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ABSTRACT OF THE DISSERTATION

A Photometric and Spectroscopic Study of Massive and Evolved Galaxies at z > 3

by

Hooshang Nayyeri

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, December 2014

Dr. Bahram Mobasher, Chairperson

I use deep data taken as part of the Hubble Space Telescope (HST) Wide Field Camera

3 (WFC3) observations by the Cosmic Assembly Near-infrared Deep Extragalactic Legacy

Survey (CANDELS) along with ground-based and Spitzer Space Telescope data to identify

massive and evolved galaxies at z > 3. This is performed using the strength of the Balmer

break feature at rest-frame 3648Å which is an age dependent diagnostic of the stellar

population, to develop a Balmer Break Galaxy (BBG) selection. Fitting the spectral energy

distribution (SED) of the candidates show that these systems have average estimated ages

of ∼ 800 Myr and average stellar masses of ∼ 5 × 1010M�, consistent with being old and

massive. I find a number density of ∼ 3.2× 10−5Mpc−3 for these systems corresponding to

a mass density of ∼ 2.0× 106 M�/Mpc3 at 3 < z < 4.5. Given the old age and the passive

evolution, it is argued that some of these objects formed the bulk of their mass only a few

hundred million years after the Big Bang and could be the descendants of the highly star

forming galaxies at very high redshifts. I follow up sources identified through BBG selection

with the Keck Telescope DEIMOS optical spectograph and confirm several of these systems

at z ∼ 3 − 4. The stacked spectrum of BBGs shows relatively stronger metal absorption

features and relatively smaller velocity offsets from the systemic with respect to the LBG

v



selected star forming galaxies. This seems to indicate that the passive systems are less

dominated by outflows that are characteristics of star forming systems at high redshifts.

I measure the sizes of these systems and find that the most massive old galaxies in the

Universe at z ∼> 3 are far more compact than lower redshift early type galaxies. Using the

GALFIT measured sizes, I confirm that the physical size of the early type galaxies evolve

rapidly with redshift according to: Re ∝ (1 + z)−1.48 out to z ∼ 3.3.
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Lyα emission at 6994 Å is visible in both spectra. . . . . . . . . . . . . . . 88

xvi



5.2 The photometric and spectroscopic redshift comparison for the passive galaxy

candidates. The plot is color coded in terms of the assigned spectroscopic

redshift confidence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.3 The stacked spectra of quiescent (BBG selected) and star forming (LBG and

LAE) galaxies at z > 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.3 Continued. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.4 The Lyman-α emission in the stacked spectra of BBG, LBG and LAE galax-

ies. We see that Lyα is shifted with respect to the systemic redshift of the

galaxy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.5 The high ionization absorption in the stacked spectra of BBG, LBG and LAE

galaxies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.6 The low ionization absorption in the stacked spectra of BBG, LBG and LAE

galaxies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.7 The stacked BBG spectrum with the standard deviation shown in green. The
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Chapter 1

Introduction

1.1 The Search for High Redshift Galaxies

Before the advent of the Hubble Space Telescope (HST), with its unprecedented resolution,

very sensitive CCDs and infrared detectors, and the introduction of the largest ground-based

observatories with their immense light collecting capabilities, the study of the most distant

objects in the Universe was very limited or impossible. The Hubble Space Telescope made it

possible to not only find the most distant objects in the Universe but to also understand their

physical properties in detail. The detailed spectroscopic observations by the largest ground

based telescopes (such as the W. M. Keck 10 meter telescope) opened up new possibilities

for studying galaxy evolution and formation back to only a few hundred million years after

the Big Bang. In this section I will briefly discuss the efforts made for finding and studying

the most distant objects in the very early Universe.

1.1.1 The Lyman Break Selection

The Universe is almost entirely made of Hydrogen. The Hydrogen is found in its neutral

(HI), ionized (HII) or molecular form and exists in the stars that make galaxies, in the

medium between stars (the Inter-Stellar Medium; ISM) and in the space between galaxies
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(Inter-Galactic Medium; IGM). The Hydrogen has an ionization potential of -13.6 eV and

can get ionized or excited by the UV radiation from star formation in galaxies.

The Hydrogen atomic transition wavelengths is given by the following equation:

1/λ = RH (1/n2
1 − 1/n2

2) (1.1)

where RH is the Rydberg’s constant (RH = 1.097 × 107 m−1). For n = 1 (the Lyman

series), a photon of light could excite the atomic Hydrogen if it has a wavelength shorter than

the excitation wavelength (for n2 = ∞) given by the above equation. The first transition

of the electron (with n2 = 2 and n1 = 1 in the above equation) requires a photon of

wavelength 1216Å. The UV photons with the right wavelength shorter than 1216Å could

excite the Hydrogen and any photon with a wavelength shorter than 912Å (the Lyman limit)

could fully ionize the Hydrogen atom (with n2 =∞ and n1 = 1 in the above equation). The

IGM and ISM is filled with neutral Hydrogen (among other elements). The distribution

of these regions could be clumpy or uniform with different column densities and they are

at different distances in the IGM with respect to us. The UV photons generated by the

most massive stars in galaxies pass through these regions before reaching us and would be

absorbed and reemitted by this neutral gas several times. Figure 1.1 shows the mean cosmic

transmission at z=3, 4 and 5 as a function of observed wavelength (Madau et al., 1996)

demonstrating the drop in the restframe UV flux of distant galaxies as it travels through

the neutral Hydrogen in the IGM.

In his pioneering work Steidel et al., 1996 used this feature of the redshifted UV emission

of star forming galaxies to develop a technique to identify the most distant objects in the

Universe. This technique is based on the sudden change in the color of a galaxy in different

broad-band filters as the pass-bands straddle the Lyman break feature. The galaxies identi-

fied using this technique are known as Lyman Break Galaxies (or LBGs). Figure 1.2 shows

the color-color diagram for the LBG selection at z ∼ 3 from Steidel et al., 1999 using the U,

G and R filters. The different lines correspond to the redshift dependent color evolutionary
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Figure 1.1: The mean cosmic transmission for a source at redshifts 3, 4 and 5 (solid lines from left to right)
demonstrating the drop in the restframe UV flux as it travels through the neutral Hydrogen. The ACS filter
throughputs are also plotted as dashed/dotted lines. The plot is adopted from Madau et al., 1996.

tracks of different extinction values for star forming galaxies. The U and G filters straddle

the Lyman break and the sudden change in the color is mainly used to develop the criteria

for identifying LBGs.

1.1.2 The Formation of the Red Sequence

Galaxy populations in the Universe are very diverse with varying properties and appear-

ances. Although quite different, galaxies could still be classified according to several distinct

properties. The most basic classification of galaxies is by looking at their basic properties

(color, mass, etc) and morphologies. According to this classification, galaxies are grouped

into late type star forming galaxies and early type quiescent systems. The late type galax-

ies are usually disky or irregular systems that are bluer and are relatively rich in gas with

high star formation while the early type galaxies are redder and more massive gas deprived

systems with featureless morphologies better known as elliptical galaxies. The bimodality

in galaxy distribution is evident in the local Universe and is very well demonstrated on the

color magnitude diagrams. Figure 1.3 shows the distribution of the local galaxies from the

Sloan Digital Sky Survey on the color magnitude diagram. We clearly see the separation of

the two populations of galaxies on this plot.

Several studies show that the number density of quiescent early type galaxies drop

rapidly at higher redshifts (Ilbert et al., 2013). The high redshift star forming galaxies
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Figure 1.2: The Lyman Break Galaxy (LBG) selection criteria (also known as the UGR selection for the
filters used) developed by Steidel et al., 1999 to identify star forming galaxies at z ∼ 3. The three different
redshift dependent color evolutionary tracks are drawn for star forming galaxies with three different values
of extinction.

are usually identified by the LBG selection technique which is sensitive to UV bright star

forming systems, as I discussed in the previous section. Recently, however, there have been

several studies that indicate the presence of quiescent galaxies and provide evidence for the

formation of the red sequence at redshifts as high as z ∼ 2 (Franx et al., 2003; Labbé et al.,

2005; Williams et al., 2009). Figure 1.4 shows the color-color diagram with the distinct

separation of the two populations of star forming and quiescent galaxies to z ∼ 2.5. These

quiescent systems are mostly made of redder and cooler stars and therefore are relatively

faint in the restframe UV.

Because of this faintness and due to the lack of prominent emission features associated

with the passive nature, spectroscopic confirmation of these systems is challenging. In a

recent study Kriek et al., 2009 obtained ultra deep spectra of a compact quiescent galaxy at

z ∼ 2.2 and confirmed its existence through optical absorption lines. Study of high redshift

LBG selected star forming galaxies show that these systems have distinct spectroscopic

features that are tightly correlated with the galaxy properties (Shapley et al., 2003). Using

4



Figure 1.3: The color magnitude distribution of the local galaxies in the Sloan Digital Sky Survey (SDSS).
The galaxies are color coded based on the spectral type with the red corresponding to early type, blue
corresponding to late type and green corresponding to bulge galaxies (Sa-Sb). The contours are for equal
densities and the solid line shows the empirical separation between the red sequence and the other galaxies.
The plot is adopted from Gavazzi et al., 2010.

a large sample of spectroscopically confirmed LBGs at z ∼ 3 Shapley et al., 2003 showed that

the Lyman-α equivalent width is tightly correlated with the low ionization absorption line

and the continuum extinction. These results could be understood in terms of the distribution

and kinematics of cold neutral gas in these systems. Studying the spectra of relatively

quiescent galaxies at these high redshifts could reveal the nature of the interstellar medium

in these newly quenched systems and give us further insight into the role of outflowing

material in star formation suppression. Very deep spectroscopic observations of a large

number of quiescent galaxies at high redshift is needed before we could reach any conclusion

about the nature of these systems at high redshifts.

The confirmed quiescent massive galaxies at z ∼ 2 are shown to have very small sizes

with most of the mass concentrated in a very small region of a few kpc in diameter (van

Dokkum et al., 2008; Barro et al., 2013). These Compact Quiescent Galaxies (CQGs) or red

nuggets are much smaller than their local early type counterparts of similar mass. There

are several mechanisms proposed for the size growth of these high redshift compact galaxies
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Figure 1.4: The (U-V) vs (V-J) color-color diagram (also know as the UVJ diagram) from Williams et al.,
2009 used for separating the star forming and quiescent galaxies based on the 4000Å/Balmer break. The
quiescent galaxies are shown in red as objects with very low Specific Star Formation Rates (star formation
rate per unit mass).

at constant mass down to the local Universe with minor mergers playing an important role

(Bezanson et al., 2009; Bell et al., 2012; Newman et al., 2012; Shankar et al., 2013; Hilz

et al., 2013; Belli et al., 2014a). The formation of these compact systems is also poorly

understood with recent studies indicating that they could be the progenitors of compact

star forming galaxies quenching their star formation through outflowing gas (Barro et al.,

2013; Williams et al., 2014a). Studying the size evolution of the most massive quiescent

galaxies and the comparison with the star forming galaxies would help us understand the

underlying physical principles responsible for this evolution.

1.2 Hierarchical Models of Galaxy Formation

The currently accepted theory for galaxy formation is the hierarchical model of Cold Dark

Matter (CDM). According to the Λ-CDM scenario, galaxies assembled most of their mass

through sequential merging, becoming more massive as they move down to lower redshifts
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Figure 1.5: The galaxy merger tree as discussed in Lacey and Cole, 1993 showing the growth of the dark
matter halos with time. Time is on the y-axis with the present time at the bottom of the plot. Each
horizontal cut in the plot shows the distribution of the halos at a given time.

(Kauffmann et al., 1993; Reed et al., 2003). These hierarchical models predict that dark

matter halos become ever more massive as we move to the more recent past, with the

gravitational potential wells produced by these halos providing the required seeds for gas

collapse, leading to formation of galaxies (Sheth et al., 2001; Navarro et al., 1996). As

a result, more massive galaxies are expected to form in massive halos at lower redshifts

with younger and less massive systems often located at a more distant past (i.e., higher

redshifts). Figure 1.5 shows a schematic diagram of the mass assembly in this hierarchical

model. According to this Figure, the most massive galaxies are expected to be found most

abundantly in more recent times in the most massive halos that form from the merger of

the smaller halos. I will discuss this further in the next section in the context of old and

massive galaxies at high redshifts.
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1.3 Massive and Old Galaxies at High Redshifts

The LBG selection of identifying high redshift galaxies is most sensitive to identifying

galaxies with relatively bright UV continuum. The rest-frame UV light in these systems

originate from massive O and B type stars in these galaxies that are produced by recent star

formation. The relatively older systems lack the bright UV continuum characteristic of star

forming galaxies and will missed by LBG selections. Recent studies indicate the presence

of a population of old and massive galaxies at redshifts as high as z ∼ 2 identified from

very deep near infrared and infrared observations targeting the old population within these

galaxies. The existence of such systems at high redshifts in large numbers could strongly

constrain galaxy formation scenarios. As discussed in the previous section these old and

massive galaxies are expected to live in the most massive Dark Matter Halos (DMHs) which

are relatively scarce at high redshifts. Given the old ages and large stellar masses, most of

these systems must have formed bulk of their mass at very high redshift in a burst of star

formation with SFR ∼> 1000M�Y r−1. The very highly star forming galaxies at high redshift

identified in radio observations as sub-mm galaxies are proposed as possible progenitors for

these old and massive systems although the exact mass assembly process is still poorly

understood. Having a correct census of these massive galaxies could also help us better

understand the contribution of the different populations of galaxies to the global stellar

mass density and to study the high mass end of the stellar mass function.

In this study I plan to identify old and massive systems at z > 3. The main aim of this

work would be to study the photometric and spectroscopic properties of this population

and how these properties compare to that of the star forming galaxies. I will also aim to

study the number density and mass density of these systems to understand the contribution

to the global stellar mass density. Equally important is to study the effect of the presence

of this population on CDM models of galaxy formation and to study the progenitors of

these systems. In the following section I will outline the thesis plan used to address these

statements.
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1.4 Thesis Plan

In this work I will present a novel selection technique for identifying massive and evolved

systems at ∼> 3 using very deep observations by the Hubble Space Telescope and Spitzer

Space Telescope in the optical, near infrared and infrared bands. The selection criteria is

developed to identify relatively quiescent systems at z ∼ 3 − 4 using the strength of the

Balmer break (an age dependent diagnostic at restframe 3648Å) in the spectra of post-

starburst galaxies while avoiding contamination from lower redshift red dusty systems.

We confirm several of the massive and old candidate systems with very deep observations

with Keck/DEIMOS. I stack the obtained spectra of star forming and quiescent galaxies to

compare the most important spectroscopic features of star forming and quiescent systems at

z ∼ 3−4. In particular I look at the Lyman-α resonance line, the SiII and OI low ionization

absorption features and the SiIV and CIV high ionization absorption features. The relative

strength of these lines with respect to one another and to the physical properties of the

galaxy give us insight into the cold neutral and hot ionized interstellar medium of star

forming and quiescent galaxies at high redshifts and help us understand the role of this

interstellar medium and kinematics associated with it in the quenching of star formation.

Finally I use very deep near infrared observations by HST/WFC3 to measure the size of

the quiescent galaxies at z ∼ 3− 4 and compare this with the size of star forming galaxies

at similar redshifts and explore the size evolution relation for star forming and quiescent

galaxies.

In Chapter 2 I will present the data used in this study. I will discuss this in the context

of a template fitting package used to extract the photometry. In Chapter 3 I will present the

selection method that I developed to identify the old and massive systems at high redshifts

(z ∼> 3). The study of the size evolution and mass-size relation for quiescent galaxies at

z ∼ 3−4 is presented in Chapter 4. I will discuss the Keck spectroscopic results of relatively

quiescent systems in Chapter 5. Throughout this work I assume a standard cosmology with

H0 = 70 kms−1Mpc−1, Ωm = 0.3 and ΩΛ = 0.7.
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Chapter 2

Photometric Data

2.1 Introduction

One of the major goals of modern observational cosmology is to study the formation and

evolution of galaxies with cosmic time. The HST high resolution observations with its wide

wavelength coverage, made it possible to acquire the deepest images of the sky in multiple

bands. In particular the installation of the Wide Field Camera 3 (WFC3) on board HST

with the UltraViolet and Near Infrared filters set a totally new stage for studying galaxy

evolution in many different frontiers.

There exist a very wide range of galaxy populations at different look back times ranging

from the very blue star forming populations to the very red dusty or very old systems. Un-

derstanding the evolution of these population relies on the availability of multi wavelength

photometric data from the bluest bands to the reddest possible. In this work I will present

a multiwavelength catalog of galaxies that combine the best and deepest observations by

the HST with the deep ground-based observations and Spitzer Space Telescope data and

generate consistent photometry for all these observations. This brings a unique opportu-

nity to study the galaxy evolution and compare the properties of different populations of

galaxies at the HST depth and resolution.

In this work I will take advantage of the very deep HST observations by the Cosmic
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Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS: PI. S. Faber and

H. Ferguson; see Grogin et al., 2011. CANDELS Koekemoer et al., 2011) is the largest

project ever approved on the HST (with more than 900 orbits) and it is designed to use the

deep obsevations by the HST/WFC3 and Advanced Camera for Survey (ACS) instruments

to study the galaxy formation and evolution throughout cosmic time in different fields. The

CANDELS images are publicly available after acquisition. One of the fields that has been

targeted by CANDELS is the Great Observatories Origins Deep Survey (GOODS; Giavalisco

et al., 2004b) southern field. The GOODS-S field (centered at α(J2000) = 03h32m30s and

δ = −27◦48′20′′) has been studied extensively by many ground-based and space observato-

ries over the past few years and in particular more recently with the HST/WFC3 by the

CANDELS.

In this work I will present the multi-wavelength photometric catalog for the GOODS-S

field. This catalog is generated from the deepest optical data by the HST/ACS and base the

selection on the combined blue to red optical bands. This brings a unique opportunity to

study different populations of galaxies using the same photometric catalog in an unbiased

way by providing a complete census of the different type of galaxies. The photometric

catalog is simultaneously sensitive to blue star forming and red dusty or old systems and

further complements other photometric catalog in the field by CANDELS team selecting

galaxies in the near infrared.

In Section 2.2 I will present the photometric data used in this study. I will discuss

our method for testimating the photometry on the ground based, HST and Spitzer data in

Section 2.3 and pefrom the data quality checks on the estimated photometries in Section

2.4.

2.2 Data

The GOODS-S field Giavalisco et al., 2004b has been observed in many different wavelengths

from the X-ray to the far infrared. These are observations by the Very Large Telescope
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Figure 2.1: The transmission curves of the optical, near infrared and infrared filters in the CANDELS
GOODS-S.

(VLT) in the U and in the near infrared and by the Spitzer in the four IRAC bands. As

part of the CANDELS program the field was reobserved using the Hubble Space Telescope

in both the optical and the near infrared. Figure 2.1 shows the transmission curves for

all the broad band optical, near infrared and infrared data in the GOODS-S CANDELS

catalog. In this section I will discuss the data used in this study.

2.2.1 HST Observations

The GOODS-S is observed by the HST/ACS instrument in the F435W, F606W, F814W

and F850LP filters (B435, V606, i814 and z850) with angular resolution of 0.125 arcsec. These

observations in the GOODS-S are centered around the Chandra Deep Field South (CDFS)

and cover an area of approximately 10′ × 16′. The GOODS-S field has been re-observed

by the ACS in the B435, V606, i775 and z850) as part of the CANDELS which ultimately

provided an unprecedented depth in the optical bands in the field.

The GOODS-S field is recently observed by the new WFC3near infrared instrument
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in the F098M, F105W, F125W and the F160W (Y098, Y105, J125 and H160) as part of the

CANDELS. The CANDELS WFC3 observations are in the wide and deep section with

areas of ∼ 9′.9 × 14′.9 and ∼ 6′.8 × 10′.0 respectively. The main difference between the

two sections is the depth of the observations. The deep section has been observed on

average over 13 orbits while the wide section is observed with the HST over 3 orbits. The

CANDELS GOODS-S deep area consists of a rectangular grid of 3× 5 WFC3/IR tiles that

are oriented at a position angle of 70◦ (Grogin et al., 2011). Figure 2.2 shows the CANDELS

HST/WFC3 survey outline in the GOODS-S. The observation depth, effective wavelength

and the PSF information for each of the filters are summarized in Table 2.1.

2.2.2 Ground-based Observations

The ground based data in the multiwavelength catalog is from several observatories. The

GOODS-S field is targeted by the VLT/VIMOS in the U-band. The VIMOS U-band is

significantly deeper than the previous observations by the CTIO (Nonino et al., 2009). The

ground-based near infrared observations in the GOODS-S field is by the VLT/ISAAC in

the J, H and Ks bands. Figure 2.3 shows the sky coverage of the different ground based

and space data in the GOODS-S CANDELS.

2.2.3 Spitzer InfraRed Observations

The GOODS-S field is observed by the Spitzer Space Telescope IRAC instrument (Fazio

et al., 2004) in the main four channels with effective wavelengths of 3.6 µm, 4.5 µm, 5.8

µm, 8.0 µm. The observations in the 3.6 µm, 4.5 µm bands are complemented by deeper

observations from the Spitzer warm mission (Ashby et al., 2013). These observations are

more than a magnitude deeper than the original GOODS IRAC observations (Dickinson

et al., 2004).
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Figure 2.2: The outline of the CANDELS GOODS-S HST/WFC3 observations (Grogin et al., 2011).The
CANDELS Early Release Science is shown in red while the Deep and Wide areas are shown in blue and
green respectively.
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Figure 2.3: The sky coverage of the survey in the GOODS-S field. The gray shaded area shows the
exposure map of observations in the WFC3 F160W band. The IRAC coverage is from deep observations of
the GOODS-S by the SEDS progrma (Spitzer warm mission; Ashby et al., 2013).

2.3 Photometry

In generating the multiwavelength catalog, the high resolution data (HST/ACS and WFC3)

is treated differently from the low resolution data (ground-based and Spitzer IRAC). In this

section I will discuss the photometric extraction for our full data set in the GOODS-S

CANDELS field.

2.3.1 HST Photometry

I performed photometry on the high resolution (ACS + WFC3) data using SExtractor

(Bertin and Arnouts, 1996). I use a modified SExtractor which is changed in several ways

(Galametz et al., 2013): I. The inner annulus adopted by the code and used for the local sky

background determination is at least 1′′ II. A modified cleaning procedure that ensures that

the non-detections sources are not merged with the real sources when the code is merging

all the split sources in the end. III. There are also several minor modifications such that
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for example in dual mode the code uses the gain of the measurement image (and not the

detection) to calculate isophotal corrected magnitudes.

Galaxies exist in varying forms in the Universe with different masses, star formation

rates and histories, interstellar gas and dust and ages. Because of these distinct properties,

galaxies would be observed differently in different filters and would have colors characteristic

of their underlying stellar population. Dust free star forming galaxies would generally look

blue and the older more passively evolving systems would look redder. Any selection of

galaxies based on a single passband would be biased against a given population depending

on the selected band with bluer bands being biased against red dusty star forming local or

high redshift galaxies and red quiescent systems and a redder bands being biased against

the very blue star forming systems. In order to address this issue I generated a stacked

optical detection bands from the four high resolution HST/ACS observations in the B435,

V606, i775 and z850. The stacked image is generated by combining the optical images using

an inverse variance weighting with the help of the rms maps. The stacked rms map is also

generated from the combination of the individual rms maps using the square root of the

sum of the quadratures of the maps. This image is then used as the detection image in the

SExtractor in dual mode where the photometry is done on all the other bands.

2.3.2 The hot + cold mode

Given the diverse nature of galaxies with different surface brightnesses and sizes, it is dif-

ficult, if not impossible, to identify all populations of galaxies using only a single given

set of parameters (signifying the area, signal to noise, background, etc) for the extraction

(Galametz et al., 2013; Guo et al., 2013). In order to address this I used one set of pa-

rameters to address bright source detection and focus on deblending extended sources and

a second set of parameters to address the detection of the most distant and faint galaxies

at high redshift. This method is also know as the hot+cold mode for source selection (Rix

et al., 2004; Galametz et al., 2013; Guo et al., 2013). Basically the cold mode SExtractor

parameters are optimized to detect the brighter more extended sources while the hot mode
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Figure 2.4: The hot and cold mode detected sources in the GOODS-S. The cold mode selected sources
are shown blue. These are relatively local high surface brightness extended sources. The hot mode selected
source sources are shown in red. These are small low surface brightness objects that are identified by
setting low detection thresholds and areas in the SExtractor input parameters. The final sources in the
catalog are shown with green circles in the figure. These are identified from the combination of hot and cold
mode selected sources using the routine developed for GALAPAGOS. The yellow region shows an area were
multiple hot detected sources would only lead to one detected source in the final catalog according to the
combination routine.

parameters are optimized to identify sources with faintest surface brightnesses. This is done

by choosing different values for the analysis threshold and area and the convolution filter

in the SExtractor paramters (Galametz et al., 2013). The two given catalogs generated by

the hot and cold SExtracter parameters are then combined using the routine developed for

the GALAPAGOS Barden et al., 2012. According to this all the cold mode selected sources

are added to the catalog. The code then checks for the hot mode selected sources. If a hot

source falls within a kron ellipse of a cold source it would be discarded, otherwise it would

be added to the final catalog according to this algorithm. This would then make the final

high resolution detection catalog which has the photometry in the HST/ACS B435, V606,

i775 and z850 and HST/WFC3 Y098, Y105, J125 and H160 bands. Figure 2.4 shows the hot

and cold selected sources along with the sources in the combined catalog.
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2.3.3 Low Resolution Photometry

All the non-HST bands in our catalog are the low resolution data for photometry extraction.

This includes all the gound-based data discussed above and the Spitzer infrared data in the

four IRAC bands. In order to measure the photometry in these bands I use the Template

FITting method (TFIT; Laidler et al., 2007).

TFIT is a robust algorithm for measuring photometry in mixed resolution data sets.

Sources that are often well separated in the high resolution image (HST) could be blended

in the low resolution image (ground-based or Spitzer). TFIT uses prior information (position

and light profiles) from the high resolution image to calculate templates that are used to

measure the photometry in the low resolution image. TFIT does that by smoothing the

high resolution image by the PSF of the low resolution image using a convolution kernel

(Galametz et al., 2013). Fluxes in the low resolution image are then measured using these

templates while fitting the sources simultaneously.

In order to successfully run TFIT we need to perform preparation routines on the low

resolution images that I outline below:

I. The low resolution image has to be background subtracted. I use the routine developed

by the CANDELS team to estimate the background for each low resolution image using

source masked images as described in Galametz et al., 2013. Basically the routine first

determines a rough background approximation by smoothing the image on large scale using

a large annulus ring-median filter. The image is then smoothed to the image PSF scale and

sources are masked (Galametz et al., 2013).

II. The low resolution image pixel scale has to be an integer multiple of the high res-

olution image. The ACS stacked images have pixel scales of 0.06′′. I used Swarp (Bertin,

2010) to change the pixel scale of the low resolution image to match the high resolution

image. To do this we need the astrometry information for both the high resolution and low

resolution images and the scale factor for which we need to use to tranform one image to

the other as outlined in the Swarp manual.

In addition to this we need to generate a Point Spread Function (PSF) for the low and
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high resolution images. The PSF is made using unsaturated isolated stars in the field. The

light profile of these well behaved stars are stacked to produce the PSF for the high-res and

low-res passbands. I use this PSF information for the high-res and low-res images to find

a covolution kernel that would transform one to the other as outlined in Galametz et al.,

2013.

We run TFIT with parameter file that lists the following input files: I. the high res-

olution image II. the low resolution image (with the correct pixel scale and rotation as

outlined above) III. the high resolution image PSF IV. the low resolution image PSF V.

the segmentation map from the SExtractor VI. the high resolution source catalog (from the

SExtractor) VII. the low resolution image rms map.

TFIT then runs the several steps outlined in Laidler et al., 2007 to estimate the flux in

the low resolution image while simultaneously fitting for these objects. In addtion to the

output photometry catalog, TFIT produces residual collage images made from subtracting

the model templates from the low resolution image as a visual indicator for the goodness of

fit. Figure 2.5 shows sample residual maps in the optical, near-infrared and infrared bands

after running TFIT with the ACS stacked image taken as the detection band. Table 2.1

summarizes the PSF information used for the high and low resolution images.

2.4 Data Quality Checks

I check the TFIT measured photometry and colors by comparing it with other indepen-

dantly measured photometry in the field and also perform self consistancy checks within

the catalog. In this section I discuss the validations checks performed on the catalog.

2.4.1 Color Validation Check

In order to check the robustness of the measured colors, I looked at the distribution of the

sources on color-color diagrams. One such well calibrated diagram is the BzK color plot

that can be used to separate star forming, quiescent galaxies and stars (Daddi et al., 2004).
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Figure 2.5: The stacked ACS selection image (top left) along with sample TFIT residual maps in the
VLT/ISAAC J and Ks and the Spitzer IRAC infrared. Sources that are well separated in the high resolution
ACS image could well be blended in the lower resolution images. The residuals left in the images are mostly
for objects with very centrally concentrated light for which the PSF used is under-subtracting the core (white
region at the center) and over-subtracting the wings (dark regions at the wings).
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Figure 2.6: BzK color-color plots (Daddi et al., 2004) and the extensions of the color selection to higher
redshifts (the so-called VJL and iHM selection; Guo et al., 2012) showing the distribution of the star-forming
and passive galaxies. The dashed line shows the expected position of stars on the color-color plot. The stars
in the field are shown with red circles on the plot.
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Figure 2.7: The (J-Ch1) vs (V-J) color-color plot (VJL) developed by Guo et al., 2012 used to separate
the star forming and passive population at z ∼ 3. The red circles are the observed color of the stars which
agrees with the locus predicted by Guo et al., 2012 for point source objects.
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Figure 2.8: The (H-Ch2) vs (i-H) color-color plot (iHM) used at z ∼ 4 with the red circles showing the
our measured colors of the stars in the field. This agrees with the predictions by Guo et al., 2012 for the
stellar locus.
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Figure 2.6 shows the BzK color-color plot along with the higher redshift iHM and VJL plots

in Figures 2.7 and 2.8. The iHM and VJL color plots are the extension of the BzK method

to redshifts z ∼ 3−4 using different sets of filters for separating the star forming and passive

galaxies as discussed in Guo et al., 2012. The dashed line in the BzK plot shows the stellar

locus on the diagram as predicted by Daddi et al., 2004. We see that the distribution of

the color of stars on the diagram is relatively consistent with the predicted locus.

In order to check the robustness of the estimated photometry I checked the color of

the stellar sources in the catalog and compared it with the color trends of library of stellar

models. For the model stars I used the BaSeL library (Westera et al., 2002). I convolved

the SEDs in the stellar library with the filter throughputs in the field and computed the

colors for the stellar models. Figure 2.9 shows the color-color diagrams of the stars in the

GOODS-S field along with the stellar models from the BaSeL library. We see from the

Figure that our measured colors of stars in the field is consistent with the colors of model

stars from the library.

2.4.2 Photometry Validation Check

In this section I check the robustness of the estimated photometry of the sources in our

stacked ACS selected TFIT catalog with the public photometry available in the GOODS-

S. In order the check the photometry I use the H160 band selected photometric catalog

generated by the CANDELS team in the GOODS-S (Guo et al., 2013).

Figure 2.10 shows the photometry comparison of the TFIT catalog with the photometry

in the GOODS-S fields. For the source matching I used a radius of ∼ 1′′ between the TFIT

catalog and the comparison catalog. In Figure 2.10 we are showing the distribution of our

sources in the catalog with difference shown on the y-axis and the WFC3 F160W magnitude

on the x-axis and with the stellar sources shown as red circles. We see from the comparison

plots that our measured photometry is consistent with the public photometry in the field.

The ISAAC Ks band shows an offset of ∼ 0.08 between our photometry and the CANDELS.

This shift could be interpreted as a zero point offset between the two photometries due to
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Figure 2.9: The color-color diagrams showing the color of stars in the GOODS-S field (yellow). The color
of observed stars is consistent with the color of model stars from the BaSeL library (shown in black).

the consistent shift above the y-axis which seems to be independent of the magnitude of

the source.

2.5 Conclusion and Summary

In this Chapter I presented the photometric catalog of galaxies in the GOODS-S generated

from very deep stacked HST/ACS images. Selecting galaxies simultaneously in the blue and

red bands (by the stacked image) allows us to look at the different populations of galaxies

(star forming and quiescent) using the same photometric catalog that is not biased towards

a given population.
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I used TFIT to extract the ground-based and Spitzer photometry. TFIT is shown to

be a very robust tool in measuring photometry for low resolution data in mixed resolution

data-sets and in particular when source confusion becomes a problem. The photometric

data that I measured using SExtractor and TFIT (for the high and low resolution data) is

in very good agreement with previous measurements in the field.

This optically selected catalog is complementary to the near infrared selected catalogs in

the field and in particular to the WFC3 H-band selected catalog of galaxies in the GOODS-

S by the CANDELS team which is generated using similar algorithms and tools. The near

infrared selected catalogs are more sensitive to the redder objects while biased against blue

star forming galaxies. These catalogs generally pick more massive or more dust obscured

systems at different redshifts. As a result of this it is important to have both catalogs for

a comprehensive analysis of galaxy populations of different types across a large redshift.
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Chapter 3

A Study of Massive and Evolved

Galaxies at High Redshift

3.1 Introduction

One of the most important questions in modern astronomy is understanding galaxy forma-

tion and evolution. The general perception is that the youngest and bluest of galaxies are

expected to be most abundantly found in the gas rich environments when the Universe was

relatively young. At this very young Universe the dark matter halos hosting these galaxies

are much smaller with weaker potential wells. According to this theoretical picture, the

most massive dead galaxies are expected to be located in the more recent past. However,

recent studies have indicated a new population of massive galaxies at redshifts as high as

z ∼ 5 when the Universe was ∼ 1 Gyr old (Mobasher et al., 2005; Wiklind et al., 2008;

Caputi et al., 2012). Furthermore, some of these galaxies show evidence for an evolved

stellar population, formed through an initial burst of star formation followed by passive

evolution (Labbé et al., 2005; Mancini et al., 2009; Fontana et al., 2009; Guo et al., 2012;

Stefanon et al., 2013; Straatman et al., 2014; Oesch et al., 2013; Huang et al., 2011). This

implies that most of these objects formed the bulk of their mass at very high redshifts.

A widely used method for selecting high redshift (z > 3) galaxies is based on the iden-
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tification of Lyman break feature, the so-called dropout technique (Steidel et al., 1996;

Giavalisco et al., 2004a; Bouwens et al., 2007; Beckwith et al., 2006). Many of the evolved

systems at high redshifts lack the strong UV continuum characteristic of star forming galax-

ies and therefore will be missed by such surveys. These evolved systems could strongly

constrain galaxy formation scenarios and may constitute a significant fraction of the mass

density of galaxies (Ilbert et al., 2013). Studying the contribution of this population to the

global number and mass density will strongly constrain the high-mass end of the galaxy mass

function at high redshifts. If such evolved and massive systems, missed from high redshift

Lyman break selected surveys, exist in large numbers, they could put strong constraints on

evolutionary scenarios and predictions from hierarchical models for galaxy formation.

I propose to identify these evolved systems by searching for the pronounced Balmer

break feature at rest-frame 3648Å which is an age dependent diagnostic of their stellar

population (hence the name Balmer Break Galaxies; BBGs). The Balmer break is most

prominent in A-type stars with surface temperatures ∼ 104K. The strength of the Balmer

break feature does not monotonically increase with age and it reaches a maximum in stellar

populations with ages 0.3 to 1 Gyr. Therefore it is an efficient tool for identifying relatively

quiescent (quenching) systems with current star formation rates significantly lower than the

past average (Kriek et al., 2008) .

In this work, I use the new Hubble Space Telescope/Wide Field Camera 3 (WFC3) near

infrared data from observations taken as a part of the Cosmic Assembly Near-infrared Deep

Extragalactic Legacy Survey 1 (CANDELS: PI. S. Faber and H. Ferguson; see Grogin et al.,

2011 and Koekemoer et al., 2011) program to identify redshifted Balmer break features at

3.0 < z < 4.5. In this redshift range the Balmer break falls between the H and K-band

filters. Here I also take advantage of the very deep Ks-band observations (at ∼ 2.2 µm) red-

ward of the Balmer break from the VLT/HAWK-I instrument in the GOODS-S (Fontana

et al. in prep.). The very deep near-IR photometry (from WFC3 and HAWK-I) ensures an

accurate measurement of the Balmer break amplitude. Also the HST/WFC3 and optical

1http://candels.ucolick.org
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data (blue-ward of the break) help to break the degeneracy and avoid contamination by

lower redshift dusty galaxies. This redshift range was chosen to take full advantage of the

available deep WFC3 data when selecting the BBG candidates. This also reduces the lower

redshift red color contaminants in the sample. Finally, since the objects are brighter at

these lower redshifts, it provides a higher likelihood of successful spectroscopic observation

compared to higher redshift (fainter) candidates (Wiklind et al., 2008).

The search for massive galaxies at high redshift is greatly aided by the availability of

deep infrared data from the Spitzer Space Telescope. Massive galaxies are brightest in

their rest-frame near-IR, which is shifted to mid-infrared Spitzer bands at higher redshifts.

In this respect, Spitzer IRAC (Fazio et al., 2004) data provides an excellent probe of the

stellar mass of galaxies at high redshifts (Papovich et al., 2006). Here I use Spitzer images,

specifically the very deep IRAC observations at 3.6µm and 4.5µm, which are essential for

estimating the stellar mass of these candidates.

This Chapter is organized as follows. In Section 2 I discuss the photometric data used

for this study. In Section 3, I develop the criteria used to select the BBG candidates and

discuss the robustness of the selection criteria. Section 4 presents the SED fitting of the

candidate BBGs identified from the color-color plots and discuss the candidate properties.

In Section 5 I discuss the MIPS detected BBG sample. I compare properties of the galaxies

selected through the LBG and BBG techniques over the same redshift range in section 6

and I discuss the results in Section 7.

3.2 The Photometric Data

I use the multi-waveband deep photometric observations in the GOODS-S field (Giavalisco

et al., 2004b). In this study I focus on the CANDELS GOODS-S Deep area, which has very

deep observations by VLT HAWK-I instrument (Fontana et al. in prep.). The WFC3/IR

observations in the CANDELS GOODS-S deep area consist of a rectangular grid of 3 × 5

tiles (∼ 6.8′× 10′; Grogin et al., 2011) and photometric observations in more than fourteen
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broadband filters. In the redshift range of interest here, I explore a volume of ∼ 2.05 ×

105 Mpc3.

The GOODS-S has also been observed in the near-IR by the VLT HAWK-I in the Ks

filter at effective wavelength 2.2 µm (Fontana et al. in prep.). The HAWK-I Ks magnitude

limit is 26.45 over an aperture radius of 0.4 arcseconds (Guo et al., 2013). This is more than

a magnitude deeper than the previous VLT/ISAAC Ks data. The final field of view of this

work is chosen to take advantage of the deep Ks band observations by the VLT/HAWK-I.

The depth variation of the HAWK-I observations across GOODS-S does not play a signif-

icant role in selecting our candidates because of the small variations in the sky standard

deviation at the position of our sources.

I use the WFC3 H-band selected catalog for GOODS-S field which is generated using

the Template-FITting (TFIT) algorithm (Guo et al., 2013; Laidler et al., 2007). TFIT is

a robust method for combining multi wave-band data observed with different instruments.

One of the complications of performing consistent multi-waveband photometry of objects

is the difference in resolution and PSFs among different instruments. Objects that are well

separated in high resolution images (ACS/WFC3) could be blended in the lower resolution

data (ground based or IRAC).

TFIT uses prior information from high resolution images to construct object templates

that are then fitted to the lower resolution image from which fluxes are extracted (Laidler

et al., 2007). Here I used the H-band selected catalog because in the redshift range of

interest here, the WFC3 H160 falls blue-ward of the Balmer break feature and hence, we

need detections in this filter to be able to identify the BBGs. The final photometric catalog

has data in more than 12 bands including VLT/VIMOS U, HST/ACS B435, V606, i775 and

z850, HST/WFC3 Y105, J125 and H160, VLT/ISAAC and HAWK-I Ks and Spitzer/IRAC

3.6 µm, 4.5 µm, 5.8 µm and 8.0 µm bands (Guo et al., 2013).
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3.3 BBG Selection Criteria

I use the strength of Balmer break feature, shifted to near infrared wavelengths, to develop

a color criteria to identify post-starburst galaxies at 3.0 < z < 4.5. The near infrared

colors can also include a contribution from redshifted emission lines to broadband filters.

Although we do not generally expect to have a strong emission spectrum for passively

evolving galaxies, these emissions can mimic the Balmer break feature, leading to false

identification of the BBGs. The post starburst galaxy SEDs in the redshift range of interest

could get contributions from several nebular emission lines, with the most prominent being

[OII] (3726Å and 3729Å), [OIII] (4959Å and 5007Å) and Hβ (4861Å). In this Section I

develop the method and the criteria for selection of the BBG candidates and discuss the

effect of nebular emission on the BBG templates.

3.3.1 Color-Color selection method

The Balmer break feature in post-starburst galaxies causes a break in the broadband colors

of galaxies that can be used to identify the BBGs. In the redshift range of this study, the

Balmer break (at rest-frame 3648Å) falls between the WFC3 H160 and the HAWK-I Ks

filters. Therefore, I use (H160 −Ks), straddling the Balmer break feature, as the primary

color for identifying the quiescent galaxies. Figure 3.1 shows a sample post-starburst galaxy

template at redshift z = 3.9 with relatively old stellar population (Age > 350 Myr) and no

dust extinction. The blue and red curves show the filter response functions of the WFC3

H160 and the HAWK-I Ks respectively. At the redshift of this galaxy these filters probe the

blue and red sides of the Balmer break.

I use the synthetic spectral energy distribution code from Bruzual and Charlot 2003

(BC03; Bruzual and Charlot, 2003) to create a library of model SEDs of galaxies spanning

a wide range in parameter space and different galaxy types. I consider an exponentially

declining star formation history (SFR ∝ exp(−t/τ)) for all of our models with the charac-

teristic time scale for star formation, τ , ranging from 0 to 200 Myr with steps of 25 Myr. I
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Figure 3.1: A post-starburst galaxy template SED (Fλ) at z = 3.9 (black) with the WFC3 H160 (blue) and
HAWK-I Ks filters (red) straddling the Balmer break at observed 1.8 µm (the plots have been normalized
to a peak of one).
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Table 3.1: Parameters used for the model evolutionary tracks.

Models Age Extinction τ Redshift
(Gyr) E(B-V) (Gyr)

Post Starburst 0.3-1.5 0.0-0.2 0.0 0.0-9.0
Dusty Starburst 0.005-0.1 0.4- 0.9 0.0-0.2 0.0-9.0

Elliptical 1.5-2.5 0.0 0.0 0.0-3.0

use a Salpeter initial mass function and use solar metallicity. I used the Calzetti attenuation

curve (Calzetti et al., 2000) for treatment of the extinction with color excess E(B-V) ranging

from 0 to 0.9 (corresponding to Av = 0− 3.6) in steps of 0.05. Attenuation due to neutral

Hydrogen in the intergalactic medium was estimated using Madau’s prescription (Madau,

1995) which is based on the neutral Hydrogen absorption of the UV flux of high redshift

galaxies. The age parameter, defined as the time since the onset of recent star formation,

ranges from 0 to 2.5 Gyr (from 5 to 30 Myr in steps of 5 Myr, from 30 to 100 Myr in steps

of 10 Myr and steps of 100 Myr after that). The redshift range varied from z=0 to 9 in

redshift bins of ∆z = 0.1. The maximum age possible in each redshift is limited to the age

of the Universe at that redshift.

I divide galaxy models into three different categories: The dusty starburst galaxies with

an exponentially declining star formation history, moderate to high values of extinctions and

relatively young ages (measured from the onset of star formation); the elliptical galaxies

with no dust extinction and old ages; and the passively evolving post-starburst galaxies

with moderate ages and low extinction values. The dusty starburst galaxies could also have

an older age but with a new burst of star formation. The post-starburst galaxy population

is considered to be the phase after the initial starburst in galaxies when the more massive

stars leave the main sequence after few hundred million years and is considered to be the

phase before galaxies evolve into the early types at the lower redshifts with very old ages.

The parameters used for the model evolutionary track are listed in Table 3.1.

I integrated the WFC3 near-IR and HAWK-I Ks band filter response functions over the

model SEDs and found the corresponding magnitudes in the desired filters after incorporat-

ing the stellar and intergalactic extinctions. Changes in the color evolutionary tracks with
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redshift were then calculated. The degeneracies in the stellar population model parameters

such as age, redshift and extinction, can also lead to red (H160−Ks) colors. It is important

to use more than one color to break the degeneracy between the high redshift relatively qui-

escent galaxies (BBGs) and the dusty starburst systems. Therefore, in addition to the main

(H160−Ks) colors I used the WFC3 (J125−H160) and (Y105−J125) and also non-detection

conditions in the U and B435 bands in order to minimize the fraction of the contaminants.

The region on the color-color plots where BBG candidates are located is shown as the grey

shaded area in Figure 3.2. This is adopted to minimize the number of contaminants.

Therefore, for the post starburst galaxies on the (Y105 − J125) vs (H160 − Ks) plot, I

choose the following selection criteria:

S/N(U) < 2, (3.1a)

S/N(B435) < 2, (3.1b)

(Y105 − J125) < −3.44 + 3.40× (H160 −Ks), (3.1c)

(Y105 − J125) > 1.03− 0.67× (H160 −Ks), (3.1d)

(Y105 − J125) > −0.83 + 0.67× (H160 −Ks). (3.1e)

and for the (J125 −H160) vs (H160 −Ks) plot, I choose:

S/N(U) < 2, (3.2a)

S/N(B435) < 2, (3.2b)

(J125 −H160) < −2.48 + 2.80× (H160 −Ks), (3.2c)

(J125 −H160) > 1.70− (H160 −Ks), (3.2d)

(J125 −H160) > −0.16 + 0.43× (H160 −Ks). (3.2e)
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Equations 3.1a-3.2e correspond to the shaded region in Figure 3.2 and are taken as our

BBG selection criteria. In addition to the color location within the diagram, I imposed an

additional constraint. The selected BBGs should also not be detected in the U and ACS

B435 bands, as in the redshift range of our interest the Lyman break falls long-ward of these

filters. These additional conditions help in removing the lower redshift contaminants from

the sample.

To further test the validity of the selection criteria, I generated post-starburst and dusty

starburst evolutionary tracks as a function of the age of the galaxy. Analysis of these age-

dependent evolutionary tracks recovers the same selection criteria that I originally identified

for post-starburst galaxies. Also I find that the main source of contamination is from very

dusty starburst galaxies with strong nebular emission lines (and not lower redshift early

type galaxies).

3.3.2 Simulations

In order to assess the robustness of our color selection criteria I generated a WFC3 H160-

band selected mock catalog. The simulated catalog resembles the GOODS-S field as closely

as possible. It has the same filters with the same wavelength, coverage area and photometric

depth. I use the observed luminosity functions from Dahlen et al., 2007 and randomly

extracted galaxies with different absolute magnitudes from the luminosity function and

randomly assign redshifts to each extracted galaxy. I then assigned spectral types to the

simulated galaxies in the three main categories of early types, late types and starbursts.

I then randomly assign photometric errors to the simulated galaxies and I add extinction

spanning the range EB−V = 0− 0.9, based on the galaxies assigned spectral types.

The simulated catalog contains sources to a detection limit of 3 σ in F160W. I used the

observed Coleman, Wu and Weedman (CWW) spectral templates (Coleman et al., 1980) to

calculate the K-correction. Using the assigned redshift to calculate the distance modulus,

I measured the apparent magnitude in each of the filters for the simulated galaxies. The
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Figure 3.2: (Y − J) versus (H −Ks) (left) and (J −H) versus (H −Ks) (right) evolutionary tracks from
BC03 models. In both plots solid red, solid blue and dashed black evolutionary tracks represent elliptical,
dusty starburst and post starburst galaxies respectively. The parameters used to generate the model tracks
are listed in Table 3.1. The yellow and red circles on the post-starburst galaxy tracks correspond to redshifts
3.0 and 4.5 respectively. The BBG selection criteria is identified by the grey shaded area on the plots.
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Figure 3.2: Continued.
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result is a mock galaxy catalog with apparent magnitudes in the same filters as in the

GOODS-S, redshifts, spectral types and extinction values.

Figure 3.3 shows the simulated color-color plots overlaid on the BBG selection criteria

developed in Section 3.1. The green points represent the post-starburst galaxy population

in the mock catalog that are in the redshift range z ' 3-4.5. I also show the simulated data

for the early type and dusty starburst galaxies as red and blue points respectively. The

simulations show that there is very little contamination from the elliptical galaxies while

the dusty starburst galaxies still contaminate the BBG sample. I will address this issue

later in Section 4 when I fit the spectral energy distribution of the BBG selected candidates

to galaxy models.

3.3.3 Candidate Identification from the color-color Criteria

I applied the BBG selection criteria derived in Section 3.1 to the deep WFC3 H-band

selected TFIT catalog, setting a 10σ detection requirement in the WFC3 H-band for the

catalog. I apply the (Y105 − J125) vs (H160 −Ks) and (J125 −H160) vs (H160 −Ks) criteria

on the WFC3 H-band selected catalog. I find a total of 24 sources in the combined two

selection criteria identified as BBG candidates. Figure 3.4 shows the color selection criteria

as the shaded region along with data from the H-band selected TFIT catalog. Sources

that are within the shaded region but did not satisfy the U and/or B bands non-detection

conditions were not included. The SEDs of all the identified candidates show pronounced

Balmer breaks between the WFC3 H and HAWK-I Ks bands, as expected from the color

selection.

One widely used selection criteria for distinguishing quiescent galaxies from star forming

systems is by using the rest-frame U, V and J in a (U-V) vs. (V-J) color plot (the so

called UVJ selection; Labbé et al., 2005; Wuyts et al., 2007; Williams et al., 2009). The

bimodality between dusty star forming and quiescent galaxies in the UVJ selection becomes

less prominent at z > 2 mostly because of photometric redshift uncertainties and weaker

fluxes (Williams et al., 2009). Figure 3.5 shows the distribution of the near infrared BBG
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Figure 3.3: Simulation color-color diagrams. The blue, red and green data points correspond to elliptical,
dusty starburst and post starburst galaxies from our simulation respectively with the BBG selection shown
as grey shaded area. Although we get very little contamination from the lower redshift early type galaxies
(red points), the dusty star-forming systems could still contaminate the sample (blue points).
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Figure 3.3: Continued.
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Figure 3.4: Left: The (Y − J) vs (H − Ks) selection criteria (Eq. 1) applied to the CANDELS WFC3
H-band selected TFIT data (black data points). Right: Plot of (J −H) vs (H −Ks) (Eq. 2). Blue circles
correspond to the selected candidates that lie within the selection criteria and are not detected in the U and
B bands (i.e., are at z ∼ 3 and z ∼ 4). The red triangles are the UVJ selected passive systems by Straatman
et al., 2014. The final candidates are from the two combined color-color plots.
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Figure 3.4: Continued.
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selected sources on a UVJ color-color plot. I see from the Figure that many of the candidates

are at the boundary of dusty star-forming and quiescent criteria or will be identified as dusty

galaxies by this selection.

Recently Straatman et al., 2014; Spitler et al., 2014 extended the UVJ selection of passive

galaxies to z ∼ 3− 4 using medium band data. The UVJ selected quiescent candidates by

Straatman et al., 2014 are plotted along with the BBG selected candidates in Figure 3.4.

All the UVJ selected quiescent candidates fall on the BBG color selection criteria while not

all of them are selected as BBG candidates because of the additional criteria imposed on

the U and B435 bands.

Additionally the high redshift massive galaxies could be selected based on the informa-

tion contained in their full SEDs. This method is based on a selection from the photometric

redshift and mass derived from the SED fittings to look for high redshift massive galax-

ies. Although this method could potentially recover the BBG sources identified here, it is

difficult to model the behavior of these systems from simulations the same way that we

performed this for the color-color selected sources.

3.3.4 Effect of Nebular Emission on the BBG Selection

The nebular emission lines can play a significant role in both the selection and SED fitting

of the BBG candidates. The sensitivity of the final estimated parameters on the nebular

emission will be discussed in Section 4 while, here I examine the effect of nebular emission

on colors and hence on selection of the BBGs.

I account for the effect of nebular emission (both continuum and emission lines) following

Schaerer and de Barros, 2009 and Schaerer and de Barros, 2010. The strength of nebular

emission depends mainly on the number of Lyman continuum photons, which is computed

from stellar population synthesis models. Relative line intensities are taken from Anders and

Fritze-v. Alvensleben, 2003 and Storey and Hummer, 1995, for a typical ISM (ne = 100cm3,

T = 104◦K). I assume that the Lyman escape fraction is equal to zero, which means

that our models produce the maximum theoretical strength for nebular emission (under
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Figure 3.5: Distribution of the near infrared color selected BBG sources on the rest-frame UVJ color
selection criteria (Williams et al., 2009). The area on the plot shows the UVJ predicted location for quiescent
galaxies. The BBG selected sources fall close to the boundary of dusty star forming and quiescent candidates.
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our assumptions about the ISM). Additionally, I also apply the same attenuation between

nebular and stellar emission.

Figure 3.6 shows an example of the observed photometry for one of our BBG candidates

at z= 3.6, along with fitted template SEDs without nebular emission (green), showing the

Balmer break at ∼ 2µm, and with nebular emission (blue). This reveals how redshifted

nebular emission could disguise itself as a Balmer break feature. The infrared broadband

photometry of the candidates could also be affected by the nebular emission lines. In

particular, in the redshift range covered in this study, the Hα line at rest-frame 6563Å

could potentially contaminate the IRAC 3.6 µm flux at z ∼ 3.8. In order to further study

the effect of nebular emission lines on the SED fit for our candidate galaxies, I measured

the IRAC (m3.6−m4.5) color of BBG sample as the presence of the Hα line is only expected

to affect the 3.6 µm band as it shifts to this band at z ∼ 3.8. For our BBG sample, there

are four galaxies that have both IRAC 3.6 µm and 4.5 µm detections at the redshift range

affected by this emission. Figure 3.7 shows the IRAC colors of the four BBG candidates

for which Hα emission lines shift to the IRAC 3.6µm. For three of these candidates, it is

clear that the observed infrared colors are better represented by model SEDs that include

nebular emission in the fit, accounting for the Hα contribution. Post-starburst galaxies

are relatively old systems and I do not expect to see strong Hα emission in their spectra.

The candidates that are affected by this feature are relatively younger. Figure 3.7 implies

that the absence of correction for nebular emission in the redshift range of interest here

would lead to redder (m3.6−m4.5) colors, which would mimic the Balmer break and hence,

overestimate their stellar mass.

In order to better quantify the effect of nebular emissions, I also generated color evolu-

tionary tracks for the post-starburst galaxies including contribution from nebular emission

and recovered the same color selection criteria as for the model tracks in Figure 3.2, where

no nebular emissions were incorporated. The effect of nebular emission on evolutionary

tracks is most noticeable for dusty star-forming galaxies. For the highly dusty star-forming

systems, inclusion of nebular emission would further shift them into the BBG selection do-
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Figure 3.6: Example of an SED fit to a BBG candidate at z=3.60 without nebular emission (green) and
with nebular emission (blue). This shows the extent to which nebular emission could mimic the Balmer
break feature shifted to near IR.

main, further contaminating the sample. Most of the contamination in the sample comes

from this heavily dust obscured, young and star-forming population.

3.4 Measurements of the Observable Parameters

In this Section I study the nature of the BBG candidates by measuring their physical

properties (i.e. stellar mass, age etc.). I use this to examine if the candidates fit the

expected requirements for the BBGs. The photometric redshifts and physical parameters
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Figure 3.7: Top: The observed IRAC colors of the 4 BBG candidates with strong contribution from the
Hα shifted to the infrared pass-bands are plotted against the best fit model color with no nebular emission
contributions incorporated in the fit. Bottom: Same as the left plot but with nebular emission added to the
fit.
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of the BBG candidates, selected from the criteria in Section 3.1, are inferred from fitting

the observed SEDs with a BC03 generated template library using a modified version of the

SED fitting code HyperZ (Bolzonella et al., 2000). In the SED fitting code, the redshift is

a free parameter that is allowed to vary from z=0 to z=9 for fits with and without nebular

emission. I consider solar metallicity and allow the extinction to vary from 0 < Av < 3. In

the following I will discuss the SED fitting results of BBG selected sample.

3.4.1 Effect of Nebular Emission on Parameter Estimation

Adding nebular emission to the SED fitting is expected to lower the age and stellar mass

estimate for the candidates that are affected by these emissions as it would reduce the mass

to light ratio of these systems.

Figure 3.8 compares the stellar mass estimates for the BBG sample with and without

nebular emission. Here, the blue filled circles correspond to the BBG candidates for which

the SED fit, after adding nebular emission, gives a lower age estimate (by more than 0.5 dex).

There is excellent agreement between the stellar mass estimates for the BBG candidates for

which the difference in age estimate is small (∆log(age) < 0.5 ). Figure 3.9 shows the age

distribution of the color-selected BBG candidates that are affected by the nebular emission

(blue filled circles in Figure 3.8). Here, including nebular emission in the fit significantly

affects their parameter estimation as seen from the distributions. Out of the 24 BBG

candidates selected from color-color plots, 8 show strong nebular emission effect in their

SED fit and were removed from the BBG sample as this causes false identification. The

three candidates mentioned in Section 3.4 as having strong Hα contamination are among

these 8 galaxies. The strong nebular emission line galaxies are identified based on having a

better χ2 fit with nebular emission. Figure 3.10 shows the postage stamp images of the final

16 BBG candidates in the multi-waveband. I see from this Figure that many of the BBG

selected sources are relatively compact. This is in agreement with recent studies indicating

that the first galaxies to become passive in the Universe are the massive compact systems

(Cassata et al., 2013; Williams et al., 2014a).
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Figure 3.8: Comparison of the stellar mass values for BBGs estimated with and without including nebular
emission contribution. The blue filled circles correspond to sources with an age estimate difference of larger
than 0.5 dex in fits with and without nebular emission.
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Figure 3.9: The age distribution of BBGs shown with filled symbols in Figure 3.8. The red histogram
shows the age distribution of these sources without nebular emission added to the SED fit and the blue
histogram is the age distribution with the nebular emission effect added to the fit. These are the galaxies
for which both their age and stellar masses are sensitive to the inclusion of nebular emission lines. Clearly
including nebular emission lines leads to younger ages and lower stellar mass estimates.
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Figure 3.10: Postage stamp images of the BBG candidates. From left to right, the VLT/VIMOS U band,
ACS optical, WFC3 near-IR, VLT/HAWKI Ks, Spitzer IRAC and MIPS 24 micron bands. The candidates
are very faint in the bluer bands and get brighter in the redder bands. Three of the candidates are marginally
detected in the MIPS 24 µm. The cutouts are 5′′ × 5′′ in size.

53



3.4.2 Photometric Redshift

By fitting the SED for individual BBGs, I estimated the photometric redshifts for each of

our candidates selected from the color criteria. The relatively quiescent galaxy candidates

at z ∼ 3 − 4 currently lack spectroscopic confirmation due to the absence of prominent

emission features because of their passive nature which would not allow us to further check

the robustness of the estimated photometric redshifts. Figure 3.11 shows the distribution

of the photometric redshifts for the color selected BBG candidates. As expected, the BBG

population has a redshift distribution that peaks between 3.0 < z < 4.5.

3.4.3 Mass Measurement

The stellar masses for the BBG candidates were measured by fitting their SEDs to templates

generated from the population synthesis models. In Figure 3.11 I plot the distribution of

their stellar masses. The distribution has a median at log(M/M�) ∼ 10.6. Mid-infrared

observations by the Spitzer Space Telescope provide a direct measure of the stellar mass at

the redshift range considered here (Papovich et al., 2006; Yan et al., 2006). Massive galaxies

are brightest in the rest frame near-IR band and at the redshift range considered here, that

roughly corresponds to the observed IRAC 4.5 µm. The accuracy of the selection criteria

and the estimated parameters are therefore directly affected by the depth and quality of the

IRAC data. Therefore, the very deep IRAC data at 3.6 µm and 4.5 µm are essential for the

present study as they are probing red-ward of the Balmer break. As discussed in Section

2.4, the depth achieved in the SEDS data (Ashby et al., 2013) gives a unique opportunity

to constrain the SEDs of the most massive galaxies and to accurately measure the mass.

3.4.4 Extinction

I derive the extinction of the BBGs from SED fitting. The extinction is added to the

templates used for the SED fitting in the range of 0 < Av < 3. Figure 3.11 shows the

extinction distribution for the color selected BBGs. From our classification in Table 3.1

we see that the post starburst population has modest extinction values. Figure 3.11 shows

54



that the majority of the BBGs have low to moderate extinction values. There are four color

selected candidates that have relatively large derived extinctions of E(B−V ) > 0.3. These

galaxies have relatively large SED inferred SFRs indicating that they could be part of the

dusty galaxy population that contaminate the sample by replicating near IR colors of the

BBGs. I will further discuss this population in Section 5.

3.4.5 Age

The ages of the BBG sample are plotted in Figure 3.11. Age is perhaps the most loosely

constrained parameter in the SED fit. It is also the parameter that affects the near infrared

colors of the post-starburst evolutionary tracks the most. The BBGs are evolved population

due to their strong Balmer breaks (Table 3.1) and have relatively old ages (∼ 109yrs). Also

as I discussed earlier, this is the parameter that is most significantly affected (along with the

stellar mass) by the presence of nebular emission lines in the SEDs of the galaxies (Figures

3.8 and 3.9). Adding nebular emission to the SED fit of few of systems requires extremely

low ages (high SFR) which is at the order of the dynamical time scale for these systems.

3.5 MIPS detected BBGs

I now study the properties of our candidate BBGs as a function of MIPS detection at 24

µm. The detection in the Spitzer MIPS at the redshift of interest here can be interpreted

as due to dust. At this redshift, the MIPS (at 24 µm) probes rest-frame 5-6 µm which

can result from PAH feature i.e., star formation. I crossed-matched our BBG candidates

selected from the color-color plots with the MIPS catalog for the GOODS-S (Magnelli et al.,

2011), using a matching radius of 1.5 arcseconds. The matching radius is chosen to identify

the MIPS sources while avoiding contamination from the neighbors. Out of 16 candidates

identified as BBGs, 3 have a MIPS source associated with them. The bluest strong PAH

band is at 6.2 µm and for the BBG candidates to be bright enough to be detected by MIPS

24 µm band (assuming that the photometric redshifts are correct) this would mean that the
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detection is likely to come from hot dust continuum, most likely from an AGN. One of the

sources is detected in both X-ray and MIPS, which indicates the presence of an obscured

AGN. I find that the three candidate galaxies that are detected in the MIPS 24 micron

have moderate to high extinctions, with the candidate that is selected in both the MIPS

and the X-ray having SED measured color excess (E(B − V )) of 0.6, indicating heavy dust

obscuration. The candidates with MIPS and/or X-ray detections are listed in Table 3.2.

3.6 Comparison between the sources selected by the LBG

and BBG techniques

I now compare photometric properties of the candidates selected by the LBG and BBG

criteria. For consistency, I apply these techniques to the same parent sample of GOODS-S

galaxies with the same photometry to minimize systematic effects. This approach helps

us in better understanding the differences (or similarities) between the two populations of

galaxies, color selected in different ways.

The LBG selection mostly targets star forming galaxies with the pronounced Lyman

break at rest-frame 912Å while the Balmer break selection targets relatively quiescent sys-

tems with Balmer break feature at rest-frame 3648Å. In principle, the BBG selection is

expected to complement the LBG selection by identifying galaxies with older stellar popu-

lations, missed from the LBG selection.

In order to directly compare the BBG and LBG populations, I use the LBG selection

criteria to identify galaxies over the same redshift range and area as the BBG sample in

this study (3.0 < z < 4.5), using the same photometric data. This reduces sources of bias,

providing a direct comparison between the two populations and selection methods. I use B-

dropout selection criteria developed in Stark et al., 2009 as the criteria for LBG selection.

Using the same photometric catalog and library of model galaxies to generate template

SEDs, I fitted the SED of the LBG candidates and estimated their Phot-z, stellar mass,

age and extinction. Figure 3.12 compares the distribution of these values for the BBG and
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Figure 3.11: Properties of the BBG candidates selected from the color-color criteria. From left to right:
Photometric redshift distribution showing that most of the color selected BBGs has Phot-z distributions that
are consistent with the redshift range of interest here. Mass distribution showing that the BBG selection is
targeting the more massive galaxy population. Age distribution indicating that our selection targets evolved
systems. Extinction distribution showing the range of reddening values.
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Figure 3.12: Distribution of the properties for the LBGs (blue) and BBGs (red) in the GOODS-S from
the same photometric catalog. The distributions had been normalized. Both populations are selected in the
same redshift range. From the distribution, we see that the BBG selection is targeting a more evolved and
massive population than the LBG selection.
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Figure 3.13: The stacked best-fit template SED of the BBG candidates (red) and the LBGs (blue) both
normalized to the flux at 2000 Å. The LBGs are distinguishable from BBGs by having bright rest-frame UV
and strong nebular emission lines.
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Figure 3.14: Optical color-color plot of LBG B drop out selection. The color selected BBG sources are
plotted as black points and the color selected BBG sources that are also identified as an LBG are plotted
as blue. The arrows represent 2σ upper limits on the ACS bands for the optically faint BBGs. The B drop
out selection criteria is identified as the shaded area.
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LBG populations. The BBG selected galaxies have average mass of 5×1010M� and average

age of ∼ 800 Myr (from the Gaussian fits to the distribution). The LBG selected galaxies

on the other hand are less massive and have much younger ages. Kolmogorov−Smirnov

test confirms that the LBG and BBG selected galaxies are drawn from statistically different

populations with high confidence. This shows that the BBG selection criteria target more

massive and evolved systems than the LBG selection. Using the SED inferred photometric

redshifts to shift SEDs to the rest-frame, I stacked the best-fit SEDs of the BBG and LBG

selected sources. Figure 3.13 shows the stacked rest-frame best fitted template SED of the

BBG and LBG sources. The LBG selected star forming systems are bright in the rest-frame

UV and are characterized by the prominent Lyman break and strong emission lines while

the BBG selected quiescing systems are relatively faint in the UV and are distinguished by

the break at ∼ 4000Å as we see from Figure 3.13.

Figure 3.14 shows the distribution of the BBGs on the color-color diagram used to

identify LBGs (from Stark et al., 2009). Also shown is the LBG locus as the grey region.

Two of our color selected BBGs also satisfy LBG selection criteria (the blue filled circles

in Figure 3.14). The two BBG selected sources that are also selected as an LBG have

high estimated star formation rates and extinction suggesting that these are the dusty star-

forming galaxies and likely contaminants. One of these sources (ID #9286) has a MIPS

counterpart indicative of a dusty galaxy and the other (ID #18694) has an X-ray source

associated with it, which could be an AGN. The overlap with the LBG selection is mainly

due to the fact that post-starburst galaxies are in the phase of passive evolution but they

still can have residual star formation present, resulting in the dual selection. The quiescent

galaxies are relatively faint in the rest-frame UV (observed optical U and B bands in the

redshift of interest here) as their stellar population is dominated by cooler and older stars.

The BBG candidates were selected to be faint (non-detected) in the VLT/VIMOS U and

HST/ACS F435W (Section 3). Candidates that have less than 2σ detections in the optical

bands are shown with upper limit arrows in Figure 3.14.
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3.7 Discussion

Two of the widely used methods for identifying high redshift galaxies are narrow-band

selection technique where line emitting galaxies at given redshift slices are selected and the

LBG selection which primarily selects UV bright objects. Both techniques select actively

star-forming systems and are biased against old and quiescent galaxies at high redshifts.

The BBG selection technique is developed to allow for selection of these galaxies, which

are missed by other techniques. Study of the nature of the BBGs would constrain star

formation efficiency and mass assembly at high redshifts.

In this study I developed the criteria to identify BBGs at 3 < z < 4.5. Several recent

studies (Bell et al., 2004; Brammer et al., 2011; Ilbert et al., 2013) have confirmed that the

red sequence had already been in place by z ∼ 1, that there is a significant fraction of high

mass quiescent galaxies at z ∼ 2− 3 (Kriek et al., 2008; Brammer et al., 2011; Marchesini

et al., 2010; Whitaker et al., 2010) and support the presence of passively evolving galaxies

at z ∼ 3− 4 (Muzzin et al., 2013; Stefanon et al., 2013). Furthermore, using medium band

observations from ZFOURGE2, Straatman et al., 2014 and Spitler et al., 2014 identified

populations of optically faint, massive and quiescent galaxies at z ∼ 4. These studies show

that although there are relatively fewer of these systems compared to the star forming

galaxies at the same redshift, they still make significant contribution to the global stellar

mass density of the Universe.

The most massive BBGs (> 1010M�) in our sample have an observed number density

of ∼ 3.2 × 10−5 Mpc−3 corresponding to a stellar mass density of ∼ 2.0 × 106 M�/Mpc3

at 3.0 < z < 4.5 compared to the BBGs with no MIPS 24 micron detection which show

an observed number density and mass density of ∼ 2.5 × 10−5 Mpc−3 and 106 M�/Mpc3

respectively, consistent with ZFOURGE study. The BBG selection is specifically developed

to minimize the contamination from dusty star forming galaxies. As discussed in Section

3.1, all the UVJ selected sources at z ∼ 4 by Straatman et al., 2014 fall in the BBG selection

criteria although not all of them are selected as BBG candidates because of the additional

2http://zfourge.tamu.edu
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non-detection condition in the observed U and B435 bands (which probe the rest-frame UV

at these redshifts). On the other hand most of the BBG selected sources at z ∼ 3 − 4

fall close to the dusty star forming and quiescent boundary condition in the UVJ diagram

further confirming the complications involved in distinguishing the two populations on the

UVJ plane with broad band photometry at z > 3.

The high redshift star forming galaxies are mostly selected through the LBG selection

(Madau et al., 1996; Steidel et al., 1999, 2003; Stark et al., 2009) and the narrow band

selection targeting the Ly-α line (Kunth et al., 1998; Shapley et al., 2006; Gronwall et al.,

2007). Given the passive nature of the quiescent systems, they lack the strong emission to

be targeted by the narrow band selection and they lack the strong UV continuum to be

targeted by LBG selection. Using rest-frame UV luminosity function (Reddy et al., 2008;

Reddy and Steidel, 2009; Bouwens et al., 2007, 2014), I estimated an observed number

density of ∼ 4 − 5 × 10−3 Mpc−3 for the star forming galaxies at < z >∼ 3 − 4 (down to

Llim = 0.04 L?z=3), indicating that the relatively passive galaxies at z ∼ 3 − 4 (identified

from BBG selections) are less than 10% as numerous as the star forming systems at similar

redshifts.

The mass function of galaxies has been studied extensively over the past few years out to

z ∼ 4− 5, for both the star forming and quiescent galaxies (Dickinson et al., 2003; Fontana

et al., 2006; Rudnick et al., 2006; Elsner et al., 2008; Pérez-González et al., 2008; Ilbert

et al., 2013; Muzzin et al., 2013). Using a Spitzer IRAC selected sample Pérez-González

et al., 2008 estimated the stellar mass function of galaxies and calculated the global stellar

mass density of ∼ 2.7× 107 M�/Mpc3 at 3.0 < z < 3.5. In more recent studies, Marchesini

et al., 2010 and Muzzin et al., 2013 estimated the stellar mass function of galaxies out to

z ∼ 4, using near infrared selected sample of galaxies. These studies estimate a stellar mass

density of ∼ 4× 106 M�/Mpc3 in 3.0 < z < 4.0 for the most massive (> 1010M�) systems.

Given the uncertainties inherent in the global stellar mass functions and corresponding mass

densities at these redshifts, the BBG selected passive candidates could contribute as much

as 10-40% to the stellar mass density of the Universe at z ∼ 3− 4.
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With an average age of ∼ 800 Myr, the BBGs are expected to have formed the bulk

of their mass in a burst of star formation at much higher redshifts and have been living

a relatively quiescent life ever since (z ∼ 6; Mobasher et al., 2005; Wiklind et al., 2008;

Straatman et al., 2014; Toft et al., 2014). Assuming a constant star formation history,

these massive galaxies must have assembled their mass with star formation rates ∼ 50 −

100M�yr−1. With a bursty star formation history, which is more favored for these systems

as supported by the strength of the Balmer break and the passive evolution, the progenitors

of these systems must be forming stars well in excess of 100M�yr−1. Recent works indicate

young and highly star forming Lyman-α emitting systems at z ∼ 6 − 7 identified through

narrow band detections with star formation rates as high as few hundred M�/yr (Shimasaku

et al., 2006; Ouchi et al., 2010; Mallery et al., 2012; Ono et al., 2012). Although these

systems could potentially be the progenitors of the quenching systems that I identify at

z ∼ 4, their predicted number density is very small (Straatman et al., 2014). Recent studies

have indicated the presence of very highly star forming galaxies at high redshift identified

as dusty star forming galaxies detected in the far infrared and sub-millimeter wavelengths

(Younger et al., 2007, 2009; Magnelli et al., 2012; Karim et al., 2013). These sub-millimeter

galaxies (SMGs) are among the most star forming systems with SFRs ∼> 1000 M�Y r−1

(Capak et al., 2008; Fu et al., 2013). The intense star formation is believed to be the result

of gas rich major mergers (Tacconi et al., 2008; Ivison et al., 2012; Fu et al., 2013). Based

on a 870 µm selected sample of sub-millimeter selected galaxies, Toft et al., 2014 showed

that these systems could be the progenitors of the quiescent galaxies found at z ∼ 2. By

studying the number density of quiescent systems at z ∼ 4, Straatman et al., 2014 showed

that the high redshift SMGs might have the right number density to be the progenitors

of these systems. Given the similar number densities for the BBGs in the same redshift

range and assuming a relatively short formation time scale for these systems (∼ 200 Myr, as

supported by the bursty models; Straatman et al., 2014) I see that the BBG selected passive

systems could be the descendants of the intensely star forming sub-millimeter galaxies at

z ∼> 5− 6.
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At z ∼ 3, the most massive BBG candidates (M? > 1010M�) will be residing in host

Dark Matter Halos (DMHs) of Mh ∼ 1012 M�(M?/Mh ∼ 0.01) according to semi analytic

models (Behroozi et al., 2013). These systems could potentially constrain the hierarchical

galaxy formation scenarios (the Λ-CDM models), if their number density exceeds the DMH

number density required to host them at their redshifts (Wiklind et al., 2008). The observed

number density of the BBGs is approximately 2 dex smaller than the predicted DMHs at

these redshifts (∼ 3 × 10−3 Mpc−3; Mo and White, 2002; Behroozi et al., 2013). This

indicates that the formation of these systems is acceptable within the hierarchical scenarios

of galaxy formation although the exact mechanism of rapid mass growth is still controversial.

Whether these galaxies formed their mass monolithically in these very massive halos at high

redshift through constant gas accretion or through sequential merging, the physical process

of this assembly is still controversial. A test of this would be to search for BBGs at higher

redshifts (Wiklind et al., 2008). A large number density for the BBGs at z ∼ 5−7 favors the

monolithic collapse hypothesis as galaxies at those redshifts (∼ 1 Gyr after the Big Bang)

have not had enough time to go through the mergers process and to consume all their gas

making stars (Mobasher et al., 2005; Wiklind et al., 2008).
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Chapter 4

Morphology of Passive Galaxies at

z > 3

4.1 Introduction

Understanding the evolution of galaxies with cosmic time is one of the most important ques-

tions in observational astronomy. According to the current evolutionary models, galaxies

form in the most gas rich environments and grow in mass by gas accretion with the help

of the gravitational potential of their host dark matter halos or sequential merging with

other galaxies or both (White and Frenk, 1991; Lacey and Cole, 1993; Bundy et al., 2009;

Fakhouri et al., 2010).

In the local Universe the most massive systems are the quenched elliptical galaxies (De

Lucia and Blaizot, 2007). These are among the largest systems in size with nearly featureless

morphologies with very little or no ongoing star formations. Galaxies become bluer as we

go to higher redshifts with increasing star formation rates that match the increase in the

cosmic star formation density (Madau et al., 1998; Hopkins and Beacom, 2006; Behroozi

et al., 2013). These high redshift blue galaxies could turn into the very massive elliptical

galaxies that we observe in the local Universe (Barro et al., 2013, 2014). There are several

theories that explain the quenching of star formation in the young blue galaxies with the
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supernova and AGN feedback from the death of the most massive stars and the central

supermassive black hole playing the most important roles (Martig et al., 2009; Bell et al.,

2012).

There are several studies that indicate the presence of massive evolved systems at high

redshifts. Ilbert et al., 2013 showed that the red sequence of galaxies is already in place

at z ∼ 2 and Mobasher et al., 2005; Wiklind et al., 2008 found evidence of the presence

of these systems at z ∼> 3. Several recent studies show that the massive quiescent galaxies

at z ∼ 2 are much smaller than their local counterparts with half light radii of only a

few kpc (van Dokkum et al., 2008). These galaxies are usually classified as the Compact

Quiescent Galaxies (CQGs) or red nuggets and are believed to be formed from quenching of

star formation through feedback process by the compact star forming galaxies (Barro et al.,

2013; Williams et al., 2014b). How these CQGs grow in size with constant mass to become

the big elliptical galaxies in the local Universe is still poorly understood although minor

mergers are believed to play an important role in the evolution (Newman et al., 2012).

In this work I use very deep observations by the HST/WFC3 in the near infrared to

study the size evolution of different types of galaxies at high redshifts. The high resolution

observations by the WFC3 at 1.6 µm makes it possible to accurately measure the size of

these systems. At z ∼ 3 − 4 the WFC3 H160 probes the restframe optical bands of the

galaxies which is more sensitive to the older general underlying stellar population of the

galaxy and not the UV bright regions (blubs) caused by recent star formations, giving a

better picture of the shape of the galaxy.

I use GALFIT(Peng et al., 2002) to fit a Sersic function to the light profile of star-

forming and passive galaxies identified from deep HST/ACS and WFC3 observations by

the CANDELS in the GOODS-S field at z ∼ 3 − 4. From this fit I measure light profile

and the half light radius of the galaxy as a measurement of size. The multi-waveband

photometry in the field allows us to estimate the physical properties of the galaxy very

accurately. I use the estimated photometric redshifts from the model fits to explore the size

evolution for passive galaxies at z ∼> 3. Using the estimated stellar mass of the galaxies I
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explore the mass-size relation for LBG and BBG selected galaxies and find that the star

forming galaxies are on average 2-3 times larger than the corresponding passive galaxies.

In Section 2 I will discuss our sample and data used in this study. I will discuss our

results of the size measurement of the star forming and quiescent galaxies in Section 3. Here

I will present these results in the form of mass-size relation and the size evolution for the

two populations of galaxies. I summarize our results in Section 4.

4.2 Sample and Data

The galaxies used in this study are star-forming and quiescent systems identified by the

LBG and BBG selections as discussed in Chapter 2. In order to avoid a sample bias in

the measurements, I selected the LBG sample using the same photometry as the BBGs by

identifying bdrop-out galaxies in the GOODS-S Deep area.

I use CANDELS HST/WFC3 observations of the GOODS-S field, in particular the data

in the F160W band (H-band), to measure galaxy sizes. At the redshift of study here the

observed H-band corresponds to the restframe optical and is sensitive to the more evolved

population of galaxies which form the galaxy. This would also help us to avoid the clumpy

UV bright star-forming regions of the galaxy which could affect size measurement accuracy

and which are more affected by dust.

The CANDELS WFC3 F160w observations of the GOODS-S cover an area of 10′×16′ in

the Early Release Science (ERS), wide and deep sections (Grogin et al., 2011) with varying

depth. In order to avoid any biases that might enter the size measurements due to depth

variability of the H-band observations, I focus on the GOODS-S Deep area. This is also

the region that was used to select the old and massive galaxies in Chapter 3. The GOODS-

S deep region consists of a rectangular grid of 3 × 5 tiles (∼ 6′.5 × 10′.8). The H-band

observations has a pixel resolution scale of 0.06′′ and a 5σ magnitude depth of 28.16 in 1

FWHM aperture.
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4.3 Size Measurements of Passive Galaxies

To measure the size I fitted the light profile of the galaxy with a Sersic function in the form:

lnI(R) = lnI0 − kR1/n (4.1)

I use the GALFIT software package (Peng et al., 2002) to fit the above light profile to

the quiescent galaxy candidates discovered in Chapter 3. GALFIT finds the best fit 2D

model to the light profile of the galaxy. The fitted values of the model are reported as the

Sersic number (n) and half light radius (Re) of the galaxy.

GALFIT requires the following input parameters: I. high resolution image II. high

resolution point spread function III. high resolution rms map IV. bad pixel mask V. initial

guess of the input parameter. I use the CANDELS HST/WFC3 F160W mosaic for the high

resolution image and rms maps. To facilitate faster processing I created cutout images of

200×200 pixels in size centered at the position of the candidates for each object from these

maps. The PSF is made by stacking the spectra of the most isolated stars in the field. For

the initial guess of the input parameters for the GALFIT I use the values reported by the

Source Extractor.

In all but one of the candidates (#12178) the sources were fairly isolated and I only

fitted a single Sersic function to the given galaxy. For #12178 I fitted both galaxies simul-

taneously with two Sersic functions centered on the individual objects. Figure 4.1 shows

the HST F160W image for each galaxy along with the fitted models and residual maps

(model subtracted image of the galaxy). As we see from Figure 4.1, the BBGs are relatively

compact objects with most of the mass concentrated in a region a few kpc across. The

BBG sample have median fitted Sersic parameter of n = 3.50 from the fitted profile. This

is consistent with a De Vaucouleur light profile (n=4) found in the local early type galax-

ies. On the other hand the LBG sample has a median fitted Sersic parameter of n = 1.35

consistent with a less concentrated light (or mass; considering a fix M/L ratio) profile. In

this section I will discuss my results of the study of size evolution of quiescent galaxies.
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BBG #4624

BBG #16671

BBG #12178

Figure 4.1: The CANDELS HF160 band cutouts of the BBGs (left), GALFIT models (middle) and residual
maps (right). The models are generated by fitting a single Sersic function as described in section 5.3 (double
Sersic for #12178). The residual maps are the model subtracted images of the galaxy. The galaxy cutouts
are ∼ 5′′ × 5′′ in size.
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BBG #17749

BBG #18180

BBG #4356

BBG #6189

Figure 4.1: Continued.
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BBG #7526

BBG #9177

BBG #9286

BBG #10479

Figure 4.1: Continued.
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BBG #12360

BBG #13327

BBG #18694

BBG #19195

Figure 4.1: Continued.
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Table 4.1: GALFIT best fit Sersic parameters for the BBGs.

Source ID F160W Re Physical Size Sersic Index Axis Ratio Position Angle
(AB Mag) (Pixel) (Kpc) (best fit) (Degrees)

2782 24.94 0.0898 0.672 8.0 0.40 62.1
4356 26.39 0.396 2.789 0.7 0.73 -72.3
4624 25.43 0.345 2.637 2.7 0.99 70.7
6189 26.36 0.124 0.866 0.7 0.52 77.5
7526 25.98 0.115 0.765 5.2 0.31 -87.3
9177 25.24 0.225 1.835 0.5 0.69 19.5
9286 25.68 0.325 2.443 1.2 0.63 52.3
10479 26.47 0.086 0.605 3.5 0.98 50.2
12178 25.15 0.124 0.937 3.0 0.50 -16.5
12360 26.49 0.800 6.210 8.0 0.08 42.9
13327 25.61 5.519 40.918 8.0 0.62 -62.7
16671 24.87 0.418 3.323 7.3 0.82 82.3
17749 25.25 0.125 0.934 1.6 0.53 -5.3
18180 25.13 0.101 0.754 3.9 0.77 64.1
18694 24.93 2.321 17.353 4.9 0.75 5.3
19195 26.04 0.189 1.430 0.3 0.44 6.6

4.3.1 The Mass-Size Relation for Passive Galaxies

I use the GALFIT measured sizes to further study the mass-size relation in galaxies at z ∼> 3.

Studies of local galaxies indicate that more massive galaxies are more extended. Using a

large sample of late type star-forming and early type elliptical galaxies in the SDSS, Shen

et al., 2003 explored their mass-size relation and showed that the size of both populations

evolve as a function of the galaxy mass. The size evolution with mass is however different for

star-forming from that of the quiescent galaxies with the latter having a steeper evolution

with mass (Shen et al., 2003).

I converted the angular size to the physical size in Kilo parsec using the pixel scale of

the HST F160W band and dr = dLdθ relation with dL being the luminosity distance at

the redshift of the galaxy. The mass measured for each galaxy is from fitting the observed

photometry to a library of model SEDs as described in Chapter 3. Figure 4.2 shows the

mass-size plot for star forming (LBG selected) and quiescent galaxies (BBG selected) in

the CANDELS GOODS-S. The star forming galaxies are binned in mass and I report the
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median values of the size and mass for the LBG sample in each bin. I show the local relation

for elliptical galaxies from Shen et al., 2003 in Figure 4.2 as the dashed line. I see that the

BBG selected passive systems (red points) are generally more compact than their local

counterparts and fall below the local relation in the mass-size plot. This further confirms

our original argument that the most massive and old systems at high redshift are also very

compact with half light radii of only a few kpc. This is in agreement with recent studies at

slightly lower redshifts (Barro et al., 2013; van der Wel et al., 2014). The mass-size relation

in van der Wel et al., 2014 is reported as Re/kpc = A(M?/5 × 1010 M�)α where A and

α are simultaneously fitted to the data. Fitting the same function to the most massive

BBGs (> 1010) in the size-mass plot I get a relation which is slightly steeper than the one

reported by van der Wel et al., 2014 for quiescent galaxies at z ∼ 2.75. This is in agreement

with the general trend that we see in the slope evolution of the size-mass relation for early

type galaxies from z = 0 − 3 (van der Wel et al., 2014). Because of the limited number

of sources used in the fit and the large error bars of some of these sources I do not report

and plot these values as they are not to be trusted. As we see in Figure 4.2, the size of

the blue star-forming galaxies show a flatter evolution with mass. This is in agreement

with the general trend of the decrease in the slope of the relation for star-forming galaxies

from measurements at slightly lower redshifts (van der Wel et al., 2014) as shown with the

dashed-dotted line in Figure 4.2.

4.3.2 Size Evolution of Massive Galaxies with Redshift

I explore the size evolution of the massive and old galaxies measured from the deep HST/WFC3

observations. I study this evolution for the most massive (> 1010M?) MIPS non-detected

BBGs in the CANDELS GOODS-S Deep area. As discussed in Chapter 3 the MIPS de-

tection in the far infrared SED of the BBGs at this redshift could indicate the presence of

dusty populations.

Figure 4.3 shows the size evolution of star-forming and quiescent galaxies out to z ∼> 3.

The size evolution for the star-forming systems is from a spectroscopic sample of UV bright
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galaxies by Mosleh et al., 2011. The measurements for quiescent galaxies at z ∼ 2.2 is from

work by van Dokkum et al., 2008. For the quiescent sample I report the median values of

the redshift and physical size of the galaxy. The reported error bar is the standard deviation

of the sample. I fit a function in the form of Re = α(1 + z)−β to the quiescent galaxy data

taking into account the errors. This yields α = 5.68 and β = 1.48 for the size evolution

relation for the quiescent galaxies out to z ∼> 3.

Figure 4.3 shows that the size of the early type galaxies decrease as a function of redshift

and they become more compact at z ∼> 3. This is in agreement with recent works by

Newman2012, Vanderwel2014 that show similar trends in the size evolution of quiescent

galaxies out to z ∼ 2.5. Looking at the size evolution of star-forming and quiescent systems

in Figure 4.3 I note that at any given redshift on average the quiescent galaxies are 2-3

times more compact than the LBG selected star-forming galaxies.

4.4 Discussion

The size evolution of different populations of galaxies had been studied extensively over the

past few years (van Dokkum et al., 2008; Mosleh et al., 2011; Newman et al., 2012; van der

Wel et al., 2014). The size of the galaxies have been shown to not only depend on their

mass and type but also on the redshift observed (van der Wel et al., 2014). Populations

of star-forming and quiescent galaxies get more compact at higher redshifts (van der Wel

et al., 2014) and this has been shown by recent studies to be an intrinsic property of the

observed galaxies and is not associated with systematic errors in modeling (Davari et al.,

2014). I use GALFIT (Peng et al., 2002) to fit a single Sersic function to the light profile of

galaxies and to measure the size. This has been shown in recent simulations of high redshift

massive and compact galaxies to accurately measure the size of these systems over a wide

range of signal to noise without bias (Davari et al., 2014).

In this work I used a sample of old and massive galaxies at z ∼> 3, selected from deep

HST near-IR observations, to study the mass-size relation and size evolution of galaxies at
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Figure 4.2: The size-mass evolution of star-forming and quiescent galaxies in the CANDELS GOODS-S
at z ∼> 3. The old and massive BBG sources are show in red and the star-forming LBG sources are plotted
in blue. The LBGs are binned in mass and each point represents the median in each bin. The dashed line
corresponds to the size-mass relation for local early type galaxies in the SDSS by (Shen et al., 2003). I
see that the BBGs are generally more compact than the local relation. The dashed-dotted line shows the
size-mass relation for the late type star-forming galaxies by (van der Wel et al., 2014) at z ∼ 2.5. The
subplots show the distribution of mass and size for the two populations.
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Figure 4.3: The size evolution relation for passive (red triangle) and star-forming galaxies (blue square).
The star-forming galaxies LBG and GALEX selected UV bright systems (Mosleh et al., 2011) and the low
redshift quiescent galaxies is a from a sample by van Dokkum et al., 2008. The quiescent galaxy size is
reported as the median size of the most massive non-MIPS detected BBG galaxies at the median redshift of
the sample and is shown by the yellow star. The size-redshift relation for the quiescent galaxies is given by
Re ∝ (1 + z)−1.48 and is shown by the dashed line.
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high redshifts. I find that the most massive old galaxies at z ∼> 3 are much more compact

than early type galaxies of similar mass in the local Universe. Recent studies show that

the physical size of the quiescent galaxies has a much steeper evolution with mass than

the star-forming galaxies at the same redshift (Newman et al., 2012; van der Wel et al.,

2014). Using CANDELS and 3D-HST data van der Wel et al., 2014 studied the size-mass

relation for star-forming and quiescent galaxies and found Reff ∝M0.22
? and Reff ∝M0.75

?

respectively for the two populations. Using the high redshift sample of quiescent galaxies,

I demonstrated that there is a rapid evolution in size for massive quiescent galaxies to high

redshift. The mass-size relation seems to have a steeper evolution for quiescent galaxies

compared to the early type relations at lower redshift as demonstrated in Figure 4.2. I

also see in this plot that the physical size of the LBG selected star-forming galaxies in the

GOODS-S have a flatter dependence on mass at z ∼> 3. These are in agreement with the

trends seen in van der Wel et al., 2014 for the star-forming and quiescent populations at

z ∼< 3. The small sample size of the high redshift quiescent galaxies, however, does not

allow us to quantify these results any further.

Recent attempts in studying the size evolution of quiescent galaxies out to z ∼ 2.75

have confirmed the rapid decrease in size as a function of redshift (van der Wel et al.,

2014). These studies estimate that the most massive quiescent galaxies (M? > 5 × 1010)

have physical sizes of 0.87 kpc at z ∼ 2.75 (van der Wel et al., 2014). In particular van

Dokkum et al., 2008 used HST images to look at a population of quiescent galaxies and

found that these massive systems have estimated sizes of ∼ 0.9 kpc on average. The most

massive MIPS non-detected BBGs in the GOODS-S have estimated median effective radius

of Re = 0.8 kpc at z ∼ 3.5. This is in agreement with the rapid decrease in size with

redshift trend seen for the massive quiescent galaxies. From Figure 4.3 we notice that the

change in size for the quiescent galaxies seems to be plateauing at z ∼> 2.5. I see that galaxy

size drop very moderately beyond this redshift although a quantitative statement cannot

be made given the small sample size and the errors involved in physical size measurements

for these high redshift galaxies. Adding the measured size value for the BBGs at z ∼ 3.5
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to the size evolution and fitting this as a function of the scale factor, we would arrive at

Re = 5.68(1 + z)−1.48 which is similar to the relation reported by van der Wel et al., 2014.
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Chapter 5

Spectroscopic Study of Passive

Galaxies at z > 3

5.1 Introduction

According to the standard picture of galaxy formation (the cold dark matter scenarios, ie.

Λ-CDM models), baryonic matter is gravitationally accreted in Dark Matter Halos (DMHs)

providing the seed for galaxy formation (Navarro et al., 1996; Sheth et al., 2001; Reed et al.,

2003). In these scenarios galaxies become ever more massive through a sequential merging

process in more recent time such that most of the local stellar mass density of the Universe

is locked in these very massive early type galaxies (Ilbert et al., 2013).

Many studies indicate the presence of a population of passively evolving systems at

redshifts as high as z ∼ 2 − 3 (Labbé et al., 2005; Kriek et al., 2008). These systems lack

the bright rest-frame UV continuum characteristic of star forming galaxies and are usually

identified by their near-IR and infrared colors through very deep observations by the largest

ground-based telescopes combined with HST and Spitzer observations. Due to their passive

nature, these systems usually lack the characteristic strong emission features that are used

to identify the star forming systems at high redshift. Using extremely long integration

times with the Gemini near-IR spectrograph Kriek et al., 2009 spectroscopically confirmed
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a quiescent galaxy at z=2.2. There they showed that the object is characterized by the

optical absorption features that represent passively evolving galaxies and they measured

SED inferred SFRs that were consistent with being a quiescent system. In a recent study

Belli et al., 2014b used KECK/MOSFIRE rest-frame optical spectroscopy of a sample of

massive galaxies at 2 < z < 3 and showed that their spectral and SED inferred properties

are consistent with being passively evolving systems at these redshifts.

Recently there has been several studies that point to the existence of relatively quies-

cent systems at higher redshifts (Mobasher et al., 2005; Wiklind et al., 2008; Straatman

et al., 2014; Spitler et al., 2014). These studies use very deep infrared observations by the

HST/WFC3 and other ground-based observatories to look for quenching galaxies. From

these I see that there is growing evidence of the presence of massive and evolved galaxies

at z ∼ 3− 4 that are hypothesized to be the descendants of the most star forming galaxies

found at z > 5 by far infrared and sub millimeter surveys (Toft et al., 2014; Straatman et al.,

2014). These rest-frame UV faint infrared selected relatively quiescent systems usually lack

the bright emission features that are characteristic of star forming systems.

In this work I use very deep Keck/DEIMOS observations of a sample of quiescent and

star forming galaxies at high redshifts. The candidates are selected from the deepest op-

tical, near infrared HST/WFC3 and ground based observations in these fields along with

very deep Spitzer observations in the infrared. I look at the spectroscopic properties of

the two populations and in particular try to explore the interstellar medium of these sys-

tems by looking at absorption (and/or emission) features in the observed stacked spectra

of these systems. The most widely accepted picture for star forming galaxies at high red-

shift predict that the restframe UV spectra of these systems generally exhibit signatures

of outflowing material of different velocities. These outflow velocities have been shown to

be correlated with the SFR and mass of the galaxies in general. In this Chapter I aim

to further study these trends and more specifically to compare it with the spectroscopic

properties of relatively quiescent systems.

This Chapter is structured as follows. In Section 2 I discuss the spectroscopic data
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and the candidates used for the spectroscopic observations. I discuss the spectroscopic

data reduction, redshift assignment and analysis in Section 3. I report our results of the

measurements of the spectroscopic properties of star forming and quiescent galaxies in 4

and discuss our results in Section 5.

5.2 Spectroscopic Candidates and Data

The candidates targeted for spectroscopy are from samples of star forming and passively

evolving systems at z > 3. The star forming candidates are Lyman-α emitting systems

(Lyman Alpha Emitters or LAEs) identified from narrow band imaging or Lyman Break

Galaxies (LBGs) identified from the drop-out technique. The quiescent massive systems are

identified from their near infrared colors and Spitzer IRAC detection based on the criteria

developed in Chapter 2. In this section I will discuss the sample in more detail.

5.2.1 Passive Candidates

The relatively quiescent systems are selected based on the strength of their Balmer break

as Balmer Break Galaxies (BBGs) according to the criteria developed in Chapter 2 (BBG

selection). As discussed in Chapter 2, the break is observed in the near infrared colors of

post-starburst galaxies in deep HST/WFC3 observations in the GOODS fields. As discussed

earlier, the SED inferred properties of these systems are consistent with being old and

massive with average ages of ∼ 0.8 Gyr and average stellar masses of 5× 1010 at z ∼> 3− 4.

5.2.2 Star forming Candidates

The star forming candidates are selected as Lyman Break Galaxies (LBGs; Madau et al.,

1996; Steidel et al., 1996, 1999, 2003; Giavalisco et al., 2004a; Bouwens et al., 2007; Beckwith

et al., 2006) as bdrop and vdrop candidates based on the criteria developed in Stark et al.,

2009 at z ∼ 3− 5. This technique is based on the change in the broadband color of distant
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galaxies as the rest-frame UV light short-ward of the Lyman limit (at 912Å) emitted by

these systems is absorbed by the neutral Hydrogen.

The second sample of star forming galaxies are selected as Lyman Alpha Emitting (LAE)

systems. These objects are highly star forming systems that are identified through narrow

band observations targeting the Lyman-α emission at 1216 Å (Mallery et al., 2012). Our

sample of narrow band selected galaxies are from narrowband observations selecting these

systems at z ∼ 4− 5.

I use spectroscopic data from the W.M. Keck Observatory along with photometric data

from Hubble Space Telescope, Spitzer and other ground based observatories for this study.

In this section I will present the data in more detail.

5.2.3 Spectroscopic Data

The spectroscopic data for this study are from observations by the Deep Extragalactic

Imaging Multi-Object Spectrograph 1 (DEIMOS; Faber et al., 2003) on Keck telescope.

DEIMOS is an optical multi-object spectrograph, with wavelength coverage of 4100-11000

Å, mounted on a Nasmyth platform on the Keck II 10m telescope. It has a field of view

of 3.6′ × 3.6′ over one guider with typical alignment accuracy of 0.1′′. In its low resolution

mode DEIMOS can reach a predicted S/N=5 on an object with V=24.0 in only one hour 2.

In this study, the observations are from a series of runs from March 2011 to January

2014. In all the runs I used 600 and 830 lines/mm gratings with wavelength ranges of

5300Å and 3840Å respectively. The 830 grating would give a better spectral resolution

than the 600 grating (2.5 Å vs. 3.5 Å) but it has a shorter wavelength coverage. The

central wavelength in each run is chosen to maximize the number of candidates on each

mask given the photometric redshifts. The DEIMOS observations are summarized in Table

5.1.

1http://www2.keck.hawaii.edu/inst/deimos
2http://www2.keck.hawaii.edu/inst/deimos/specs.html
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5.2.4 Photometric Data

The photometric data for this study is from observations by the Cosmic Assembly Near-

infrared Deep Extragalactic Legacy Survey (CANDELS: PI. S. Faber and H. Ferguson; see

Grogin et al., 2011 and Koekemoer et al., 2011) in the GOODS fields. The GOODS fields

also have very deep observations by the Spitzer Space Telescope IRAC instrument (Fazio

et al., 2004) in the 3.6 µm, 4.5 µm, 5.8 µm and 8.0 µm bands. The photometric data used

in this study are further described in Chapter 1.

5.3 Analyzing the Spectroscopic Data

The spectra of both the quiescent and star forming galaxies were analyzed in the same way

with the same raw data handling procedure and analysis. In this section I will describe the

Keck DEIMOS spectroscopic data analysis.

5.3.1 Spectroscopic Data Reduction

The raw spectroscopic data acquired from the telescope are reduced using the DEIMOS

pipeline (in IDL) developed by the DEEP2 team 3. The pipeline uses the flat field images

acquired during the calibration phase of the observing to create a flat field subtracted image.

The Kr, Ne and Ar arc lamp data is used by the pipeline to calculate a wavelength solution

used to wavelength calibrate the spectra. The pipeline combines the different exposures of

a single mask and provide 2D spectra for the whole mask and for individual objects. The

procedure extract1d is then used to extract the 1D spectra from the 2D data using both

boxcar and optimal extraction according to Horne, 1986.

In this work I use a modified version of the reduction pipeline which is changed to handle

dithering of the spectra. When using the 830G grating I dither by ∼ 2′′ along the slit to

get a better sky subtraction. The dithered pipeline uses the shift on the bright stars in

3http://deep.ps.uci.edu/spec2d
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the mask to automatically determine the dithering pattern and to combine the different

exposures correctly. Figure 5.1 shows example 1D and 2D reduced DEIMOS spectra.

5.3.2 Spectroscopic Redshift Assignments

The spectroscopic redshift of the candidates are assigned based on several prominent emis-

sion and/or absorption features. At the redshifts of interest here we are looking at the

rest-frame UV of the galaxies. The most important features that we look at are the Lyα

resonance line at 1216 Å and the low and high ionization metal lines such as SiII (1260 Å),

OI (1302 Å), CII (1334 Å) SiIV (1393 Å and 1402 Å) and CIV (1548 Å and 1550 Å).

The redshift is assigned by a combination of the these lines. In most cases the star

forming galaxies are identified through a combination of the Lyman-α feature and the

strong and/or weak metal absorption lines. These absorption lines are absent in some of

the star forming galaxies in which we rely on the Lyman-α line alone to assign the redshift.

The spectroscopic redshifts for the BBGs are assigned mostly from the metal absorption

lines (due to lack of emission features) and in a few cases by the combination of absorption

and Lyman-α emission feature.

The spectroscopic redshifts were assigned based on a scheme of 0-4 in the confidence

level with 4 being the most confident and 0 the least confident spectroscopic redshifts. A

confidence level 0 is assigned when we basically cannot infer a redshift. This happens when

no distinct emission and/or absorption feature is identified in the 1D and 2D spectra. A 1 or

2 is given if I can identify very faint emission/absorption features (usually at ∼ 2−3σ level)

in the spectra. A confidence level 3 is assigned when I confirm several spectroscopic features

in the 1D spectra that sometime do not have 2D counterparts (which mostly happens for the

faint continuum absorption features). Finally I assign a confidence 4 spectroscopic redshift

to an object for which I could clearly see prominent emission and/or absorption features in

the 1D and 2D spectra.

The spectroscopic redshifts assigned in this way may be different from the true redshift

of the galaxies. It has been shown by several studies that the high redshift systems could
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Figure 5.1: Reduced DEIMOS 1D and 2D spectra of a sample galaxy at z ∼ 4.5. The Lyα emission at
6994 Å is visible in both spectra.
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potentially host strong outflows (or inflows) and winds that would reflect itself in the rest-

frame UV spectra by producing a redshift in the Ly-α feature and blueshift in several of the

absorption features (Shapley et al., 2003). The true systemic redshift of the galaxies could

technically be determined from the stellar photospheric features such as CIII (1176 Å) and

OIV (1343 Å) or from nebular emission lines (such as Hα or Hβ) which are usually produced

at rest with respect to stars in the galaxy. In reality, however, the photospheric features are

far too weak to be detected in individual spectra of star forming and passive galaxies. The

detection of nebular emission lines usually require near-infrared and infrared observations of

these high redshift systems which might not exist for large samples of high redshift systems.

In order to address this one could derive recipes for calculating the systemic redshift from

UV spectral features for galaxies for which I already have observed nebular emission lines

from near infrared spectroscopy. Using a large sample of high redshift galaxies Adelberger

et al., 2005 derived the following relations for systemic redshift measurements from UV

spectra:

zsys = zLyα − 0.0033− 0.0050(zLyα − 2.7) (5.1)

for galaxies for which I only use the Lyα to assign redshifts,

zsys = zISM + 0.0022 + 0.0015(zISM − 2.7) (5.2)

for redshifts that use interstellar absorption features and

zsys = z̄ + 0.07∆z − 0.0017− 0.0010(z̄ − 2.7) (5.3)

In this work I will use the equations by Adelberger et al., 2005 (discussed above) to

derive the systemic redshift of the star forming and passive galaxies. I will further discuss

the implications of this choice for the star forming and passive galaxies in the last section.
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5.3.3 Comparing the Photometric and Spectroscopic Redshifts

I measured the photometric redshift for our sample of LBG, LAE and BBG selected galaxies

using the multi-waveband photometry available in the GOODS fields. This is done by fitting

the observed spectral energy distribution of the candidates with a template library of model

galaxy SEDs (SED fitting) and minimizing the χ2 in the fit. The SED fitting method is

further described in Dahlen et al., 2013.

Figure 5.2 shows the comparison of the photometric redshifts and spectroscopic redshifts

for our passive and star forming samples. To quantify the scatter in the redshifts, I estimate

the ratio ∆z/(1 + zspec), where ∆z = zspec − zphot. I define catastrophic redshift outliers

as objects with |∆z|/(1 + zspec) > 0.3. Comparing with the spectroscopic sample with the

highest confidence levels, the difference between the photometric and spectroscopic redshifts

has a standard deviation of 0.21 and there are approximately 10% of the sources with the

catastrophic photometric redshifts as defined above.

5.3.4 Stacking the Spectra

The individual spectra of galaxies are shifted to the rest-frame using the inferred spectro-

scopic redshifts and are coadded by an inverse variance weighting:

fstack =
ivar1 × f1 + ...+ ivarn × fn

ivar1 + ...+ ivarn
, f1, ..., fn : Individual Spectra (5.4)

The individual spectra are obtained under different conditions, with different wavelength

coverage and gratings of different resolutions. In order to take this into account during the

stacking process, I defined a wavelength grid spanning the range of 1150 Å to 1650 Å with

a wavelength resolution of 0.25 Å. The spectra are then transferred to this grid for the

stacking. The individual spectra are normalized to the strength of the Lyman-α emission

at 1216 ÅṪhis normalization does not affect our later inferred results of velocity offset

equivalent width measurements as I have already wavelength calibrated the spectra and I

will also be dealing with relative ratios of the fluxes and not the absolute values in each
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Figure 5.2: The photometric and spectroscopic redshift comparison for the passive galaxy candidates. The
plot is color coded in terms of the assigned spectroscopic redshift confidence.
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band. Figure 5.3 shows the stacked spectra of the BBG, LBG and LAE selected systems

and Tables 5.2-5.5 list the spectroscopic objects used for the BBG, LBG and LAE stacks.

5.4 Spectroscopic Properties of the Passive and Star Form-

ing Systems

The bimodality in the galaxy population is evident in the local Universe with the clear

separation of the star forming galaxies from the early type elliptical galaxies (Williams et al.,

2009). These differences are visible in the spectroscopic properties of the high redshift LBG

and BBG selected sample. The two most important measureable features of our stacked

spectra of star forming and passive galaxies are I. the strength of the emission and absorption

features and II. the relative velocity offsets between the absorption and emission features.

The strength are measure from the corresponding equivalent width of the lines and I measure

the velocity offsets from the estimated spectroscopic redshifts for each of the wavelength

calibrated features. In this section I will discuss these in more detail.

5.4.1 Equivalent Width Measurements and Velocity Offsets

The equivalent width is an estimate of the strength of an emission or absorption feature in

the spectra of galaxies with respect to the underlying continuum. I measure the equivalent

width of the prominent Lyman-α, low ionization and high ionization features in the stacked

spectra of the BBG, LBG and LAE selected samples using the following equation:

dWEW
λ = (1− Fλ/Fcont)dλ (5.5)

For each of the spectral features I fitted a Gaussian according to the following equation

to determine the line center and FWHM:

F (λ) = Ae(−(λ−λcenter)/2σ2) + λβ (5.6)
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Figure 5.3: The stacked spectra of quiescent (BBG selected) and star forming (LBG and LAE) galaxies
at z > 3.
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Figure 5.3: Continued.

where λcenter is the wavelength that I report for the feature. The underlying continuum is

determined by simultaneously fitting a f(λ) = λβ to the Gaussian function. The equivalent

width is measured by integrating equation 4.1 across the feature using the values measure

from the Gaussian fit and is reported as a negative number for the absorption features and

a positive number for the emission features.

The Lyman-α EW is largest in the stacked LAE and BBG spectra. The estimated

continuum is also much fainter in the LAE and BBG spectra compared to the LBG sample.

Figure 5.4 shows the Ly-α feature for the BBG, LBG and LAE spectra with the fitted

skewed Gaussian functions.

The strength of the detected low ionization features in the BBG and LBG spectra are

comparable within the error. The high ionization SiIV (1393.8 Å and 1402.8 Å) absorption

is marginally more prominent in the BBG spectra compares to the LBG spectra and it is

marginally detected in the LAE spectra. Figure 5.5 and 5.6 show the high ionization and low

ionization absorption features in the BBG and LBG stacked spectra with the corresponding
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Figure 5.4: The Lyman-α emission in the stacked spectra of BBG, LBG and LAE galaxies. We see that
Lyα is shifted with respect to the systemic redshift of the galaxy.

Gaussian fits used for EW measurement.

I measure the velocity associated with the redshift (in Minkowski space) using the fol-

lowing redshift-radial velocity relation:

(1 + z) =

√
1 + γ

1− γ
, γ = v/c (5.7)

such that the velocity offsets between two lines would be given by:

∆vem−abs = c
(1 + zem)2 − 1

(1 + zabs)2 + 1
(5.8)

where zem is the redshift associated with the emission feature (mostly Ly-α and zabs

is the redshift associated with the low and high ionization metal absorption features. The

CIII absorption feature (in the stacked spectra at 1176Å) should be tracing the systemic

redshift of the galaxies. From the stacked BBG, LBG and LAE spectra I see that the CIII

absorption is very close to the systemic redshift of the galaxy predicted by (Adelberger
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Figure 5.5: The high ionization absorption in the stacked spectra of BBG, LBG and LAE galaxies.

Figure 5.6: The low ionization absorption in the stacked spectra of BBG, LBG and LAE galaxies.
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et al., 2005). The agreement is relatively good for the stacked LBG and LAE spectra (to

lsim 100 km/s) while the BBG stacked spectra show small offsets of ∼ 180 km/s. This

seems to indicate that the recipe used to derive systemic redshift of star forming galaxies

from their UV spectra (based on near infrared nebular line observations) might not be very

accurate for the relatively passive BBGs. I will return to this point further in the discussion.

The Lyα shows redshifted emission with the respect to the systemic redshift in the

stacked spectra. The velocity offsets for the LBG and LAE sample are ∼ 280 kms−1.

For the BBG stacked spectra I get a Lyα velocity offset (with respect to the systemic

redshift) of ∼ 550 kms−1. The low ionization absorption features in the LBG spectra have

blueshifted velocity offsets of ∼ 200 − 300 kms−1. These would produce velocity offsets of

∆vem−abs = 500 − 600 kms−1 between the emission and absorption features for the LBGs

consistent with recent studies (Shapley et al., 2003; Steidel et al., 2010). The stacked BBG

spectra show low ionization absorption features that are at rest or slightly redshifted with

respect to the systemic redshift of the galaxy. I will get back to these results further in the

discussion.

5.4.2 Error Estimation For the Stacked Spectra

The DEIMOS reduction pipeline gives the inverse variance of the extracted 1D spectra as a

function of wavelength. This inverse variance was used to generated the stacked spectrum

for the LBG and BBGs. The wavelength dependent inverse variance can also be used to

estimate the wavelength dependent standard deviation for the stacked spectra. I used this

estimated error to asses the authenticity of a given feature based on the estimated signal-

to-noise. This becomes particularly important for the absorption features in the stacked

spectra as we discuss further in the next section. Using the measured error, the stacked

BBG spectrum of the sources that have UV continuum in the individual spectra shows a 3

σ detection in the SiII line at 1260 Å. The error gets larger for the red part of the spectrum

and the signal-to-noise is lower for the absorption features at the red side. Figure 5.7 shows

the stacked BBG spectrum with the standard deviation shown in green.
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Figure 5.7: The stacked BBG spectrum with the standard deviation shown in green. The SiII absorption
(1260 Å) is detected with ∼ 3σ.

5.4.3 Caveats

The BBGs at z ∼ 3 are relatively faint in the optical bands (rest-frame UV) by selection

and get bright in the near infrared and infrared bands. These systems usually lack the

very strong UV continuum characteristic of star forming galaxies. This would make UV

spectroscopic observations of these systems particularly challenging. However, the BBGs

are selected as post-starburst galaxies which, as discussed in Chapter 3, could still have

residual star formation that could produce Ly-α emission to be targeted for spectroscopy.

In absence of bright continuum, it is always relatively easier to pick emission lines than

absorption features and as such our most confident BBGs are identified from emission

features (in particular Ly-α).

We do not detect a UV continuum in the individual BBG spectra listed in Table 5.2

but three of them. The lower confidence BBGs are in fact the sources that did not have a

detectable continuum and did not have any pronounced emission features. This lack of UV

emission in the spectra of these systems (although promising as it would further confirm the

passive evolution) makes both feature identification and quantitative feature measurements

(at outlined above) more uncertain. This gets particularly problematic for the UV features

that fall towards the red-side of the DEIMOS wavelength coverage (such as CIV, AlII and

FeII) as we would get dominated by sky line emissions at the redder end of the spectra.

One additional source of uncertainty, particularly in the analysis of the velocity offsets

of the different low and high ionization ISM features, is the assumption that we made
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to derive the systemic redshifts for the BBGs. The recipe used in Equations 5.1-5.3 are

originally developed from UV and optical observations of star forming galaxies with known

velocity offsets from systemic from optical nebular line observations. Given that our BBGs

showed distinct photometrically derived properties (in particular mass and age from SED

fits; Chapter3) these relations might not necessarily hold for systemic redshift measurements

for our sample. One way to address is to perform deep near infrared (rest-frame optical)

observations of these systems. We will get back to this later in this work.

5.5 Discussion

The prominent observed spectral properties of LBG selected star forming galaxies is un-

derstood to some extent for some time (Steidel et al., 1999; Shapley et al., 2003). These

works usually involve studying the spectroscopic properties of a stack of large number of

star forming galaxies at different redshifts. Using a very large sample of LBG selected star

forming galaxies Shapley et al., 2003 discussed that the spectra of star forming galaxies show

strong evidence of outflowing cold and neutral and hot and ionized gas at velocities of a

few hundred km/s. These outflows of cold neutral matter could sometimes extent for a few

hundred kpc out of the galaxy and into the circumgalactic medium as suggested by galaxy

pair studies (Steidel et al., 2010). The studies also indicate that there is a relation between

the strength of the Lyα emission and the strength of the neutral ISM absorption features

such that star forming galaxies with the strongest Lyα emission have weaker absorption

features and bluer UV continuum.

The high confidence BBG spectra are mostly identified through lyα emission as it is

much easier to identify emission line than absorption features in faint spectra. The stacked

BBG spectra shows stronger Lyα emission compared to the stacked LBG spectra. This

could be attributed to the intrinsic faintness of the BBGs in the restframe UV and the fact

that the most confident BBGs might be biased against sources with weaker Lyα emission.

In the stacked LBG spectra the velocity offsets of the low ionization absorption features
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(from the systemic) and the offsets between the emission and absorption features (∆vem−abs)

is consistent in general with recent studies of star forming galaxies at similar redshifts

(Shapley et al., 2003). These velocity offsets usually indicate cold matter outflows in star

forming galaxies. The similarities in the outflow velocities of the reddest and bluest parts

of the Lyα emission and absorption features also seem to suggest a relatively symmetric

distribution of outflowing cold gas around these systems as discussed in previous studies

(Steidel et al., 2010).

Another notable difference in the spectra of BBGs is the strength of the metal absorption

features. Comparing the measured EW of the most prominent absorption features in the

stacked BBG spectra to that of the LBG selected star forming systems seem to be slightly

stronger than the same absorption features in the LBG stacked spectra although I could

not draw strong conclusions from this given the uncertainties that exist in the continuum

estimation for these UV faint galaxies. One interesting feature detected in the stacked

spectra of the BBGs is the iron absorption (FeII). This absorption feature has an EW of

∼ 2Å in the stacked BBG and is absent in our LBG spectra. Although this absence is most

likely due to our limited sample LBG size, the fact that I do not see the feature with this

strength in the stacked LBG sample of Shapley et al., 2003 (EWFeII = −0.9) seems to

indicate that the ISM of these systems might be more enriched with heavier metals. Larger

samples of high redshift relatively quiescent systems is needed in the restframe UV and

optical (with near infrared spectrographs) to study any existing trends in more detail.
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Table 5.2: List of the high confidence BBG selected old and massive systems.

Source ID RA DEC Mask Spec-z Spec-z Spec-z
(Ly-α) (Metal Absorption) (Systemic)

BBG 16090 03:32:28.00 -27:50:23.1 cdf11a 4.7182 -99.00 4.7048
BBG 20426 03:32:31.82 -27:45:8.5 cdf11a 3.9738 3.9675 3.9681
BBG-81185 09:58:40.85 +01:48:46.9 hzc-1 5.0298 5.0212 5.0220
bbg 08076 02:17:15.55 -27:13:48.3 uds11a 5.4112 5.4113 5.4068

BBG 22520 12:37:1.63 +62:19:20.5 hdf12b 4.9109 -99.00 4.8966
BBG 15119 12:36:42.86 +62:07:58.2 hdf12b 5.8686 5.8526 5.8569
1643 BBG 12:35:57.44 +62:14:8.8 gn+40 4.1944 -99.00 4.1836
7692 BBG 12:36:22.13 +62:15:58.7 gn+40 4.4763 -99.00 4.4641
26001 BBG 12:37:11.48 +62:20:21.0 gn+40 4.3025 4.3025 4.2991

Table 5.3: List of lower confidence BBGs.

Source ID RA DEC Mask Spec-z Spec-z Spec-z
(Ly-α) (Metal Absorption) (Systemic)

BBGlz10046 12:36:29.25 +62:11:35.7 hdf11a 4.1832 4.1917 4.1836
hdf11b
hdf11c
hdf11d

BBG 4057 03:32:16.56 -27:48:25.8 cdf11a 4.9882 4.9882 4.9842
HZBBG 10245 03:32:16.28 -27:43:43.2 cdf11a 5.8654 5.8654 5.8605
BBG-1010033 10:00:18.33 +02:11:10.0 CSN1a -99.00 4.4548 4.4596
20168 BBG 03:32:23.15 -27:45:25.5 gs-30 4.9606 4.9483 4.9513
6357 BBG 03:32:41.00 -27:46:31.5 gs+10 -99.00 4.6592 4.6643
10968 BBG 03:32:39.37 -27:43:12.4 gs+10 5.0195 5.0074 5.0103

5678 03:32:35.55 -27:47:3.9 gs+10 4.2672 4.2672 4.2639
4827 03:32:33.07 -27:47:44.0 gs+10 -99.00 4.2468 4.2513

BBGlz15382 12:36:43.63 +62:17:9.6 hdf11b 3.7100 3.7100 3.7072
BBG 24737 12:37:7.74 +62:15:37.5 hdf321 -99.00 4.6700 4.6751
BBG 26913 12:37:13.85 +62:20:12.5 hdf321 -99.00 4.9912 4.9968
BBG-69943 09:58:38.32 +01:45:43.0 hzc-1 -99.00 3.7600 3.7637
BBG 14862 12:36:42.18 +62:11:12.1 hdf12b 4.6199 4.6110 4.6124
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Table 5.4: List of the star forming LBG selected galaxies.

Source ID RA DEC Mask Spec-z Spec-z Spec-z
(Ly-α) (Metal Absorption) (Systemic)

BD 22668 12:37:1.97 +62:12:25.3 hdf11a 3.4100 3.4057 3.4057
BD 21454 12:36:59.10 +62:12:23.7 hdf11a 4.0578 4.0517 4.0521

PROBZ BD 37352 12:37:49.76 +62:19:5.1 hdf11a 4.1266 4.1230 4.1219
VD2 04842 12:36:12.63 +62:09:40.2 hdf11a 5.0575 5.0400 5.0459
VDbr 16946 12:36:47.94 +62:10:20.3 hdf11b 5.6500 5.6104 5.6283

PROBZ VD 04648 12:36:11.91 +62:14:38.5 hdf11c 5.4496 5.4404 5.4412
PROBZ VD 20706 12:36:57.16 +62:08:13.2 hdf11c 4.7071 -99.00 4.6938

VD 11502 12:36:33.44 +62:06:40.5 hdf11c 5.05966 5.0497 5.0513
PROBZ VD 04648 12:36:11.91 +62:14:38.5 hdf11d 5.4613 5.43800 5.4468

cl-1448860 10:00:39.12 +02:34:55.0 cc-1 5.3026 -99.00 5.2863
cl-1448863 10:00:44.65 +02:34:52.7 cc-1 5.9174 -99.00 5.8980

Finkz45 18171 03:32:30.98 -27:46:2.5 cdf11a 4.7444 4.7444 4.7406
Finkz45 16131 03:32:28.45 -27:55:11.2 cdf11a 4.2579 4.2402 4.2470
Finkz45 19001 03:32:32.07 -27:53:50.5 cdf11a 4.7154 4.7154 4.7116

COSMOS 09:58:46.83 +01:47:38.6 hzc-1 4.1101 -99.00 4.0997
Rd-754226 10:00:59.14 +02:02:8.0 zd-1 4.6229 4.6130 4.6150

Vdlz-749753 10:01:9.85 +02:04:30.1 zd-1 4.2307 -99.00 4.2198
Vdlz-763283 10:01:1.96 +01:58:20.0 zd-1 4.6299 4.6179 4.6211
m45-527720 10:01:4.11 +01:54:5.1 zd-1 4.5464 4.5266 4.5343
pz-755119 10:01:1.60 +02:01:56.6 zd-1 4.7485 4.7187 4.7319
ID 11848 12:36:34.39 +62:10:47.5 hdf12b 5.6542 -99.00 5.6361

D13162 16192 12:36:45.90 +62:11:58.2 hdf12b 5.6037 5.5839 5.5906
f192130 10:00:46.74 +02:18:42.7 c-b0B 4.8046 -99.00 4.7907

VD 01784 10:00:26.62 +02:12:6.0 cos0 4.5273 -99.00 4.5149
VD 16760 10:00:17.80 +02:22:46.8 cos0 4.7984 4.7885 4.7904
VD 18412 10:00:23.13 +02:24:2.3 cos0 4.5139 4.5139 4.5104
VD 20189 10:00:27.15 +02:25:19.5 cos0 4.6494 -99.00 4.6363
VD 21605 10:00:32.17 +02:26:29.7 cos0 4.6896 4.6797 4.6816
VD 06013 03:32:39.77 -27:51:14.9 gs-30 4.4114 -99.00 4.3995
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Table 5.5: List of the Lyα emitters.

Source ID RA DEC Mask Spec-z Spec-z Spec-z
(Ly-α) (Metal Absorption) (Systemic)

LAE065042 12277 12:36:35.52 +62:13:12.9 hdf11a 4.087 -99.00 4.0814
LAE042807 12621 12:36:36.45 +62:07:24.8 hdf11b 4.142 -99.00 4.1364
LAE072712 16378 12:36:46.38 +62:15:13.4 hdf11b 4.064 -99.00 4.0584
LAE090482 16247 12:36:46.04 +62:19:57.1 hdf11b 4.073 -99.00 4.0674
LAE042807 12621 12:36:36.45 +62:07:24.8 hdf11c 4.142 -99.00 4.1364

LAE077759 12:35:53.38 +62:16:31.8 hdf11c 4.024 -99.00 4.0184
LAE077759 12:35:53.38 +62:16:31.8 hdf11d 4.027 -99.00 4.0214

N8bb-44-27108 09:58:31.94 +01:49:20.2 hzc-1 5.680 -99.00 5.6743
N8bb-40-15090 10:01:7.37 +01:52:22.8 zd-1 5.670 -99.00 5.6643
N7ib-64-20263 10:00:55.43 +02:13:9.2 CSN2 4.873 -99.00 4.8673
N8ib-65-12966 10:00:48.77 +02:13:40.2 CSN2 5.710 -99.00 5.7042

N8jp-65-54 10:00:33.02 +02:15:34.9 CSN2 5.676 -99.00 5.6703
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Chapter 6

Conclusions

Summary

• We select relatively quiescent galaxy candidates based on their observed near in-

frared colors in the HST/WFC3 filters using the age dependent Balmer break in post-

starburst systems to develop the BBG selection criteria. We identify 16 candidates in

the GOODS-S Deep area at z ∼ 3− 4.

• The nebular emission lines play a significant role in estimating the SED inferred

parameters of the BBG candidates as they could alter mass and age measurements of

the potential candidates.

• There is an overlap between the BBG selection and an LBG selection in the same

redshift range of study. The BBG sample which is also selected as an LBG happens

to have very high SED inferred star formation rates. Also we see that the BBG

selection is picking a more massive and more evolved population compared to the

LBG selection.

• The most massive (M? > 1010M�) BBG selected candidates have observed number

densities of 3.2× 10−5 Mpc−3 (2.5× 10−5 Mpc−3 for the MIPS non-detected sample)

and observed mass densities of 2.0× 106M�/Mpc3 (106M�/Mpc3 for the MIPS non-
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detected sample) at z ∼ 3−4. The massive quiescent candidates are less than 10% as

numerous as star forming galaxies at similar redshifts and could contribute as much

as 10%-40% to the mass budget of the Universe at the redshift of the survey.

• The BBG candidates have estimated average ages of ∼ 800 Myr. These systems must

have had a passive evolution after the initial burst of star formation, which would

indicate a high redshift of formation for these systems. The quiescent massive BBG

candidates at z ∼ 3 − 4 could be the descendants of the very highly star forming

galaxies found at higher redshifts.

• We spectroscopically confirm a sample of old and massive systems at z ∼> 3 (identified

through the BBG selection) using deep observations with the Keck/DEIMOS optical

spectrograph.

• The BBGs individual spectra on average have very few emission lines and are usually

characterized by metal low and high ionization absorption features compared to the

individual LBG star forming spectra.

• The stacked BBG spectra have metal absorption features with relatively higher equiv-

alent widths compared to the star forming LBG selected galaxies.

• The low and high ionization absorption features have blueshifted velocity offsets in

the stacked LBG and are relatively at rest (with respect to systemic) in the stacked

BBG signifying the role of outflows.

• We use GALFIT to measure the physical size of the old and massive galaxies by fitting

single Sersic functions to the light profile of these systems.

• We study the mass-size relation for BBGs and compare that with the star forming

LBG selected systems. We conclude that the size dependence on mass is much steeper

for BBGs than that of the star forming systems. We also claim that this relation is

steeper than that of the quiescent galaxies at lower redshifts.
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• We look at the size evolution of the BBGs as a function of redshift. We see that

for these systems the physical size of the galaxy gets smaller with redshift as Re ∝

(1 + z)−1.48. Comparing this with size measurements of star forming galaxies we find

that the quiescent galaxies are 2-3 times smaller on average than the star forming

galaxies at the same redshifts.

Future Works

In this final section I will outline a few important (mostly still open) questions that I wish

to explore in my future research and discuss the approach that I intend to take to answer

it.

• In this study we focused on the identification of the old and massive systems in the

GOODS-S field. This was mainly to take full advantage of the deepest near infrared

observations available. Although this enabled us to study the properties of these

systems in detail, it limited the number of sources that we could study dictated

by the small area of the field. I propose to extend this study to all the rest of

the CANDELS fields allowing for inherent biases present in sample selection. This

provides a statistically large sample of old and massive galaxies at high redshift. I

will use this to study the space density and luminosity function of these galaxies

at z ∼ 4. Fitting the observed SEDs of the BBGs with model templates, I will

compute their stellar mass and will use that to construct the mass function. I will

measure the total mass density of high redshift passively evolving galaxies from the

estimated mass function. Comparing the luminosity and mass functions of the BBGs

with those from the star-forming Lyman Break Galaxies (LBGs) and Lyman Alpha

Emitters (LAEs) provides clues towards understanding the nature of these different

populations of galaxies and in particular the contribution of each population to the

total mass budget of the universe at high redshifts.
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• As I discussed in Chapter 2, there seems to be a growing evidence of the presence of

massive and old galaxies at even higher redshifts. I will extend the current massive

and old galaxy selection technique, to higher redshifts (z > 6) using the now available

very deep data in the near and mid-infrared (WFC3 and deep IRAC SEDS). The aim

here is to estimate the contribution from this population to the high redshift galaxies

and extend the study of the evolution of their LF and MF to z ∼ 7. The expectation is

that at the highest redshifts, we find the youngest and the most star-forming galaxies.

The presence of an old population, not detected through conventional techniques, at

high redshifts can raise several questions in terms of our understanding of the process

of galaxy evolution at the cosmic dawn (as discussed in Chapter 2).

• The massive and old BBGs currently lack near infrared (restframe optical) spectro-

scopic observations and as discussed in Chapter 4, this did not allow us to determine

the systemic redshifts of these systems through observations of the nebular emission

lines. I plan to carry out near-IR spectroscopic observations of the passively evolv-

ing galaxies observed with DEIMOS using near-IR spectrograph (Keck MOSFIRE).

Studying the spectra of these galaxies at redder bands (rest-frame optical) brings a

unique opportunity to explore the stellar population and physical conditions in these

systems. More specifically I will be modeling the nebular emission lines and their

contribution to the photometric data in galaxies and their effect on the estimated

parameters (stellar mass, extinction etc). In particular comparing the UV star for-

mation rate indicators with that of nebular emission lines gives insight into the star

formation history of these galaxies at high redshifts.

• I plan to study and compare the different selection techniques used to identify the star-

forming and passive galaxies at high redshift. One of the questions that I am seeking

to answer is the difference between the BBG selection and old and massive candidates

selected from other methods (such as the BzK). Equally interesting is the comparison

of the different populations of star-forming galaxies identified by the dropout Lyman
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Break techniques and the narrow band selections of Lyman Alpha Emitters. With the

availability of multi wavelength photometry of high redshift galaxies, one can also use

the full SED of galaxies to select the high redshift candidates (the so called photometric

redshift selection). I plan to understand the differences (and similarities) of these high

redshift galaxy selections using deep photometry and spectroscopy available for the

populations.
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Quadri, R. F., Kriek, M., Lee, K.-S., Rudnick, G., Franx, M., Illingworth, G. D., and
Wake, D.: 2010, ApJ 725, 1277

Martig, M., Bournaud, F., Teyssier, R., and Dekel, A.: 2009, ApJ 707, 250

Mo, H. J. and White, S. D. M.: 2002, MNRAS 336, 112

Mobasher, B., Dickinson, M., Ferguson, H. C., Giavalisco, M., Wiklind, T., Stark, D., Ellis,
R. S., Fall, S. M., Grogin, N. A., Moustakas, L. A., Panagia, N., Sosey, M., Stiavelli, M.,
Bergeron, E., Casertano, S., Ingraham, P., Koekemoer, A., Labbé, I., Livio, M., Rodgers,
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