical object is typically

measured in several di↵erent filters using instrumentation that is optimized for the

specific wavelength regime. Unlike stars, galaxies are extended objects so measuring

their total flux requires integrating the surface brightness over the extent of the galaxy

(as discussed in Section 1.3.3).

Photometric measurements are often reported in the magnitude system. The

absolute magnitude M , which is a measure of the intrinsic brightness of an object, is

computed from,

M = m � kcorr � 5(1 + log10DL), (2.1)

where m is the apparent magnitude of the object as measured from Earth, kcorr is

the K-correction to the magnitude, and DL is the luminosity distance in parsecs. The

apparent magnitude is what we measure photometrically, the K-correction corrects

for the object’s redshift (discussed in Section 2.4), and the luminosity distance is

discussed in the following section.

2.1.3 Distance Measurements

Interpretations of measurements of distant galaxies must take into account the ex-

pansion of the Universe. The angular diameter distance DA is the ratio of a galaxy’s

physical size to its angular size. To determine the physical size of our DEEP2 galax-

ies, as done in Chapter 3, we can measure the angular size of the galaxy from an

image and compute the angular diameter distance. As explained in [Hogg, 1999], the

angular diameter distance to an object, DA = r(�)(1 + z)�1, depends on the trans-
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verse comoving distance �. The factor r(�) is determined by the chosen cosmology

in the following way:

r(�) =

8
>>>>><

>>>>>:

sinh(H0�
p

⌦k)/(H0

q
|⌦k|) ⌦k > 0

� ⌦k = 0

sin(H0�
p

�⌦k)/(H0

q
|⌦k|) ⌦k < 0

(2.2)

where ⌦k = 1 � ⌦⇤ � ⌦M is the curvature density and H0 the Hubble constant.

In addition to correcting the physical sizes of our galaxies to account for the

expansion of the Universe, we need to correct our measured luminosities obtained

from photometry discussed in Section 2.4. The luminosity distance DL determines

what the absolute flux of the object is for a given observed flux of an object at

redshift z. As discussed in [Hogg, 1999] the luminosity distance, DL = [L/(4⇡S)]1/2,

is dependent on the bolometric luminosity L and bolometric flux S and is larger than

the angular diameter distance DA by a factor of (1+z )2. Both the angular diameter

distance and luminosity distance are needed to obtain the physical sizes and intrinsic

luminosities of galaxies.

2.2 The DEEP2 Redshift Survey

2.2.1 Overview

In this study, we mine Data Release 4 (DR4) of the DEEP2 (Deep Extragalactic

Evolutionary Probe) Galaxy Redshift Survey which covers 52,989 objects from z =

0 to z ⇡ 1.4 to a limiting apparent magnitude of RAB = 24.1 [Newman et al., 2013].

The DEEP2 Survey is the largest of its kind, probing galaxy properties, environments

and large-scale structure at z ⇠ 1.

Based on the DEIMOS (DEep Imaging Multi-Object Spectrograph) spectrograph

on the Keck II telescope over the course of ⇠90 nights [Faber et al., 2003], the survey

covers a total of 2.8 square degrees spread across four separate, rectangular fields as

shown in Figure 2-2. A grating with 1200 line/mm and a central wavelength of 7800
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Å was used to ensure the coverage of at least one prominent spectral feature for all

objects in the range 0.0 < z < 1.4. The typical wavelength range covered is 6500 Å

- 9100 Å and the resulting resolution is R ⇠ 6000 with slit width of 100.

2.2.2 DEEP2 Target Selection
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Figure 2-2 The four DEEP2 fields on the

celestial sphere.

The initial target pool for DEEP2

was composed by selecting objects

from Canada-France-Hawaii Telescope

(CFHT) BRI photometry based on mag-

nitude, probable object type, and surface

brightness criteria [Coil et al., 2004]. The

first criterion limited the selection to

those objects with R-band apparent

magnitude between RAB = 18.5 and RAB

= 24.1. With regard to object type, the

selected objects included those with ex-

tended sizes and peculiar colors, as well

as objects that have sizes similar to stars

but have a high probability of being a

galaxy determined by the methods de-

scribed in [Coil et al., 2004]. Finally, the last criterion restricted the selection to

those objects with surface brightness (SB) above the size-magnitude relation,

SB = RAB + 2.5log10[⇡(3rg)
2]  26.5, (2.3)

where rg is the Gaussian radius, determined by the 2D circular Gaussian fit to the

object’s image, in arcseconds. A majority of the low-SB objects excluded by this

selection criterion are multiple objects that were misclassified as a single object in

the CFHT photometry catalog.

Field 1, the Extended Groth Strip (EGS) field (Figure 2-3), was designed to cover
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Table 2.1. Summary of DEEP2 Fields†

Field ↵ � z Area Area Masks Masks Objects
selected planned completed planned completed covered

(1) (2) (3) (4) (5) (6) (7) (8) (9)

EGS 14:19 52:50 No 0.60 0.60 120 104 17745
2 16:52 34:55 Yes 0.93 0.62 120 85 10201
3 23:30 00:00 Yes 0.93 0.90 120 103 12472
4 02:30 00:00 Yes 0.93 0.66 120 103 12494

Note. — (1) DEEP2 field; (2) Right ascension of field center; (3) Declination of field center; (4)
Objects selected to be z > 0.7; (5) Planned coverage area in square degrees; (6) Obtained coverage area
in square degrees; (7) Planned number of slitmasks; (8) Obtained number of slitmasks; (9) Number of
objects covered (including duplicates)

†Coverage information from [Newman et al., 2013]

0�.25 ⇥ 2� whereas Fields 2,3, and 4 (Figure 2-4) were designed to cover 0�.5 ⇥ 2�. The

width of the EGS field is half of that of the other three fields due to the photometric

redshift selection: galaxies with redshifts z < 0.7 (see below) were rejected in Fields

2, 3, and 4 but included in the EGS field. As described in [Newman et al., 2013],

a single DEIMOS slitmask typically covers 130-150 objects and without excluding z

< 0.7 galaxies using BRI photometry, the sample of z ⇠1 galaxies obtained would

be diluted. To keep the number density of high-redshift objects covered constant in

all four fields, the width of the EGS field is halved. While the main target population

of DEEP2 is z ⇠ 1 galaxies, observations in the EGS field were designed to preserve

z < 0.7 galaxies to take full advantage of the field’s extensive multi-wavelength HST

coverage and to test the selection methods enforced in the other three fields.

Using CFHT BRI photometry, galaxies in Fields 2, 3, and 4 with z < 0.7 were

removed based on their color, which reduced the percentage of galaxies brighter than

RAB = 24.1 to 45%. Redder galaxies display the significant 4000 Å break in their

spectra, which produces a division in color-color space between galaxies. This redshift

selection is found to increase the e�ciency of covering z ⇠ 1 galaxies by a factor of

2.2. While low-redshift galaxies are not removed in the EGS field, galaxies that are

nearby and faint are weighted less in the selection process. In each field, 60% of

eligible objects had planned slitmask coverage. Table 1 summarizes the planned and
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Figure 2-3 DEEP2 coverage in the Extended Groth Strip (EGS). Light grey regions
indicate planned coverage and dark grey regions are the obtained spectroscopic cover-
age. The dashed lines indicate CFHT BRI photometry coverage (image from DEEP2
project).

obtained coverage, including the number of masks used and number of targets, in

each of the four DEEP2 fields.

2.2.3 Selection E↵ects

As described in [Newman et al., 2013] there are several known selection e↵ects in the

DEEP2 sample. First, selection based on a constant R-band magnitude results in

the survey being biased towards redder galaxies at z < 0.5 and biased towards bluer

galaxies at z > 0.5. This selection bias is well understood and can be corrected

[Willmer et al., 2006]. The final DEEP2 sample is also known to contain incorrect

classifications of faint stars as galaxies because the probability methods described in
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Figure 2-4 DEEP2 Field 2, 3, and 4 coverage (top to bottom). Light grey regions indi-
cate planned coverage and dark grey regions are the obtained spectroscopic coverage.
All objects have CFHT BRI photometry coverage (image from DEEP2 project).
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[Coil et al., 2004] overestimate the probability that a faint object is a galaxy. Addi-

tionally, the methods used to separate galaxies from faint stars leads to ⇠ 13% of the

dimmest red sequence galaxies to be excluded uniformly for galaxies at z > 0.75. The

complexity of the selection e↵ects of the DEEP2 Redshift Survey make computing

the number densities of galaxies particularly challenging, but in general the survey is

likely biased towards massive compacts in its target selection because a flux-limited

spectroscopic survey will tend to identify the most concentrated objects with higher

signal-to-noise ratios.

2.2.4 Data Catalogs

The full DEEP2 redshift catalog includes 52,989 entries. The catalog includes position

information, CFHT photometry from [Coil et al., 2004], the estimated R-band radius,

rg, ellipticity object position angle derived from R-band image moment analysis, the

slitmask and slitlet the object was observed with, the best-fit redshift and redshift

quality, and the object class which indicates the best redshift fit (star, galaxy, or

AGN). Additionally, a redshift catalog that removes duplicated objects, containing

50,319 unique entries, is provided. The spectral catalog includes the spectra for each

object in the redshift catalog. The reduction of these spectra were performed using

the DEEP2 DEIMOS data pipeline, spec2d, described in [Cooper et al., 2012].

2.3 Spectral Fitting

The spectra of the DEEP2 galaxies with su�cient signal-to-noise ratios were mod-

eled and fit by our collaborator Ivan Katkov according to the procedure described

in [Damjanov et al., 2013, Damjanov et al., 2014]. Assuming a simple stellar pop-

ulation (SSP), which describes a population of chemically homogenous stars that

formed at the same time, and we fit the spectra against a grid of PEGASE.HR (Projet

d’Etude des GAlaxies par Synthese Evolutive) [Le Borgne et al., 2004] SSP models

based on the MILES stellar library [Sánchez-Blázquez et al., 2006] using the NBURSTS

pixel space fitting technique [Chilingarian et al., 2007b, Chilingarian et al., 2007a].
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For each spectrum, the SSP model grid, which covers a wide range of ages and metal-

licities, is convolved with the instrumental response of the DEIMOS spectrograph.

The minimization procedure convolves the SSP model once more with a Gaussian

line-of-sight velocity distribution, and multiplies the model by a low-order continuum

polynomial to absorb calibration errors in both model and data. The best-fitting

SSP (or combination of two) is chosen by interpolating a grid in age and metallicity.

The resulting fit returns the radial velocity, mean age, metallicity [Z/H], and velocity

dispersion � for each DEEP2 object. Figure 2-5 shows one of the modeled DEEP2

spectra.
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Figure 2-5 Example spectra fit of a DEEP2 galaxy at z = 0.682. The spectra for
each object displays the smoothed flux in black, best fitting SSP template spectra in
red, the residuals of the fit in blue, and the ± 1 sigma uncertainties, scaled to the
smoothing, in grey. The lower x-axis indicates the observed wavelength and the upper
x-axis indicates the rest-frame wavelength (�rest = �obs[1+z ]�1). As made evident by
the residuals, the atmospheric absorption band is masked and not fit.

2.4 Photometric Catalog

To determine stellar masses we compiled a multi-band photometric catalog for the

DEEP2 galaxies from Spitzer/IRAC [Barmby et al., 2008], Palomar/WIRC [Bundy et al., 2006],

CFHT Legacy Survey [Gwyn, 2012], NEWFIRM Medium-band Survey [Whitaker et al., 2011],
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and GALEX photometry accessed through CasJobs1 [Martin et al., 2005]. In this

study, rest-frame K -band magnitudes are used to calculate stellar masses. The K -

band is optimal for probing the stellar mass content of our compact, quiescent candi-

dates because it is less sensitive to dust, more sensitive to late-type giant stars whose

spectral energy distribution (SED) is peaked in the near-IR, and mass-to-light ratio

models (that will be discussed in Section 4.2) based on the K -band vary less with

SSP age than B -band mass-to-light ratios.

The K-correction

As explained in [Hogg et al., 2002], to meaningfully compare a source’s measured

magnitude to the magnitudes of sources at di↵erent redshifts it is necessary to apply

a K-correction, which converts the observed magnitude of an object at redshift z to

its rest-frame magnitude. To transform the observed IRAC apparent magnitudes for

our DEEP2 galaxies to rest-frame, K band apparent magnitudes the functional form

of the K-correction is determined using a multi-wavelength SED fitting procedure

explained in [Chilingarian et al., 2010] and [Chilingarian and Zolotukhin, 2012]. Our

adopted functional form for the K-correction,

kcorr(z) = 5.63 � 25.35z + 40.03z2 � 29.4z3 + 8.13z4, (2.4)

depends only on redshift. The color dependence of the K-correction is negligible and

thus is excluded from the function. The determined uncertainties of the K-correction

range from 0.02 - 0.055 mag.

2.5 Initial Selection of Quiescent ETGs

To begin our search for CQGs in the redshift range 0.5  z  1.1, we first select for

massive quiescent ETGs. We determine the sizes of these quiescent ETGs in Chapter

3 and in Chapter 4 we evaluate compactness and select for CQGs.

1http://galex.stsci.edu/casjobs/
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To begin the search for massive quiescent ETGs, we place cuts on the derived

velocity dispersions �, obtained from the spectral fitting, of the DEEP2 objects. We

select objects with velocity dispersions � > 80 km s�1, indicative of high dynamical

mass, and � < 350 km s�1, which is the upper limit on realistic velocity dispersion

measurements determined by the spectral fitting. We also place a velocity dispersion

quality cut to ensure fit quality and exclude objects with �/�err < 6 where �err, the

error on the velocity dispersion, has been weighted by the �2 of the fit. Of the 29,879

DEEP2 objects whose spectra have been fit, 1,742 are in the desired redshift range

and meet these two velocity dispersion criteria.

We first select for quiescence spectroscopically by excluding objects with signifi-

cant emission line equivalent widths (EW), indicative of active star formation. We fit

the emission line spectra for each DEEP2 object using similar techniques described

in Section 2.3 to determine the EWs and fluxes of the emission lines present in each

spectrum. We select objects with EW[O II]��3727,3730 < 5 Å, EW H� �4863 < 5 Å,

EW[O III]��4960,5008 < 5 Å, and EW[O III]�4364 < 5 Å. 1,487 galaxies meet both

velocity dispersion criteria and the quiescence criteria. After reducing the sample size

based on the availability of structural parameters, we visually evaluate the spectra to

further ensure quiescence (described in Chapter 4).

In summary, the initial selection criteria are:

• 0.5  z  1.1

• �/�err � 6

• 80 < � < 350 km s�1

• EW[O II]��3727,3730, EW H� �4863, EW[O III]��4960,5008,

and EW[O III]�4364 all < 5 Å

Figure 2-6 shows the distribution of spectroscopic redshifts, velocity dispersions,

metallicies, and ages of the initial selection. For the initial sample of quiescent ETGs

the median redshift is z̃ = 0.765, the median velocity dispersion is �̃ = 201. km s�1,
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the median metallicity is ˜[Z/H] = 0.102 dex, and the median SSP age is Ãge = 2.27

Gyrs. The size measurements, including the e↵ective half-light radius, for this initial

sample and selection for CQGs continues in Chapter 3 and 4.
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Figure 2-6 Redshift, velocity dispersion, metallicity, and SSP age distributions of the
1,487 quiescent ETGs that meet the initial selection criteria. The red line in each
histogram indicated the median (z̃ = 0.765, �̃ = 201. km s�1, ˜[Z/H] = 0.102 dex,
Ãge = 2.27 Gyrs).
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Chapter 3

Size Measurements

Structural properties are central to the study of CGQs. To evaluate the compactness

of our sample of 1,487 quiescent ETGs we need to determine their physical sizes in

addition to other structural parameters including their Sérsic indices and ellipticities.

In this Chapter, we first discuss the Hubble Space Telescope (HST) imaging used to

measure structural properties and we next describe the program GALFIT and explain

how it is used to fit the surface brightness profile of a galaxy. In preparation for fitting

the galaxies in our sample that do not already have size measurements, we perform

point spread function (PSF) test on a sub-sample of 10 objects. Finally, we fit the

remaining galaxies in our sample and obtain the structural properties of a total of

257 galaxies, 33 that are newly measured.

3.1 HST Imaging

The structural properties of a galaxy can be extracted from its image. To obtain the

properties necessary to evaluate the compactness of our initial sample of DEEP2 mas-

sive quiescent galaxies we both utilize existing structural catalogs and make new mea-

surements of galaxies not previously measured. Both the existing size measurements

from [van der Wel et al., 2012] and [Gri�th et al., 2012] and our size measurements

utilize HST imaging.

The Hubble Space Telescope is a space-based 2.4-meter telescope that has been
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Table 3.1. ACS and WFPC2 Instrument Properties

CCD Wavelength Range FOV Pixel Scale Saturation Value Zeropoint
Å 00/pix e� mag

(1) (2) (3) (4) (5) (6)

ACS WFC 3700-11000 20200 x 20200 0.05 80,000 25.954

WFPC2 WF2,3,4 1150-11000 15000 x 15000 0.1 53,000 25.033

Note. — (1) CCD used for size measurement; (2) Wavelength range covered by instrument; (3) Camera
field of view; (4) Number of arcseconds covered by pixel; (5) Number of electrons to saturate a pixel; (6) The
magnitude photometric zeropoint calculated from the image headers

†Instrument information from the Wide Field and Planetary Camera 2 Instrument Handbook

collecting data for nearly 25 years. Designed to operate in the near-IR, optical, and

ultraviolet wavelength regimes HST has used four primary instruments: the Advanced

Camera for Surveys (ACS), the Wide Field Planetary Camera 2 (WFPC2), the Wide

Field Camera 3 (WFC3), and the Near Infrared Camera and Multi-Object Spectrom-

eter (NICMOS) to image the sky both broadly and deeply. Imaging from HST is

preferred to ground-based imaging due to the increased angular resolution that is

necessary for measuring the sizes of distant, compact objects. For our own size mea-

surements we download images from the Hubble Legacy Archive1 (HLA). The HLA,

jointly maintained by the Space Telescope Science Institute (STScI), the Canadian

Astronomy Data Centre2 (CADC), and the Space Telescope European Coordinating

Facility (ST-ECF), provides enhanced HST data products for imaging completed by

the four primary HST cameras.

Since the SEDs of the early-type galaxies we are studying peak in the red and are

redshifted to z ⇠ 0.7 we want to measure the sizes in the reddest filter possible. While

the F125W bandpass of WFC3 would be ideal at a wavelength of 12500 Å, the WFC3

coverage of the DEEP2 fields is limited compared to ACS and WFPC2 coverage. To

maximize our sample size we choose the reddest filter, F814W at a wavelength of

8140 Å, available for ACS and WFPC2. In the following section we show that the

di↵erence in size measurements based on F125W and F814W is actually quite small,

1http://hla.stsci.edu/
2http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/hst/
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justifying our choice of using the reddest filter with the largest coverage area. Table

3.1 summarizes the basic ACS and WFPC2 instrument properties3 and information

needed for the size measurements.

In selecting F814W images for either the PSF test described in Section 3.4 or

measuring the sizes of our sample we choose the deepest images with the greatest

exposure time available. Additionally, we only use the images of the highest level of

calibration. We are grateful to the Canadian Astronomy Data Centre sta↵ members

Patrick Dowler and Daniel Durand for their help in setting up our HST image access

scripts.

3.2 GALFIT

Both the size measurements we use and our own measurements employ GALFIT, which

is a two-dimensional, galaxy profile fitting algorithm. GALFIT is particularly versatile

in that it allows for simultaneous fitting with multiple components. While GALFIT

can model several di↵erent functions including an exponential disk profile, Nuker

law, Gaussian profile, and Mo↵at/Lorentzian profile, we utilize the Sérsic surface

brightness profile [Sersic, 1968]. The Sérsic surface brightness profile, which is a

generalization of de Vaucouleurs’ law (Equation 1.1), is given by,

X
(r) =

X
e
e�[( r

re
)1/n�1], (3.1)

where re is the e↵ective radius containing half the total flux,
P

e is the surface bright-

ness at re,  is a constant of normalization, and n is the Sérsic power-law index.

The Sérsic index determines the curvature of the profile where smaller n describes a

galaxy that is less centrally concentrated. A Sérsic index of n = 1 gives the exponen-

tial disk profile that describes spiral galaxies while a Sérsic index of n = 4 is the de

Vaucouleurs profile (Equation 1.1) that describes elliptical galaxies.

As described by [Peng et al., 2002], the best-fit Sérsic profile is attained by min-

imizing the �2 between the model convolved with the PSF and the galaxy image.

3http://documents.stsci.edu/hst/wfpc2/documents/handbooks/cycle17/wfpc2 ihb.pdf
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First GALFIT prepares the user inputted PSF for convolution and then it creates a

model image based on the inputted image to be fit and initial parameters. Over the

set convolution region, GALFIT convolves the model with the PSF using a Fast Fourier

Transform Technique. This convolved image is then compared to the data image and

the residuals between the two, weighted by the sigma image, are minimized using the

Levenberg-Marquardt downhill-gradient method [Press and Teukolsky, 1997]. This

process is iterated until �2 remains constant to 5 parts in 10,000 for 5 iterations.

The main input to GALFIT is the parameter file which includes the data image,

sigma image, PSF, and initial parameter guesses for the components being fit. While

the user can opt to supply GALFIT with a sigma image, GALFIT will create a sigma

image, which is the standard deviation of counts at each pixel, based on Poisson

statistics of the data image and the information found in the image header including

the exposure time, CCD gain, read noise, and the number of images that have been

added together. The data image needs to be in units of counts, instead of counts/sec,

for GALFIT to create the sigma image.

There are several methods of creating a PSF: (1) empirically from image extrac-

tion, (2) modeled using the TinyTim software for HST imaging [Krist et al., 2011], or

(3) or analytically based on the FWHM of the seeing. If available, the best method

for creating a PSF is by extracting it from the data image. A good PSF image has a

high signal-to-noise (but is not saturated), is isolated from other objects, is centered

in the PSF cutout image, is large enough to contain all of the light (typically 20-50

times the FWHM), has a FWHM of at least 2 pixels i.e. Nyquist sampled, has a zero

background, and matches the shape of the star including possible di↵raction rings

[Peng et al., 2002]. Following these guidelines, a PSF can be empirically extracted

and prepared for the GALFIT convolution in a number of ways. A single extracted

PSF can be used or several PSFs can be simply combined by averaging the images

together. The IRAF package DAOPHOT can be used to combine multiple PSF stars in

the data image weighted by their magnitudes [Stetson, 1987].
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3.3 Existing Size Measurements

For some of the galaxies in our sample, there are previously existing size measure-

ments from HST data. Based on HST ACS imaging, [Gri�th et al., 2012] provides a

structural catalog for nearly half a million galaxies in five fields including the EGS.

In the EGS field, where there is overlap with the DEEP2 survey, there is exten-

sive ACS/F814W coverage compromised of 63 pointings at an exposure time of 2100

seconds each. [Gri�th et al., 2012] uses F814W mosaics produced by the STSDAS

multidrizzle package4 that have a final pixel scale of 0.0300/pix. To fit the 55,808

objects in EGS with F814W coverage, [Gri�th et al., 2012] employs the automated

fitting routine GALAPAGOS (Galaxy Analysis over Large Areas: Parameter Assessment

by GALFITting Objects from SExtractor) which batch fits the structural parameters

of galaxies using GALFIT in conjunction with SExtractor. Fitting the objects with

a single-component Sérsic profile, [Gri�th et al., 2012] uses n = 2.5 for the initial

Sérsic index guess whereas for the other input parameters the SExtractor values are

used. A single high signal-to-noise PSF is used for all of the EGS/F814W fitting.

Structural properties based on HST WFC3 imaging are provided by [van der Wel et al., 2012]

from the CANDELS (Cosmic Assembly Near-infrared Deep Extragalactic Legacy Sur-

vey) project. The CANDELS project is the largest of its kind: probing more then

250,000 galaxies in the IR from z = 1.5 to 8 using the high resolution Wide Field Cam-

era 3 on the Hubble Space Telescope [Koekemoer et al., 2011, Grogin et al., 2011].

[van der Wel et al., 2012] also employ GALAPAGOS to batch fit 41,457 EGS galaxies

based on WFC3/F125W mosaics with a pixel scale of 0.1300. All of the initial pa-

rameter guesses for the single-component Sérsic fits were supplied by the SExtractor

output. Described in greater detail in [van der Wel et al., 2012], a hybrid PSF model

combining both stars extracted from the mosaics and a synthetic PSFs created from

TinyTim is used for the fitting.

As discussed in [van der Wel et al., 2014], the measured size of a galaxy depends

on the evolution of the color gradients. While the e↵ect of the color gradient on

4http://stsdas.stsci.edu/multidrizzle/
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measured size is most significant for late-type galaxies that have bluer extended disks,

the smaller e↵ect on the size measurement of compact early-type galaxies is significant

for determining their mass-size evolution.

The e↵ective radius, Re↵ at a rest-frame wavelength of 5000Å is estimated to be,

Re↵ = Re↵,F

✓
1 + z

1 + zp

◆�logR
e↵

�log�

, (3.2)

where zp is the pivot redshift and Re↵,F is the size of the object measured in a specific

filter. The pivot redshift is determined from zp = (�obs/�filter) - 1 where �obs =

5000Å. For the F125W filter with �filter = 12500Å the pivot redshift is 1.500 and

for the F814W filter with �filter = 8140Å the pivot redshift is 0.628. For a sample

of 122 early-type galaxies from 0 < z < 2 in the COSMOS field, the average size

gradient based on F814W, F160W and F125W size measurements is found to be

�logRe↵/�logR� = -0.25 independent of redshift and mass [van der Wel et al., 2014].

Of our initial sample of 1,487 quiescent ETGs, 226 are included in the [Gri�th et al., 2012]

ACS catalog and 63 are included in the [van der Wel et al., 2012] WFC3 catalog. All

63 objects in the WFC3 catalog are also contained in the ACS catalog. To justify

using the bluer filter for size measurements because of the increased coverage we

compare the structural properties of 352 objects with both F814W and F125W mea-

surements (not necessarily in our DEEP2 sample). Figure 3-1 shows how the ratio of

the F814W to F125W properties change as a function of the F125W properties. The

circularized e↵ective radius Re,c in kiloparsecs is computed as,

Re,c = (pix scale 00/pix)Rpix
p

q

DA(z, H0, ⌦M , ⌦⇤)

206.265

�
(3.3)

where pix scale is the pixel scale appropriate for each camera (WFC3 or ACS), Rpix

is the size of the object measured by GALFIT in pixels, q is the axis ratio measured

by GALFIT, and DA is the angular diameter distance as a function of cosmology and

spectroscopic redshift, and the factor of 1/206.265 is the kiloparsec conversion.

As made evident by Figure 3-1 the di↵erence between the structural properties of

the F814W and F125W measurements is minimal. To characterize the di↵erence be-
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Figure 3-1 The ratio of the F814W [Gri�th et al., 2012] to F125W
[van der Wel et al., 2012] structural properties as a function of the F125W structural
properties. The mean deviation from unity for the uncorrected size, Re,c, is 9%, for
the color-corrected size is 10%, for the Sérsic profile n is 18%, and for the ellipticity
q is 5%.

tween the measurements made in the two filters we first reject the outliers by removing

the upper 5% of objects with the greatest deviation from unity for each parameter and

then compute the mean deviation for points lying within three standard deviations

from unity. For the uncorrected circularized radii the mean di↵erence between the

F814W and F125W measurements is 9% and for the color-corrected sizes the mean

di↵erence is 10%. The di↵erence between the uncorrected and corrected radii is neg-

ligible compared the estimated GALFIT uncertainties so it is not imperative that we

apply this correction to our measurements. The mean di↵erence between the F814W

and F125W measurements for the Sérsic index is 18% and for the ellipticity is 5%.
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Table 3.2. Structural Parameters of PSF Investigation Galaxies†

Object Number ↵ � z R
e,c R

pix

nsingle

Sérsic

qsingle

[�] [�] [kpc] [pix]
(1) (2) (3) (4) (5) (6) (7) (8)

13019294 214.90053 52.9062 0.850 0.68 ± 0.01 3.64 ± 0.04 3.77 ± 0.09 0.67 ± 0.01
13041525 215.30159 53.0889 0.998 1.04 ± 0.03 5.3 ± 0.1 4.3 ± 0.2 0.66 ± 0.01
12019899 214.68509 52.6372 0.932 1.59 ± 0.06 10.3 ± 0.3 8.0 ± 0.2 0.43 ± 0.01
13056838 215.50250 53.1813 0.678 2.54 ± 0.06 13.0 ± 0.3 5.73 ± 0.09 0.86 ± 0.01
13033496 215.16406 53.0343 0.750 3.53 ± 0.04 18.8 ± 0.2 2.71 ± 0.02 0.73 ± 0.01
12012898 214.30675 52.5372 0.834 4.53 ± 0.05 21.4 ± 0.2 3.41 ± 0.03 0.86 ± 0.01
13026215 215.09784 52.9597 0.745 5.3 ± 0.2 27.7 ± 0.8 4.0 ± 0.1 0.75 ± 0.01
13050585 215.13156 53.1489 0.736 6.4 ± 0.1 32 ± 0.50 2.93 ± 0.03 0.84 ± 0.01
12008254 214.35280 52.4797 0.744 7.7 ± 0.3 41 ± 1.0 7.1 ± 0.1 0.73 ± 0.01
13025494 215.20267 52.9784 0.738 10.2 ± 0.4 50 ± 2.0 5.4 ± 0.1 0.87 ± 0.01

Note. — (1) DEEP2 identification number; (2) Right ascension; (3) Declination; (4) Redshift; (5) Circularized
e↵ective radius give by Equation 3.3; (6) GALFIT radius in pixels; (7) Single-profile Sérsic index; (8) Axis ratio
(b/a)

†Structural measurements from [Gri�th et al., 2012] and spectroscopic redshifts from DEEP2

All of the mean di↵erences are small compared to the estimated GALFIT errors so we

conclude that using the bluer F814W for the increased sample size has little e↵ect on

our compactness determinations discussed in Chapter 4.

3.4 PSF Investigation

The fitting program GALFIT is particularly sensitive to the PSF model used for con-

volution so it is worth investigating how the structural properties vary as a func-

tion of PSF. For a sub-sample of 10 galaxies with structural properties measured by

[Gri�th et al., 2012] we re-measure their parameters with GALFIT using various PSFs.

We select the sub-sample to have a range of sizes (as reported by [Gri�th et al., 2012])

from 0.68 kpc to 10.3 kpc. The [Gri�th et al., 2012] structural properties of these 10

galaxies are listed in Table 3.3.

We use three di↵erent techniques to extract PSFs from each objects 20000 x 20000

tile downloaded through the CADC HLA: (1) extracting 2-3 good PSF stars from

the tile depending on availability, (2) taking the average of 2 extracted PSFs, and

(3) using the IRAF (the Image Reduction and Analysis Facility) package DAOPHOT to
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construct a magnitude weighted PSF model based on several extracted stars in the

tile.

In searching for PSF stars to extract we ensure to abide by the GALFIT PSF

guidelines described in Section 3.2. We use the IRAF5 package imexamine to inspect

radial profiles of candidate PSF stars to ensure they are below the saturation limit

and Nyquist sampled. IRAF is a suite of routines written to reduce and analyze

astronomical images and data. We use imexamine routine to examine the radial

profiles of PSF star candidates by fitting their profiles with a Mo↵at distribution

and determining the full width at half maximum (FWHM). To take the average of

two PSFs we use the IRAF routine imcombine. We use a set of IRAF routines in

the package DAOPHOT to create magnitude weighted PSF models for each galaxy in

our sub-sample [Stetson, 1987]. First, we use the routine daofind create a list of all

sources in each tile and then use the routine phot to perform aperture photometry on

all of the sources found. Using the routine pstselect we interactively select isolated,

non-saturated stars to be used in the routines psf and seepsf which create an image

of the magnitude weighted PSF model that can be used for the GALFIT fitting. For

each object we select 5-15 stars (not all necessarily bright enough to be extracted

as a single PSF star) for the DAOPHOT PSF model. Figure 3-2 shows the images of

the stars used for each galaxy in the PSF investigation. For each galaxy we create

a DAOPHOT PSF and an average PSF based on two image extracted PSFs. For 5 of

the galaxies we find 3 suitable single stars to be used in the fitting and for 4 of the

galaxies we find 2. One of the galaxies has only one bright star suitable to be used

for the fitting, but we create an average PSF with a lower signal-to-noise star. We

also use one of the image extracted PSF stars to fit every galaxy.

Using GALFIT we fit the structural properties of each of the ten galaxies 4-6 times

using the various PSFs constructed for each. In the GALFIT parameter file we must

specify the initial guesses for the magnitude, half-light radius, axis ratio, and Sérsic

index. To provide an initial guess for the magnitude we use the imexamine aper-

ture photometry routine to compute the flux of the galaxy within the aperture and

5http://iraf.noao.edu/
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Figure 3-2 Stars used for the PSF investigation. The last star is the single PSF used
to fit all 10 of the galaxies in the sub-sample.

compute the magnitude as,

m = �2.5log10

✓
flux

exptime

◆
+ mgzpt, (3.4)

where exptime is the exposure time of the image and mgzpt is the zeropoint mag-

nitude for ACS F814W given in Table 3.1. For the half-light radius and axis ratio

initial guess we adopt values of Re,guess = 10 pixels and qguess = 0.7 after varying the

initial guesses for each and finding the final fitting results do not significantly depend

on these guesses as long as they are reasonable. For the initial guess Sérsic index we

adopt nguess = 2.5 following [Gri�th et al., 2012]. In addition to the galaxies in our

sub-sample, we fit all bright objects in the fitting area and the background sky.
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Figure 3-3 Data image, single Sérsic GALFIT model, and residual image for the ten
PSF test galaxies based on the single PSF used to fit all objects.

Figure 3-3 shows the data image, GALFIT model, and residual image of the ten test

galaxies fit with the same PSF. Some of the single Sérsic fits, including the fits for ob-

jects 12012898 and 13033496, leave behind residual flux that is not taken into account

in the model. For these objects we experiment with fitting multiple Sérsic components

simultaneously and find these fits leave behind less residual flux but to compare our

new structural property measurements to those in [Gri�th et al., 2012] we want to

use only a single Sérsic fit. Additionally, the interpretation of the structural proper-

ties of multi-Sérsic component fits is not straight-forward or well standardized. Even
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Figure 3-4 The spread in GALFIT parameters half-light radius and Sérsic index using
the various PSFs for each galaxy (top plots). The red point is the same PSF star
used to fit all galaxies. The bottom set of plots shows how the �2 of the fit changes
as a function of the PSF FWHM for each galaxy.
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though some of the objects we fit leave behind residual flux we use a single component

Sérsic fit so that our measurements are directly comparable to measurements in the

literature.

Comparing the FWHM of each PSF used to fit each galaxy to the �2 of the fit we

find that for a majority of the galaxies only the PSF with the greatest FWHM vary

the most significantly from the average �2 (Figure 3-4). This suggests that the higher

FWHM PSFs, which are the fainter stars (or possibly extended objects) in Figure 3-2,

are not ideal PSF stars. Additionally, the objects with larger �2 scatters including

13022496, 12008254, and 12012898 are objects that are better fit with multiple Sérsic

profiles. The upper two plots of Figure 3-4 show how the measured half-light radius

and Sérsic index changes depending on the PSF used which shows that there is no

trend with increasing size or Sérsic index. Together with the �2-FWHM scatter we

decide that using a single good, high signal-to-noise PSF is adequate, as done in

[Gri�th et al., 2012] and other studies, for the fitting performed in the next section.

3.5 Our Fits

Altogether, 226 galaxies of our initial selection of quiescent ETGs have F814W size

measurements from [Gri�th et al., 2012]. To take full advantage of the DEEP2 data

set as possible, we search for F814W ACS or WFPC2 coverage of the remaining

unmeasured 1261 galaxies. Figure 3-5 shows the ACS footprint (blue) and WFPC2

footprint (red) overlayed on the positions of the unmeasured quiescent DEEP2 galax-

ies in EGS, Field 3, and Field 4. There is no HST coverage of Field 2. Table 3.2

summarizes the size measurement coverage for the 1,487 quiescent ETGs in the HST

footprint. In addition to the 226 publicly available size measurements, an additional

87 galaxies are in either the ACS or WFPC2 F814W footprint.

Downloading images from the CADC HLA, we find that of the 18 DEEP2 galaxies

in the ACS footprint, 10 have the highest level of calibrated imaging available. Of 69

DEEP2 galaxies in the WFPC2 footprint 23 either have the highest level of calibrated

imaging available or are su�ciently far away from the edge of the pointing to be fit.
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Figure 3-5 DEEP2 objects with ACS (blue) or WFPC2 (red) F814W coverage not
measured in [Gri�th et al., 2012]. The black points are the DEEP2 galaxies that
meet the initial selection criteria. There is no coverage in DEEP2 Field 2.

We search the downloaded ACS and WFPC2 tiles for a high signal-to-noise PSF in

each to be used in the fitting. Figure 3-6 shows the radial plot and image of both

the ACS and WFPC2 PSFs. We follow the same fitting procedure described in the

previous section. We specify GALFIT initial guess of Re,guess = 10 pixels, qguess =

0.7, and nguess = 2.5 and compute the magnitude guess using IRAF and Equation

3.4. We fit all bright objects in the fitting area and the background sky. Table 3.4

displays the measured structural properties for 33 DEEP2 objects to be added to the

sample of 224 objects with [Gri�th et al., 2012] measurements. Now that we have

size measurements for our sample of quiescent ETGs, we can evaluate compactness

and search for CGQs.
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Table 3.3. Summary of DEEP2 F814W Size Measurements

Camera DEEP2 # Galaxies # Galaxies
Field Measured Not Measured

ACS EGS 226† 1
2 0 0
3 0 2
4 0 15

WFPC2 EGS - 47
2 - 0
3 - 5
4 - 17

†Size measurements from [Gri�th et al., 2012].

0 10 31 72 155 320 648 1301 2618 5223 104 5 33 70 144 290 585 1168 2330 4674 9311 185

ACS! WFPC2!

Figure 3-6 The PSFs used for ACS and WFPC2 image fits.
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Table 3.4. New DEEP2 Structural Properties

Object Number ↵ � z Camera R
e,c R

pix

nsingle

Sérsic

qsingle

[�] [�] [kpc] [pix]
(1) (2) (3) (4) (5) (6) (7) (8) (9)

41032729 36.53966 0.5809 0.77 ACS 2.6 ± 0.2 7.4 ± 0.5 5.4 ± 0.2 0.92 ± 0.01
42037361 37.60525 0.6191 0.869 ACS 3.5 ± 0.3 9.9 ± 0.5 3.1 ± 0.1 0.8 ± 0.1
42037703 37.60768 0.6304 0.854 ACS 2.2 ± 0.4 7 ± 1 3.7 ± 0.5 0.72 ± 0.04
42029812 37.61381 0.5932 0.858 ACS 0.96 ± 0.02 3.08 ± 0.06 2.7 ± 0.1 0.66 ± 0.01
42033566 37.28237 0.5626 0.84 ACS 2.7 ± 0.4 10 ± 2 6.1 ± 0.6 0.48 ± 0.02
42025784 37.28803 0.5125 0.718 ACS 5 ± 1 21 ± 4 14 ± 1 0.47 ± 0.01
42037462 37.60567 0.6275 0.867 ACS 6.7 ± 0.7 20 ± 2 2.5 ± 0.2 0.75 ± 0.02
13101995 215.05671 52.8985 0.574 ACS 0.60 ± 0.01 3.19 ± 0.02 3.19 ± 0.05 0.33 ± 0.01
42025202 37.29991 0.5281 0.842 ACS 2.8 ± 0.2 9.7 ± 0.8 4.2 ± 0.2 0.59 ± 0.01
42029421 37.63844 0.5904 0.699 ACS 2.9 ± 0.1 10.2 ± 0.4 3.5 ± 0.1 0.64 ± 0.01
11013870 213.87992 52.0745 0.649 WFPC2 0.92 ± 0.02 2.96 ± 0.03 5.31 ± 0.09 0.20 ± 0.01
11019658 213.90904 52.124 0.572 WFPC2 1.05 ± 0.04 3.9 ± 0.1 5.7 ± 0.2 0.17 ± 0.01
11026452 213.94858 52.1456 0.619 WFPC2 2.46 ± 0.04 4.73 ± 0.06 2.72 ± 0.04 0.59 ± 0.01
11038492 214.20786 52.3026 0.807 WFPC2 4.1 ± 0.1 7.0 ± 0.2 2.80 ± 0.07 0.62 ± 0.01
11038770 214.14831 52.2719 0.682 WFPC2 2.42 ± 0.08 3.9 ± 0.1 2.07 ± 0.09 0.75 ± 0.02
11038987 214.15464 52.2510 0.682 WFPC2 4.8 ± 0.4 9.9 ± 0.9 6.0 ± 0.3 0.47 ± 0.01
11039150 214.15499 52.2695 0.682 WFPC2 6.1 ± 0.4 9.6 ± 0.7 4.8 ± 0.2 0.81 ± 0.01
11045101 214.22139 52.3446 0.507 WFPC2 1.4 ± 0.4 4 ± 1 20 ± 4 0.39 ± 0.02
11051653 214.27355 52.3761 0.818 WFPC2 4.4 ± 0.6 6.6 ± 0.9 7.7 ± 0.6 0.77 ± 0.02
11051667 214.25162 52.3628 0.551 WFPC2 2.6 ± 0.2 4.6 ± 0.3 7.9 ± 0.3 0.78 ± 0.01
12003615 214.49862 52.4519 0.744 WFPC2 3.47 ± 0.06 5.06 ± 0.08 3.79 ± 0.08 0.88 ± 0.01
12021090 214.35249 52.6599 0.901 WFPC2 3.4 ± 0.2 4.8 ± 0.3 3.8 ± 0.2 0.81 ± 0.02
31008760 351.60017 -0.0330 0.809 WFPC2 0.88 ± 0.04 2.35 ± 0.06 2.0 ± 0.2 0.25 ± 0.02
32034718 352.15393 0.3131 0.738 WFPC2 0.68 ± 0.02 1.90 ± 0.03 2.4 ± 0.1 0.24 ± 0.01
41019260 37.12902 0.5079 0.721 WFPC2 0.93 ± 0.03 3.12 ± 0.05 3.5 ± 0.1 0.17 ± 0.01
41019373 37.13189 0.5085 0.723 WFPC2 1.54 ± 0.08 3.6 ± 0.2 4.9 ± 0.3 0.35 ± 0.01
41019532 37.12726 0.5021 0.722 WFPC2 3.6 ± 0.2 5.9 ± 0.3 4.0 ± 0.1 0.72 ± 0.01
41019598 37.13491 0.5123 0.723 WFPC2 4.4 ± 0.2 6.9 ± 0.3 4.5 ± 0.1 0.80 ± 0.01
41020051 37.11260 0.5353 0.708 WFPC2 2.16 ± 0.04 5.24 ± 0.06 2.99 ± 0.04 0.33 ± 0.01
41020361 37.12607 0.5078 0.721 WFPC2 4.0 ± 0.3 6.2 ± 0.4 7.7 ± 0.3 0.81 ± 0.01
41039730 36.58362 0.6283 0.746 WFPC2 2.75 ± 0.03 4.17 ± 0.04 7.64 ± 0.02 0.81 ± 0.01
42009843 37.39804 0.4211 0.763 WFPC2 13 ± 2 8 ± 3 9.4 ± 0.5 0.76 ± 0.01
42036165 37.72227 0.6234 0.967 WFPC2 0.88 ± 0.09 2.0 ± 0.2 1.3 ± 0.2 0.32 ± 0.04

Note. — (1) DEEP2 identification number; (2) Right ascension; (3) Declination; (4) Redshift; (5) HST camera F814W
image was taken with (6) Circularized e↵ective radius give by Equation 3.3; (7) GALFIT radius in pixels; (8) Single-profile
Sérsic index; (9) Axis ratio (b/a)
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Chapter 4

Compact Quiescent Galaxies in

DEEP2

Now that we have the structural properties of 257 quiescent ETGs we can select for

compactness and identify a sample of CQGs. First we visually examine the spectra

to ensure they are high quality and don’t display significant emission line flux. After

examining the spectra of our 257 ETGs, we are left with 222 quiescent ETGs from

which we select for compactness. After selecting for compactness using a mass-size

criterion, we compare the spectroscopic properties of the non-compact and compact

samples of quiescent ETGs and report our constraints on the number density of

CQGs in the range 0.5 < z < 1.1. Lastly, we compute the redshifts of star formation

quenching for the sample of CQGs to begin tracing the evolutionary histories of these

objects.

4.1 Visual Inspection of Spectra

To further ensure quiescence we visually examine the spectra of all 257 quiescent

ETGs with structural measurements. Despite placing quiescence cuts on our initial

sample in Section 2.5 by restricting the emission line EWs of the spectra, we also

want to place cuts on the emission line fluxes. We visually examine the spectra and

remove galaxies with significant emission line flux above the spectrum continuum. We
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find 35 galaxies to have significant [O II]��3727,3730, H� �4863, [O III]��4960,5008,

or [O III]�4364 fluxes and remove these objects from the sample of quiescent ETGs.

The final sample of quiescent ETGs includes 222 galaxies that have all been visually

confirmed to be quiescent. It is from this sample that we select for compactness.

4.2 Stellar Mass Derivation

To derive the stellar masses of our quiescent ETGs, we calculate the luminosity of the

objects in the K band and utilize Maraston stellar mass-to-light ratios [Maraston, 2003,

Maraston and Strömbäck, 2011]. We first compute the absolute K band magnitude is

given by Equation 2.1 based on the IRAC �3.6 micron bandpass. Of our full DEEP2

sample of 222 quiescent ETGs, 204 have IRAC �3.6 micron coverage and for these

galaxies we are able to compute stellar masses. For a given IMF and metallicity, the

mass-to-light ratio of a galaxy with a certain stellar population age is modeled. For

the initial stellar mass calculations we assume the Kroupa IMF and solar metallicity

[Kroupa, 2002]. A solar metallicity is adopted even though our objects have varying

metallicities, some sub-solar and some super-solar, because the mass-to-light ratios for

varying metallicities yielded negligible di↵erences within the errors of the computed

stellar masses.

We interpolate Maraston’s tabulated age-(M/L)⇤ values1 using the SSP ages de-

termined from the spectral fitting and determine the K band mass-to-light ratio for

our quiescent ETGs. To derive the stellar masses we compute the luminosity from

the absolute K band magnitude,

LK = L�100.4(M��MK+1.9), (4.1)

where M�=3.28 in the K band2 and 1.9 is the Vega to AB K band magnitude o↵set

in the UKIDSS system [Hewett et al., 2006]. The 2005 Maraston mass-to-light ratios

are normalized to solar units, so L� is set to unity. Finally, the stellar mass of each

1www-astro.physics.ox.ac.uk/⇠maraston/SSPn/ml/ml SSP.tab
2www.ucolick.org/⇠cnaw/sun.html
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galaxy is computed as M⇤ = (M/L)⇤K x LK and the obtained stellar masses for

CQGs (as selected for in the next section) with IRAC �3.6 micron coverage are listed

in Table B.3.

4.3 Evaluating Compactness

4.3.1 Comparison Samples

SDSS (z ⇠ 0 )

We construct a sample of quiescent, elliptical galaxies from the Sloan Digital Sky

Survey DR7 (SDSS) as a local Universe reference sample for our massive compact

candidates [Abazajian et al., 2009]. To select for elliptical galaxies, we use the re-

sults of SDSS Galaxy Zoo3 morphological classifications, which relies on the ef-

forts of citizen scientists to classify large numbers of galaxies based on their images

[Lintott et al., 2008, Willett et al., 2013]. For our sample, we choose galaxies with

a minimum of 10 classifiers where the percentage of classifiers that determined the

object to be elliptical is at least 80% as proposed by [Saulder et al., 2013]. The

structural parameters, including the circularized e↵ective radius, single component

Sérsic index, and axis ratio are taken from [Simard et al., 2011]. The ellipticity of

our reference sample was further ensured by only selecting galaxies with axis ratios

� 0.7.

The spectroscopic parameters for the SDSS objects were fit for using the same

method described in Section 2.3. The velocity dispersions are aperture corrected via

�e = �r

✓
1.500

Re,c

◆.066±.035

, (4.2)

[Cappellari et al., 2006], where 1.500 is the aperture radius of the SDSS spectrograph,

Re,c is the circularized e↵ective radius in arcseconds, and �r is the measured velocity

dispersion from the spectroscopic fit. Similar to our DEEP2 selection, only galaxies

with �r < 350 km s�1 and �r/�error > 6 are included in the SDSS comparison sample.

3www.galaxyzoo.org
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Placing cuts on the equivalent widths of emission lines that usually indicate active

star formation ensures the quiescence of the sample. Spectra with equivalent widths

> 5 Å of [O II]��3727,3730, [O III]�5008, H� �4861, and H↵ �6565 are not included

in the final SDSS reference sample of 28,802 objects.

We obtain K band photometry for the reference sample from the 10th data release

of the UKIRT Infrared Deep Sky Survey (UKIDSS) project [Lawrence et al., 2007].

UKIDSS uses the UKIRT Wide Field Camera [Casali et al., 2007] and the photo-

metric system described in [Hewett et al., 2006]. The pipeline processing and science

archive are described in [Irwin, 2008] and [Hambly et al., 2008]. SDSS g and r band

magnitudes are K-corrected and used to compute B band and V band absolute mag-

nitudes using the photometric transformations, B = g + .033(g-r) + 0.2 and V = g

- 0.58(g-r) - 0.01, as given in [Jester et al., 2005].

Low-redshift CQGs

To place our intermediate redshift, quiescent ETGs into an evolutionary context we

compare our sample to their high- and low-redshift counterparts. A low-redshift sam-

ple of 23 objects, between z = 0.2 and z = 0.6, comes from [Damjanov et al., 2013]

and [Damjanov et al., 2014] which uses the Baryon Oscillation Spectroscopic Survey

(BOSS), which is a spectroscopic survey within SDSS, to identify CQGs by searching

for objects photometrically identified as point sources with sizes less than the PSF of

1.500. The structural properties of these galaxies are measured by [Damjanov et al., 2013,

Damjanov et al., 2014] using GALFIT. The stellar masses for the low-redshift sample

are computed based on the V band luminosities. To compare the V band derived

stellar masses of the low-redshift sample to the K band derived stellar masses of our

DEEP2 sample, we add a 0.2 dex o↵set to the V band stellar masses. As we discuss

in Section 5.1.1, we find a 0.2 dex o↵set between the V band and K band stellar

masses of both our z ⇠ 0 SDSS reference sample and our DEEP2 sample.

The candidates are spectroscopically selected for quiescence by requiring the emis-

sion doublet EW[O II]��3726,3729 < 5 Å. The spectroscopic parameters of this low-

redshift sample are computed in the same way our DEEP2 spectroscopic parameters
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are determined as described in Section 2.3. Furthermore, HST imaging of the objects

are examined to confirm they are indeed early-type galaxies.

High-redshift Quiescent ETGs

We obtain a sample of 40 high-redshift quiescent galaxies, between z = 1.0 and z =

2.4, from [van de Sande et al., 2013] who adds quiescent ETGs from their own study

to a compiled sample of z > 1 quiescent ETGs. Details of the di↵erent selection

criteria for these 40 quiescent objects can be found in the compilation references in

[van de Sande et al., 2013]. The sample of 40 high-redshift quiescent galaxies is not

preselected for compactness, but as discussed in Section 1.5, up to 50% of high-redshift

massive quiescent galaxies are compact. The stellar masses of the high-redshift sam-

ple, given in [van de Sande et al., 2013], are not considered for comparison. Their

ages, which are needed to calculate stellar mass, are determined via SED fitting

which is likely to yield stellar masses which are o↵set compared to the stellar masses

based on ages determined by PEGASE.HR for our DEEP2 sample and low-redshift

SDSS/BOSS comparison sample.

4.3.2 Compactness Selection

There are several measures that can be used to determine the compactness of an ETG.

We consider three di↵erent methods for defining compactness that have been uti-

lized in previous studies. In [Barro et al., 2013], compactness is defined by M⇤/R1.5
e,c ,

which is in between M⇤/Re,c and the stellar mass surface density, M⇤/R2
e,c, both

of which exhibit strong correlation with the star formation rate (SFH) and color

[Franx et al., 2008]. Objects with log(M⇤/R1.5
e,c ) � 10.3 M� kpc�1.5 are defined as

compact. Placing a constant e↵ective radius cuts another method of defining com-

pactness. A commonly used radius boundary, as adopted in [van der Wel et al., 2011],

is that an ETG is considered compact if Re,c  2.0 kpc. But the most widely used

and robust compactness cut is one in the Mdyn-Re,c plane as demonstrated in studies

such as [Damjanov et al., 2013, Damjanov et al., 2014]. While we consider the other
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two methods for defining compactness, we ultimately decide to adopt the mass-size

cut to select our final sample of CQGs. To make a mass-size cut on compactness we

use the SDSS reference sample of z ⇠ 0 massive elliptical galaxies described in the

previous section.

As discussed in Section 1.3.2, the dynamical mass of an ETG can be derived

from the virial theorem. For our sample of quiescent DEEP2 ETGs with measured

velocity dispersions and sizes, we compute the dynamical masses using Equation 1.4

where the scaling factor � is found to be 5.0 ± 0.1 based on calibrating the virial mass

estimate to more complex dynamical modeling of low-redshift early-type galaxies with

spatially resolved spectroscopy and kinematic information [Cappellari et al., 2006].

As described in Section 1.3.2 this formulation of dynamical mass assumes a purely

pressure supported system; therefore, the dynamical mass for objects that may also

have a disk component, which are rotationally supported, will be underestimated.

Figure 4-1 displays the velocity dispersion �, sizes Re,c, and dynamical Mdyn and

stellar M⇤ masses of the DEEP2 quiescent ETGs, the SDSS z⇠0 reference sample,

and high- and low-redshift comparison samples. Panel a of Figure 4-1 shows M⇤/R1.5
e,c

against velocity dispersion � where objects falling above the relation at log(M⇤/R1.5
e,c )

� 10.3 M� kpc�1.5 are defined as compact. When applied to the DEEP2 sample, this

cut defines 76 of the 222 DEEP2 quiescent ETGs as compact. Panel b of Figure 4-1

shows that while the velocity dispersion range of our quiescent ETGs is similar to

that of the SDSS sample of local normal ETGs, there is a greater spread in the sizes

of our DEEP2 quiescent ETGs at 0.5 < z < 1.1. In addition to there being normal

ETGs in our sample with sizes greater than ⇠ 2 kpc, there are a number of ETGs

in the sample with smaller sizes. Applying the compactness cut in this plane at Re,c

 2.0 kpc, as adopted in [van der Wel et al., 2011], 62 of the 222 DEEP2 quiescent

ETGs are rendered compact.

Panel c of Figure 4-1 shows the e↵ective radius, Re,c, against dynamical mass,

Mdyn, of the DEEP2 quiescent ETGs and comparison samples. Note the o↵set be-

tween the SDSS sample and DEEP2 and comparison samples. While there is a pop-

ulation of the DEEP2 quiescent ETGs that fall along the local ETG relation, a
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Figure 4-1 Derived properties of our DEEP2 quiescent ETGs and comparison samples.
Throughout the three plots, the triangles are our DEEP2 massive compact candidates
colored by redshift, the grey histogram is the SDSS reference sample at z ⇠ 0, the
black pluses are the low-redshift SDSS/BOSS comparison sample of CQGs, and the
grey stars are the high-redshift comparison sample from the compilation presented
in [van de Sande et al., 2013]. For visual clarity, we do not include the error bars.
Panel a shows the log of M⇤/R1.5

e,c against velocity dispersion with galaxies above
the horizontal line at log(M⇤/R1.5

e,c ) = 10.3 M� kpc�1.5 defined as compact. Panel b
displays the log of the e↵ective radius against velocity dispersion with a compactness
boundary line at Re,c = 2.0 kpc. Panel c shows the log of the e↵ective radius against
log of the dynamical mass where the solid line is the best fit to the SDSS, z ⇠ 0
reference sample and the dashed line is the compactness boundary as defined by
being two times smaller than the z ⇠ 0 reference sample in the Mdyn-Re,c plane.
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number of our DEEP2 galaxies are o↵set from this relation along with the high- and

low-redshift comparison samples. To define compactness in this parameter space we

fit a linear relation to the local SDSS sample of massive ETGs that we find to be,

logRe,c = 0.54 ⇥ logMdyn � 5.31, (4.3)

and define compactness as being two times smaller than this relation, informed by

observations of high-redshift CQGs being 2-5 times smaller than local massive ETGs

(as discussed in Section 1.5.1). This definition of compactness renders 52 of the 222

quiescent ETGs as compact. The spectroscopic and structural properties of the 52

DEEP2 CQGs are listed in Table B.1 and B.2 respectively.

While the number of compact, quiescent galaxies yielded depends on the chosen

definition of compactness, Figure 4-1 demonstrates that our intermediate redshift

DEEP2 galaxies bridge the gap between all of the displayed structural properties of

low- and high-redshift compact galaxies. We give preference to the mass-size cut

because it is the most widely used cut and therefore our sample can be compared to

a larger number of studies. Additionally, this formulation of compact defines com-

pactness for a given dynamical mass, which is particularly favorable for evolutionary

studies where the characteristic mass of compact galaxies may vary with redshift.

4.4 Number Density Constraints

Of the population of 222 DEEP2 quiescent ETGs in the redshift range 0.5 < z < 1.1

we find 52 galaxies to be compact under the Mdyn-Re,c criterion (Equation 4.3), which

is (23 ± 3)% of the parent population. The error is computed assuming a binomial

distribution where the number of observations is the total number of galaxies in

the parent sample and the ‘success’ rate is the fraction of compacts in the sample.

This percentage of CQGs is likely an upper limit on the percentage of CQGs at

0.5 < z < 1.1. As discussed in Section 2.2.3, the DEEP2 survey is likely biased

towards massive compacts in its target selection because a flux-limited spectroscopic

survey will tend to identify the most concentrated objects with the highest signal-
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to-noises. Additionally, bias towards massive compacts could have been introduced

in the spectral fitting. The higher the age and metallicity of an object the more

precisely PEGASE.HR is able to determine velocity dispersion. This lends itself to

excluding galaxies with younger SSP ages from our DEEP2 parent population due to

the �/�error cut. If a majority of these younger, excluded galaxies are not quiescent,

then this is likely a source that could be inflating our compact percentage.

While we are unable, at this time, to formally determine the number density of

CGQs in the range 0.5 < z < 1.1 due to the complexity of our selection criteria, we

are able to compare our percentage of compact galaxies in the DEEP2 parent sample

of massive quiescent galaxies to the percentages found in other studies. Defining com-

pactness as one standard deviation below the mass-size relation of a local Universe

SDSS sample, [Cassata et al., 2011] finds ⇠ 60% of massive quiescent galaxies at z =

1.1 and ⇠ 35% of massive quiescent galaxies at z = 0.5 to be compact. The study also

defines ultra-compactness as being 0.4 dex (or 2.5 times) below the mass-size relation

of the SDSS sample, where ⇠ 20% of massive quiescent galaxies at z = 1.1 and ⇠ 10%

of massive quiescent galaxies at z = 0.5 are found to be ultra compact. Our definition

of mass-size compactness being 2 times below the local Universe SDSS reference sam-

ple falls between the compact and ultra-compact definitions in [Cassata et al., 2011]

but is closer to the ultra-compact definition. While the percentage of compacts we

find in our parent sample of DEEP2 massive quiescent galaxies is greater than the

percentage of compacts found in other survey fields, this is consistent with our result

of (23 ± 3)% being an upper limit on the percentage of CQGs in the redshift range

0.5 < z < 1.1.

4.5 Property Comparison

Now that we have identified a sample of CQGs in the redshift range 0.5 < z < 1.1 we

can begin to compare their spectroscopic properties to the spectroscopic properties of

their non-compact parent sample from which they were drawn. To compare the dis-

tributions of redshift, SSP ages, and metallicities of the compact versus non-compact
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DEEP2 quiescent ETG samples we utilize the Mann-Whitney rank-sum test, which

is the nonparametric equivalent to the t-test. The nonparametric Mann-Whitney

rank-sum test is appropriate to account for the discrepancy in the sample sizes (52

compacts versus 199 non-compacts) and for the non-normal distributions of the spec-

troscopic properties, especially age and metallicity, as seen in Figure 2-6. Figure 4-2

shows the redshift, age, and metallicity box plots of the compact and non-compact

samples.
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Figure 4-2 Box plots showing the distributions of redshift (z), age, and metallicity
([Z/H]) of the compact and non-compact samples. The distribution non-compact
versus compact redshifts and metallicities is statistically significant.

The median redshifts of the compact and non-compact sample are z = 0.739 and

z = 0.708 respectively. Comparing the non-compact and compact samples, the U-

statistic is -3.0 and the p-value is .003 indicating that there is only a .3% chance

the two distributions were drawn from the same sample. The di↵erence in redshift

distributions of the non-compact and compact sample is statistically significant with

the compact sample redshifts being higher on average. This result supports the
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expectation discussed in Section 1.5.1 that there are a larger number of compact

ETGs in the early Universe than in the more local Universe.

The median ages of the ages of the compact and non-compact sample are 2.57

Gyr and 2.60 Gyr respectively. Comparing the non-compact and compact samples,

the U-statistic is 0.6 and the p-value is .5 indicating that there is 50% chance the two

distributions were drawn from the same sample. So there is no significant di↵erence

between the SSP ages of the compact and non-compact samples. The median metal-

licities of the compact and non-compact sample are 0.14 dex and 0.03 dex respectively.

Comparing the non-compact and compact samples, the U-statistic is -2.0 and the p-

value is .02 indicating that there is 2% chance the two distributions were drawn from

the same sample. The di↵erence in metallicities distributions of the non-compact and

compact sample is statistically significant with the compact sample having a higher

metallicity on average. Further investigation of the metallicities of CQGs is left for

future work.
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Figure 4-3 Redshift, z, versus size, Re,c, for CQGs in the range 0.2 < z < 2.4. The
triangles are our DEEP2 CQGs, the black pluses are the low-redshift SDSS/BOSS
comparison sample of CQGs, and the grey stars are the high-redshift CQGs from the
compilation presented in [van de Sande et al., 2013].
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Now that we’ve identified a sizable population of CQGs at intermediate redshifts

0.5 < z < 1.1 we can begin preliminary studies of the evolution of CQGs themselves.

Applying our mass-size compactness criterion (Equation 4.2) we define 14 of the 23

0.2 < z < 0.6 SDSS/BOSS [Damjanov et al., 2013, Damjanov et al., 2014] galaxies as

compact and 28 of the 40 1.0 < z < 2.4 from [van de Sande et al., 2013] as compact.

Figure 4-3 shows the size, Re,c, against redshift, z, of CGQs from z = 0.2 to z = 2.4.

logRe,c = 0.14 ⇥ z + 0.012. (4.4)

There is only a weak correlation (R2 = 0.25) of CQG size with the high-redshift CQGs

being larger than the low-redshift CQGs. The continued study of the properties of

CQGs across the range z = 0.2 to z = 2.4 is the subject of future work.

4.6 Redshift of Quenching

To begin to trace the evolutionary history of CQGs we determine the redshifts of

star formation quenching, which is indicative of when these CQGs became quiescent,

of the DEEP2 and SDSS/BOSS CQGs. The redshift of quenching is calculated by

subtracting the SSP age of each galaxy from the age of the Universe at each galaxy’s

redshift of observation. The redshifts corresponding to the age of the Universe at

galaxy formation is found using a redshift-age interpolation function4.

As shown in Figure 4-4, our sample of CQGs is appears to be drawn from two

epochs of star formation quenching: quenching at z > 2 which suggests these objects

may be the descendants of the observed high-redshift CQGs and quenching at z  2

which suggests there is an additional population of CQGs that formed analogously to

the CQGs observed at z ⇠ 2. Only 7 of our 52 DEEP2 CQGs quenched at redshifts

large enough to be possible descendants. We observe a similar epoch sampling for

the SDSS/BOSS 0.2 < z < 0.6 CQGs; of the 23 low-redshift CQGs, 3 formed at

redshifts large enough to be descendants of z ⇠ 2 massive compact galaxies. While

the low-redshift compact quiescent sample is, on average, younger than the DEEP2

4http://roban.github.com/CosmoloPy/
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Figure 4-4 Redshift of star formation quenching against redshift of observation. The
solid line indicates where the redshift of quenching and observation are equal (be-
low which is the zone of exclusion). Objects above the dashed line at zquench = 2
are possible descendants of the high-redshift compact population. The 52 DEEP
CQGs are indicated by triangles (and solid grey histogram) and the circles are the 23
SDSS/BOSS CQGs. The grey points (and grey historgram) represent objects from
the full DEEP2 sample that meet �/�error > 6 and 10 < � < 350 km s�1 (1427
galaxies are in the final sample). The plot shows that our compact candidates in
the range 0.5 < z obs < 1.1 appear to uniformly sample the epoch of quenching range
of the DEEP2 galaxies in the same observation bin. The few galaxies whose stars
formed very close to when they are observed are younger, post-starburst galaxies.
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sample, there are older outliers in the sample. Further study of the stellar populations

of CQGs intermediate to the two observed epochs of quenching is an opportunity to

constrain the evolutionary histories massive quiescent ETGs.

The epochs of quenching for the DEEP2 and SDSS/BOSS samples are dependent

on the best fit SSP ages determined by the spectroscopic fitting. To ensure that a SSP

model appropriately describes the stellar populations of the galaxies, we additionally

fit the DEEP2 spectra with an exponentially declining model of star formation history.

Exponentially declining models of star formation history are generally more realistic

and give a more nuanced description of stellar systems than SSP models. For each

CQG we assume that star formation began at high-redshift, soon after the Big Bang,

and after the star formation rate declined exponentially with the timescale ⌧ . From

these fits we determine, similar to the SSP fits, a metallicity [Z/H] and velocity

dispersion � for each galaxy. Long exponentially declining timescales ⌧ correspond to

young SSP ages, so galaxies with young SSP ages had their star formation quenched

more rapidly than galaxies with older SSP ages. As demonstrated by Figure 4-5,

initial comparisons of the SSP and exponentially declining models for our DEEP2

galaxies in agreement; therefore, the redshift of star formation quenching based on

the SSP ages place the galaxies at reliable epochs of quenching.
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DEEP2 sample.
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Chapter 5

Conclusions

5.1 Preliminary and Future Work

5.1.1 Stellar versus Dynamical Mass: Constraining the IMF

With the initial goal of investigating the dark matter content at the center of our

CQGs, we compare the computed virial masses to the stellar masses derived from

Maraston models. Figure 5-1 displays the dynamical mass against the stellar mass

of the 43 DEEP2 CQGs with stellar mass estimates and the z ⇠ 0 SDSS reference

sample. While some of our candidates lie along the dynamical-stellar mass one-to-one

line, suggesting these galaxies do not contain dark matter within one e↵ective radius,

our SDSS reference also appears to contain little dark matter. While the distribution

of the reference sample does lie slightly above the one-to-one line, previous studies

show that these types of non-compact elliptical galaxies have higher dynamical masses

[Belli et al., 2014].

One possibility for the low dark matter content implied for the SDSS reference

sample is that an inherent bias in the Galaxy Zoo classification may lead to more

compact ellipticals being preferentially selected, but the separation of the reference

sample and compact objects in the other parameter plots (Figure 4-1) suggests this

is likely not the case.

We compute the stellar mass for the SDSS reference sample based on the B band
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Figure 5-1 Log of dynamical mass, Mdyn against log of stellar mass, M*K , where the
black line indicates the one-to-one relation. The grey histogram shows the distribution
of the SDSS, z ⇠ 0 reference sample and the triangles are the 43 DEEP2 CQGs,
colored according to redshift, with stellar mass estimates. The plot on the left shows
the DEEP2 CQG stellar masses computed using a Kroupa IMF while the plot on the
right shows the stellar masses computed with a Salpeter IMF. The median error bars
are shown in the upper left corner.

and V band stellar masses by transforming the g and r band photometry (Section

3.1) and using the appropriate Maraston mass-to-light ratios. We find that the stellar

masses computed from the B band and V band agree very well with one another, but

there is a significant discrepancy between the B, V band and K -band stellar masses.

Our stellar masses based on the K band are approximately 0.2 dex larger than the B

band and V band based stellar masses. To determine whether or not this discrepancy

is due to our photometry or the UKIDDS to SDSS K band magnitude o↵set, we also

compute the stellar masses of the DEEP2 sample based on the B band and V bands.

Just as with the SDSS reference sample, the B band and V band stellar masses agree

very well for the DEEP2 candidates and the K band stellar mass is approximately

0.2 dex larger than both the B band and V band stellar masses.

This same discrepancy between the stellar masses computed using B band, V band

and K band in both the DEEP2 and SDSS sample suggests the problem may not
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lie with the photometry or magnitude o↵sets, but with the chosen Maraston models

not being representative of the true star formation history or stellar content of these

galaxies. Mass-to-light ratio modeling that is more realistic to the stellar properties

of our massive quiescent galaxies may be needed to resolve these discrepancies.

Despite the unresolved separation between the z ⇠ 0 sample and our DEEP2

sample of massive quiescent galaxies in the stellar and dynamical mass plane, our re-

sults suggest that a more bottom-heavy IMF is unphysical for our sample of DEEP2

CQGs. As shown in Figure 5-1, adopting the bottom-heavy Salpeter IMF results in

the CQGs having stellar masses larger than their dynamical masses. Therefore, a

bottom-heavy IMF is unphysical for our massive quiescent galaxies because it sug-

gests they contain negative dark matter. This preliminary result is in tension with

[Cappellari et al., 2012] and [Conroy et al., 2013] that claim the IMF becomes in-

creasing bottom heavy for massive, early-type galaxies.
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5.2 Summary

In this thesis, we identify a sample of 222 massive quiescent ETGs at intermediate

redshifts, 0.5 < z < 1.1, by mining the DEEP2 Redshift Survey. From the spectra,

fit against a grid of PEGASE.HR SSP models based on the MILES stellar library, the

velocity dispersions, SSP ages, and metallicities of the DEEP2 galaxies are deter-

mined. Quiescence is selected for by requiring EW[O II]��3727,3730, EW H� �4863,

EW[O III]��4960,5008, and EW[O III]�4364 all < 5 Å and by visually selecting ob-

jects without strong emission line fluxes. The structural properties, including the

half-light radii, axis ratios, and Sérsic indices, of this sample of 222 ETGs are de-

rived from HST ACS and WFPC2 F814W imaging. Aditionally, we derive the stellar

masses of the sample based on IRAC/SPIZTER photometry and K Band Maraston

mass-to-light ratios. From the study of these intermediate-redshift quiescent ETGs,

we find:

• 222 quiescent ETGs with half-light radii ranging from 0.45 < Re,c < 36.75 kpc

(mean Re,c = 2.59 kpc) and dynamical masses between 1.20⇥1010 and 2.47⇥1012

M� (mean Mdyn = 2.50⇥1011 M�).

• of 222 ETGs, 52 are compact with sizes less than half the size of their SDSS

z ⇠ 0 counterparts. Their half-light radii range from 0.45  Re,c  5.01 kpc

(mean Re,c = 1.62 kpc) and dynamical masses range from 1.20⇥1010  Mdyn 

2.45⇥1012 M� (mean Mdyn = 1.35⇥1010 M�).

• the sample of CGQs is drawn from two epochs of star formation quenching:

5 quenched at z > 2 making them possible descendants of the observed high-

redshift CQGs and 47 quenched at z  2 which suggests there is a larger popu-

lation of CQGs that joined the quiescent population analogous to observations

of high-redshift CQGs at z ⇠ 2.

• the comparison of stellar and dynamical mass for the DEEP2 CQGs shows

that a more bottom-heavy, Salpeter IMF is unphysical for these objects. This

result, which merits further study, is in tension with recent IMF developments
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that claim the IMF becomes increasing bottom-heavy for massive, early-type

galaxies.
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Appendix A

Acronym Glossary

ACS Advanced Camera for Surveys

AEGIS All-Wavelength Extended Groth Strip International Survey

AGN Active Galactic Nucleus

BOSS Baryon Oscillation Spectroscopic Survey

CADC Canadian Astronomy Data Centre

CANDELS Cosmic Assembly Near-IR Deep Extragalactic Legacy Survey

CHFT Canada France Hawaii Telescope

CQG Compact Quiescent Galaxy

DEEP Deep Extragalactic Evolutionary Probe

EGS Extended Groth Strip

HLA Hubble Legacy Archive

HST Hubble Space Telescope

IMF Initial Mass Function

IRAC The Infrared Array Camera

PSF Point Spread Function

SDSS Sloan Digital Sky Survey

SED Spectral Energy Distribution

SFH Star Formation History

SMG Sub-millimeter Galaxy
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SSP Simple Stellar Population

UKIDSS The UKIRT Infrared Deep Sky Survey

UKIRT The UK Infrared Telescope

WFC3 Wide Field Camera 3

WFPC2 Wide Field Planetary Camera 2
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Appendix B

DEEP2 CQG Property Tables
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Table B.1. Spectroscopic Parameters of DEEP2 CQGs

Object Number ↵ � z � SSP Age [Z/H] Spectral Class
[�] [�] [km s�1] [Gyr] [dex]

(1) (2) (3) (4) (5) (6) (7) (8)

12004492 214.32658 52.4276 0.533 152 ± 21 2.57 ± 0.30 -0.02 ± 0.32 Old
12007960 214.51040 52.4690 0.708 220 ± 24 2.48 ± 0.26 0.03 ± 0.22 Old
12015693 214.65143 52.5960 0.835 197 ± 24 0.98 ± 0.04 0.65 ± 0.14 Old
12016013 214.57689 52.6178 0.643 262 ± 17 5.02 ± 0.08 0.69 ± 0.00 Old
12016769 214.40033 52.5986 0.612 189 ± 18 2.62 ± 0.23 -0.06 ± 0.25 Old
12019899 214.68512 52.6372 0.932 258 ± 20 1.44 ± 0.15 0.20 ± 0.10 Old
12019978 214.63535 52.6720 0.733 228 ± 16 2.94 ± 0.23 -0.02 ± 0.18 Old
12023935 214.78560 52.6827 0.841 240 ± 31 12.3 ± 5.9 -0.45 ± 0.32 Old
12024057 214.74437 52.7128 0.736 221 ± 16 6.26 ± 0.38 0.16 ± 0.13 Old
12025292 214.50116 52.7079 0.813 185 ± 17 3.76 ± 0.56 -0.02 ± 0.15 Old
12028330 214.79457 52.7840 0.820 347 ± 33 1.46 ± 0.15 0.62 ± 0.15 Old
12028633 214.64512 52.7639 0.682 311 ± 15 3.07 ± 0.18 0.22 ± 0.11 Old
13010942 214.92454 52.8562 0.671 187 ± 21 5.7 ± 1.8 -0.09 ± 0.24 Old
13011281 214.81655 52.8704 0.807 276 ± 22 2.10 ± 0.23 0.37 ± 0.15 Old
13011501 214.83094 52.8817 1.009 238 ± 36 1.55 ± 0.36 0.14 ± 0.34 Old
13011780 214.80840 52.8707 0.810 220 ± 22 3.80 ± 0.60 0.01 ± 0.15 Old
13011811 214.79813 52.8479 0.640 194 ± 15 2.43 ± 0.21 0.00 ± 0.20 Old
13019286 214.84968 52.9108 0.737 240 ± 15 3.04 ± 0.16 0.28 ± 0.14 Old
13019294 214.90051 52.9063 0.850 183 ± 23 2.62 ± 0.30 -0.70 ± 0.27 Post-starburst
13019956 214.80987 52.9196 0.780 344 ± 18 1.75 ± 0.12 0.38 ± 0.11 Old
13025465 215.19902 52.9984 0.677 229 ± 19 3.14 ± 0.58 0.01 ± 0.15 Old
13027468 214.90422 52.9913 0.768 165 ± 27 1.30 ± 0.24 0.44 ± 0.33 Old
13033804 215.20167 53.0384 0.742 181 ± 17 4.12 ± 0.99 -0.01 ± 0.18 Old
13033944 215.14857 53.0283 0.763 230 ± 29 2.70 ± 0.41 0.28 ± 0.26 Old
13033965 215.14324 53.0153 0.749 231 ± 17 3.94 ± 0.56 0.14 ± 0.11 Old
13034447 215.06028 53.0239 0.748 249 ± 17 0.55 ± 0.03 0.32 ± 0.15 Post-starburst
13034602 215.03830 53.0428 0.715 237 ± 9 2.83 ± 0.10 -0.05 ± 0.10 Old
13035280 215.01947 53.0481 0.915 210 ± 26 2.57 ± 0.55 0.26 ± 0.33 Old
13041525 215.30160 53.0890 0.998 205 ± 24 1.06 ± 0.14 0.32 ± 0.42 Old
13041606 215.30910 53.1176 0.678 262 ± 13 2.73 ± 0.13 0.10 ± 0.12 Old
13042259 215.21909 53.0765 0.770 170 ± 10 1.11 ± 0.06 0.15 ± 0.09 Post-starburst
13043062 215.10056 53.0814 0.976 219 ± 9 0.63 ± 0.02 0.29 ± 0.10 Post-starburst
13049589 215.23905 53.1617 0.638 187 ± 15 1.41 ± 0.10 0.69 ± 0.00 Old
13049865 215.24372 53.1455 0.678 287 ± 18 2.69 ± 0.12 0.03 ± 0.12 Old
13057571 215.39590 53.2023 0.676 231 ± 21 3.09 ± 0.58 0.09 ± 0.24 Old
13057979 215.23158 53.2030 0.741 196 ± 24 2.50 ± 0.47 0.31 ± 0.21 Old
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Table B.1 (cont’d)

Object Number ↵ � z � SSP Age [Z/H] Spectral Class
[�] [�] [km s�1] [Gyr] [dex]

(1) (2) (3) (4) (5) (6) (7) (8)

13058221 215.31695 53.1961 0.634 202 ± 14 1.15 ± 0.07 -0.07 ± 0.14 Old
13058803 215.21206 53.2069 0.637 277 ± 13 3.77 ± 0.31 0.15 ± 0.08 Old
13064321 215.40909 53.2475 0.669 203 ± 18 1.52 ± 0.18 0.25 ± 0.12 Old
13064634 215.30968 53.2586 0.906 270 ± 36 2.55 ± 0.45 0.13 ± 0.38 Old
41032729 36.53967 0.58090 0.770 268 ± 30 2.21 ± 0.41 0.30 ± 0.19 Old
42037703 37.60768 0.63040 0.854 262 ± 25 1.81 ± 0.21 0.37 ± 0.23 Old
42029812 37.61381 0.59320 0.858 164 ± 23 1.16 ± 0.12 0.37 ± 0.34 Old
42033566 37.28237 0.56260 0.840 290 ± 19 13.3 ± 3.0 -0.31 ± 0.17 Old
13101995 215.05671 52.8985 0.574 190 ± 24 3.76 ± 0.71 0.16 ± 0.15 Old
11013870 213.87992 52.0745 0.649 183 ± 14 1.48 ± 0.10 0.12 ± 0.10 Old
11019658 213.90904 52.1240 0.572 210 ± 23 4.08 ± 1.41 0.00 ± 0.22 Old
31008760 351.60017 -0.0330 0.809 168 ± 24 1.14 ± 0.17 0.15 ± 0.26 Old
41019260 37.12902 0.5079 0.721 245 ± 37 11.9 ± 5.7 -0.56 ± 0.35 Old
41019373 37.13189 0.5085 0.723 206 ± 32 3.02 ± 0.88 -0.16 ± 0.44 Old
41020051 37.11260 0.5353 0.708 229 ± 23 1.75 ± 0.18 0.10 ± 0.15 Old
41020361 37.12607 0.5078 0.721 295 ± 18 2.16 ± 0.22 0.38 ± 0.12 Old

Note. — (1) DEEP2 identification number; (2) Right ascension; (3) Declination; (4) Redshift; (5) Velocity
dispersion; (6) Age of the best fit simple stellar population model; (7) Metallicity of the best fit simple stellar
population model; (8) Spectral class based on visual inspection

†Metallicities outside of the range -0.50 < [Z/H] dex < 0.40 are close to the SSP model limits where determined
ages are less reliable
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Table B.2. Structural Parameters of DEEP2 CQGs

Object Number R
e,c nsingle

Sérsic

qsingle log(M
dyn

/M�)
[kpc]

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

12004492 0.791 ± 0.008 3.34 ± 0.06 0.38 10.33 ± 0.28
12007960 1.21 ± 0.02 4.13 ± 0.08 0.48 10.84 ± 0.22
12015693 0.45 ± 0.01 3.3 ± 0.1 0.26 10.31 ± 0.25
12016013 2.21 ± 0.02 2.48 ± 0.02 0.63 11.25 ± 0.13
12016769 1.32 ± 0.01 4.48 ± 0.05 0.32 10.74 ± 0.19
12019899 1.59 ± 0.05 8.0 ± 0.2 0.43 11.09 ± 0.16
12019978 1.38 ± 0.01 3.07 ± 0.04 0.3 10.92 ± 0.14
12023935 2.64 ± 0.03 2.44 ± 0.03 0.49 11.25 ± 0.26
12024057 1.39 ± 0.02 3.89 ± 0.06 0.46 10.90 ± 0.14
12025292 1.23 ± 0.02 4.39 ± 0.09 0.56 10.71 ± 0.19
12028330 5.01 ± 0.08 3.51 ± 0.04 0.62 11.85 ± 0.19
12028633 1.31 ± 0.01 3.75 ± 0.04 0.32 11.17 ± 0.10
13010942 1.00 ± 0.01 4.15 ± 0.08 0.36 10.61 ± 0.23
13011281 2.73 ± 0.05 3.78 ± 0.05 0.73 11.38 ± 0.17
13011501 0.739 ± 0.007 2.56 ± 0.05 0.15 10.69 ± 0.30
13011780 1.32 ± 0.01 2.27 ± 0.04 0.27 10.87 ± 0.20
13011811 0.940 ± 0.008 4.79 ± 0.05 0.27 10.62 ± 0.15
13019286 2.39 ± 0.05 5.28 ± 0.09 0.59 11.20 ± 0.13
13019294 0.685 ± 0.009 3.77 ± 0.09 0.67 10.42 ± 0.26
13019956 4.01 ± 0.05 3.90 ± 0.04 0.77 11.74 ± 0.11
13025465 2.07 ± 0.02 2.49 ± 0.03 0.53 11.10 ± 0.17
13027468 0.69 ± 0.01 3.1 ± 0.1 0.79 10.33 ± 0.33
13033804 1.21 ± 0.02 3.80 ± 0.07 0.34 10.66 ± 0.19
13033944 0.85 ± 0.01 3.08 ± 0.05 0.5 10.72 ± 0.25
13033965 1.25 ± 0.01 2.75 ± 0.04 0.32 10.89 ± 0.15
13034447 1.19 ± 0.01 3.05 ± 0.03 0.4 10.93 ± 0.14
13034602 1.73 ± 0.03 5.26 ± 0.07 0.52 11.05 ± 0.08
13035280 1.25 ± 0.04 4.0 ± 0.1 0.73 10.81 ± 0.25
13041525 1.04 ± 0.02 4.3 ± 0.2 0.66 10.71 ± 0.24
13041606 2.17 ± 0.03 5.87 ± 0.06 0.65 11.24 ± 0.10
13042259 0.941 ± 0.006 3.71 ± 0.05 0.5 10.50 ± 0.12
13043062 2.09 ± 0.02 4.49 ± 0.04 0.89 11.07 ± 0.08
13049589 1.18 ± 0.02 2.52 ± 0.04 0.52 10.68 ± 0.17
13049865 2.69 ± 0.01 2.36 ± 0.01 0.76 11.41 ± 0.13
13057571 1.45 ± 0.03 5.64 ± 0.09 0.37 10.96 ± 0.18
13057979 0.82 ± 0.01 3.76 ± 0.09 0.39 10.56 ± 0.25
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Table B.2 (cont’d)

Object Number R
e,c nsingle

Sérsic

qsingle log(M
dyn

/M�)
[kpc]

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

13058221 1.139 ± 0.008 4.79 ± 0.04 0.44 10.73 ± 0.14
13058803 2.94 ± 0.03 4.95 ± 0.04 0.83 11.42 ± 0.10
13064321 1.39 ± 0.02 3.62 ± 0.06 0.73 10.82 ± 0.18
13064634 1.10 ± 0.02 5.7 ± 0.1 0.3 10.97 ± 0.27
41032729 2.6 ± 0.2 5.4 ± 0.2 0.92 11.34 ± 0.24
42037703 2.2 ± 0.4 3.7 ± 0.5 0.72 11.24 ± 0.26
42029812 0.96 ± 0.02 2.7 ± 0.1 0.66 10.48 ± 0.29
42033566 2.7 ± 0.4 6.1 ± 0.6 0.48 11.42 ± 0.20
13101995 0.60 ± 0.01 3.19 ± 0.05 0.33 10.40 ± 0.25
11013870 0.92 ± 0.02 5.31 ± 0.09 0.2 10.55 ± 0.16
11019658 1.05 ± 0.04 5.7 ± 0.2 0.17 10.73 ± 0.22
31008760 0.89 ± 0.04 2.0 ± 0.2 0.25 10.46 ± 0.29
41019260 0.93 ± 0.03 3.5 ± 0.1 0.17 10.81 ± 0.30
41019373 1.54 ± 0.08 4.9 ± 0.3 0.35 10.88 ± 0.31
41020051 2.16 ± 0.04 2.99 ± 0.04 0.33 11.12 ± 0.20
41020361 4.0 ± 0.3 7.7 ± 0.3 0.81 11.61 ± 0.14

Note. — (1) DEEP2 identification number; (2) Circularized e↵ective radius
given by Equation 3.3; (3) Single-profile Sérsic index; (4) Axis ratio (b/a); (5)
Log of the dynamical mass given by Equation 4.1
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Table B.3. Photometric Properties of DEEP2 CQGs

Object Number K-correction log(M⇤/M�) M
dyn

/M⇤
[mag]

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

12004492 -0.306 10.27 ± 0.29 1.14 ± 0.46
12007960 -0.643 10.73 ± 0.27 1.28 ± 0.45
12015693 -0.791 10.14 ± 3.74 1.48 ± 5.55
12016013 -0.547 10.99 ± 0.03 1.82 ± 0.25
12016769 -0.489 10.76 ± 0.21 0.95 ± 0.27
12019899 -0.890 10.86 ± 0.65 1.69 ± 1.12
12019978 -0.676 10.99 ± 0.17 0.85 ± 0.19
12023935 -0.797 11.53 ± 0.44 0.53 ± 0.27
12024057 -0.678 11.04 ± 0.09 0.72 ± 0.12
12025292 -0.766 10.92 ± 0.26 0.62 ± 0.20
12028330 -0.774 10.92 ± 0.61 8.46 ± 5.39
12028633 -0.606 11.07 ± 0.12 1.26 ± 0.20
13010942 -0.590 10.90 ± 0.41 0.51 ± 0.24
13011281 -0.760 11.12 ± 0.35 1.82 ± 0.70
13011501 -0.965 10.77 ± 1.20 0.83 ± 1.03
13011780 -0.763 11.01 ± 0.28 0.72 ± 0.25
13011811 -0.540 10.70 ± 0.23 0.83 ± 0.23
13019286 -0.680 10.93 ± 0.12 1.87 ± 0.33
13019294 -0.806 10.82 ± 0.28 0.40 ± 0.15
13019956 -0.731 11.18 ± 0.28 3.65 ± 1.11
13025465 -0.599 10.84 ± 0.37 1.82 ± 0.74
13027468 -0.717 10.59 ± 1.63 0.55 ± 0.92
13033804 -0.687 10.90 ± 0.39 0.58 ± 0.26
13033944 -0.711 10.75 ± 0.36 0.93 ± 0.41
13033965 -0.695 10.86 ± 0.24 1.06 ± 0.30
13034447 -0.693 10.31 ± 0.20 4.19 ± 1.02
13034602 -0.652 11.29 ± 0.09 0.58 ± 0.07
13035280 -0.872 10.72 ± 0.53 1.21 ± 0.70
13041525 -0.954 10.34 ± 5.80 2.34 ± 13.59
13041606 -0.601 11.01 ± 0.11 1.70 ± 0.25
13042259 -0.719 10.53 ± 1.14 0.93 ± 1.07
13043062 -0.933 10.91 ± 0.19 1.44 ± 0.29
13049589 -0.538 10.12 ± 0.48 3.68 ± 1.87
13049865 -0.602 11.20 ± 0.11 1.63 ± 0.28
13057571 -0.599 10.78 ± 0.38 1.50 ± 0.63
13057979 -0.686 10.51 ± 0.48 1.13 ± 0.61
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Table B.3 (cont’d)

Object Number K-correction log(M⇤/M�) M
dyn

/M⇤
[mag]

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

13058221 -0.531 10.51 ± 1.02 1.67 ± 1.73
13058803 -0.535 11.11 ± 0.14 2.02 ± 0.35
13064321 -0.588 10.35 ± 0.65 2.96 ± 1.99
13064634 -0.863 11.01 ± 0.44 0.91 ± 0.47
13101995 -0.409 10.92 ± 0.33 0.30 ± 0.13
11013870 -0.556 10.73 ± 0.39 0.66 ± 0.28
11019658 -0.405 10.74 ± 0.57 0.99 ± 0.60

Note. — (1) DEEP2 identification number; (2) Calculated K-
correction (Equation 2.1); (3) Log of the calculated stellar mass based
on a Kroupa IMF; (4) Dynamical mass to stellar mass ratio
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D., Dickinson, M., Krips, M., and Aravena, M. (2010). Imaging the Molecular
Gas in a Submillimeter Galaxy at z = 4.05: Cold Mode Accretion or a Major
Merger? ApJ, 714:1407–1417.

88



[Carollo et al., 2013] Carollo, C. M., Bschorr, T. J., Renzini, A., Lilly, S. J.,
Capak, P., Cibinel, A., Ilbert, O., Onodera, M., Scoville, N., Cameron, E.,
Mobasher, B., Sanders, D., and Taniguchi, Y. (2013). Newly Quenched
Galaxies as the Cause for the Apparent Evolution in Average Size of the
Population. ApJ, 773:112.

[Carrasco et al., 2010] Carrasco, E. R., Conselice, C. J., and Trujillo, I. (2010).
Gemini K-band NIRI Adaptive Optics Observations of massive galaxies at 1
<z <2. MNRAS, 405:2253–2259.

[Casali et al., 2007] Casali, M., Adamson, A., Alves de Oliveira, C., Almaini,
O., Burch, K., Chuter, T., Elliot, J., Folger, M., Foucaud, S., Hambly, N.,
Hastie, M., Henry, D., Hirst, P., Irwin, M., Ives, D., Lawrence, A., Laidlaw,
K., Lee, D., Lewis, J., Lunney, D., McLay, S., Montgomery, D., Pickup, A.,
Read, M., Rees, N., Robson, I., Sekiguchi, K., Vick, A., Warren, S., and
Woodward, B. (2007). The UKIRT wide-field camera. A&A, 467:777–784.

[Cassata et al., 2011] Cassata, P., Giavalisco, M., Guo, Y., Renzini, A., Fer-
guson, H., Koekemoer, A. M., Salimbeni, S., Scarlata, C., Grogin, N. A.,
Conselice, C. J., Dahlen, T., Lotz, J. M., Dickinson, M., and Lin, L. (2011).
The Relative Abundance of Compact and Normal Massive Early-type Galax-
ies and Its Evolution from Redshift z ˜ 2 to the Present. ApJ, 743:96.

[Chilingarian et al., 2007a] Chilingarian, I., Prugniel, P., Sil’Chenko, O., and
Koleva, M. (2007a). NBursts: Simultaneous Extraction of Internal Kinemat-
ics and Parametrized SFH from Integrated Light Spectra. In Vazdekis, A.
and Peletier, R., editors, IAU Symposium, volume 241 of IAU Symposium,
pages 175–176.

[Chilingarian et al., 2010] Chilingarian, I. V., Melchior, A.-L., and Zolotukhin,
I. Y. (2010). Analytical approximations of K-corrections in optical and near-
infrared bands. MNRAS, 405:1409–1420.

[Chilingarian et al., 2007b] Chilingarian, I. V., Prugniel, P., Sil’Chenko, O. K.,
and Afanasiev, V. L. (2007b). Kinematics and stellar populations of the dwarf
elliptical galaxy IC 3653. MNRAS, 376:1033–1046.

[Chilingarian and Zolotukhin, 2012] Chilingarian, I. V. and Zolotukhin, I. Y.
(2012). A universal ultraviolet-optical colour-colour-magnitude relation of
galaxies. MNRAS, 419:1727–1739.

[Cimatti et al., 2008] Cimatti, A., Cassata, P., Pozzetti, L., Kurk, J., Mignoli,
M., Renzini, A., Daddi, E., Bolzonella, M., Brusa, M., Rodighiero, G., Dick-
inson, M., Franceschini, A., Zamorani, G., Berta, S., Rosati, P., and Halliday,
C. (2008). GMASS ultradeep spectroscopy of galaxies at z ˜ 2. II. Superdense
passive galaxies: how did they form and evolve? A&A, 482:21–42.

[Coil et al., 2004] Coil, A. L., Newman, J. A., Kaiser, N., Davis, M., Ma, C.-P.,
Kocevski, D. D., and Koo, D. C. (2004). Evolution and Color Dependence
of the Galaxy Angular Correlation Function: 350,000 Galaxies in 5 Square
Degrees. ApJ, 617:765–781.

89



[Combes et al., 2012] Combes, F., Rex, M., Rawle, T. D., Egami, E., Boone,
F., Smail, I., Richard, J., Ivison, R. J., Gurwell, M., Casey, C. M., Omont,
A., Berciano Alba, A., Dessauges-Zavadsky, M., Edge, A. C., Fazio, G. G.,
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Dickinson, M., Dolch, T., Donley, J. L., Dunlop, J. S., Dutton, A. A., Elbaz,
D., Fazio, G. G., Filippenko, A. V., Finkelstein, S. L., Fontana, A., Gardner,
J. P., Garnavich, P. M., Gawiser, E., Giavalisco, M., Grazian, A., Guo, Y.,
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Sansigre, A., Scoville, N. Z., Smolčić, V., Taniguchi, Y., Yun, M. S., Bertoldi,
F., Le Fevre, O., and de Ravel, L. (2008). Molecular Gas in a Submillimeter
Galaxy at z = 4.5: Evidence for a Major Merger at 1 Billion Years after the
Big Bang. ApJL, 689:L5–L8.

[Sersic, 1968] Sersic, J. L. (1968). Atlas de galaxias australes.

[Simard et al., 2011] Simard, L., Mendel, J. T., Patton, D. R., Ellison, S. L.,
and McConnachie, A. W. (2011). A Catalog of Bulge+disk Decompositions
and Updated Photometry for 1.12 Million Galaxies in the Sloan Digital Sky
Survey. ApJS, 196:11.

[Springel et al., 2006] Springel, V., Frenk, C. S., and White, S. D. M. (2006).
The large-scale structure of the Universe. Nature, 440:1137–1144.

[Stetson, 1987] Stetson, P. B. (1987). DAOPHOT - A computer program for
crowded-field stellar photometry. PASP, 99:191–222.

[Strazzullo et al., 2010] Strazzullo, V., Rosati, P., Pannella, M., Gobat, R.,
Santos, J. S., Nonino, M., Demarco, R., Lidman, C., Tanaka, M., Mullis,
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