
Copyright

by

Amanda Elaine Bauer

2008



The Dissertation Committee for Amanda Elaine Bauer
certifies that this is the approved version of the following dissertation:

Star-Forming Galaxies Growing Up Over the Last Ten

Billion Years

Committee:

Gary J. Hill, Supervisor

Karl Gebhardt, Supervisor

Neal Evans

John Kormendy

Ralf Bender

Niv Drory



Star-Forming Galaxies Growing Up Over the Last Ten

Billion Years

by

Amanda Elaine Bauer, B.S.; M.A.

DISSERTATION

Presented to the Faculty of the Graduate School of

The University of Texas at Austin

in Partial Fulfillment

of the Requirements

for the Degree of

DOCTOR OF PHILOSOPHY

THE UNIVERSITY OF TEXAS AT AUSTIN

August 2008



To my mother,

for her endless encouragement, enthusiasm, and total support.



Acknowledgments

It returns to the fact that I’m mad at the stars, for being so far away

that I cannot fly a spaceship to them and search for their planets... one. by.

one. The next best thing I can imagine being happy doing, is learning all

about the Universe and its workings, and sharing my continuing fascination

with others. Long before humans comprehended the distances to neighboring

stars, or hypothesized as to the vast extent of the physical universe, we admired

the simple beauty of twinkling sparkles across the sky, that united us in our

circadian rhythms. I seek to understand the rhythms of the galaxies in our

Universe.

Studying the Universe requires the support of many fellow human be-

ings who I’d like to acknowledge. I thank Nairn Baliber for his amazingly

immediate digital attention and support. I thank Shay Strong for reaching

the highest level of officemate awesomeness! Hopefully one day we will sit in

the sun together and laugh happily about these final busy and bitter days!

I thank Marcel Bergmann for allowing me the opportunity to see our planet

from his picturesque perspective. I thank Tom for being such a cool cat, and

for developing the tomarita. I thank Sara and Tara for being there at every

turn. I thank my lil sistah Cori-sa for her trusting warmth. I thank my big

sistah Lara for her proud foundation. I thank my mother for everything and

v



dedicate this entire beast to her. I thank my entire extended family (on *all*

sides), for their interest, response, and support. I thank Katie for her conta-

giously energizing laugh and Garret and Rob for making her (and me) laugh.

I thank Chere for her therapeutic art parties. I thank Cindy and Jeff Cook

for their retrospective perspective. I thank the competing yet complementary

effects of caffeine and alcohol.

I thank Michael Sitko for offering me the summer research position

that convinced me to switch my undergraduate major to physics. I thank

Janet Conrad for providing an early and unexpected opportunity that created

momentum. I thank Margaret Hanson for inspiring me with her wisdom,

motivating me with her confident curiosity and happiness, introducing the

possibility of graduate school, and mentoring me into an achievable challenge. I

especially thank Niv Drory for his patient encouragement and powerful insight.

I simply would not have survived this adventure without his support. I thank

everyone at the McDonald Observatory, especially DDD for his invaluable

experience and endless music collection. I thank the Astronomy Department

staff for dealing with the details of all the details of graduate school.

With the knowledge and perspective I’ve gained during my study of the

Universe, I will seek the opportunity to excite others about their natural sur-

roundings by educating and (hopefully) inspiring with experience and courage.

The Universe and its strange workings can feel daunting, intimidating and be-

littling; from the conscious emotional responsibility of caring for and remaining

empathetic of each other, to the complexity of the invisible workings of dark

vi



energy (if it exists). My peace comes from *learning* about the chaos and the

patterns, and observing the intrinsic amusements of living on the surface of

the Earth. Curiosity provides a humility that transcends the finiteness of our

allotted time, and cradles our consciously contentious existence.

vii



Star-Forming Galaxies Growing Up Over the Last Ten

Billion Years

Publication No.

Amanda Elaine Bauer, Ph.D.

The University of Texas at Austin, 2008

Supervisors: Gary J. Hill
Karl Gebhardt

The work presented in this thesis investigates the evolution of star-

forming galaxies over the last ten billion years. This time period encompasses

nearly three-fourths of the age of the Universe, when a substantial fraction

of the total stellar mass forms, and the sites of active star formation shift to

lower-mass galaxies. The first study presented here combines galaxies from

the spectroscopic datasets of the FORS Deep Field and the MUNICS Survey

and provides the first significant investigation of the specific star formation

rate (SSFR; star formation rate [SFR] per unit stellar mass) over a wide range

of stellar masses and redshifts (reaching redshift z = 1.5). From [OII]-derived

SFRs, we find that low-mass galaxies have higher SSFRs all the way to z = 1.5,

implying that star formation contributes progressively more to the growth of

stellar mass in low-mass galaxies than in high-mass galaxies.
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In the follow-up to this study, we combine several near-infrared-selected

samples to create one of the largest collections of galaxies with spectroscopic

redshifts and morphologies from Hubble Space Telescope images, to character-

ize the stellar mass build up in galaxies since z = 1.6. The primary data comes

from the FORS Deep Field, the MUNICS Survey, the GOODS-South field as

observed by the K20 survey and ESO, and the Sloan Digital Sky Survey as a

local comparison sample. After bringing together extensive photometric and

spectroscopic data sets from several publicly available surveys, we use identical

methods to derive physical properties and investigate how galaxy populations

evolve with time. Galaxy properties include stellar masses derived from mul-

tiwavelength photometry, star formation rates calculated from [OII]λ3726Å

emission lines, metallicity, color, and SSFRs. We find that the reddest, yet

actively star-forming, disk-dominated galaxy population present at z ∼ 1.3,

decreases in number by z ∼ 0.3 during the same timeframe when the bluest

quiescent, disk-dominated galaxy population increases in number. We con-

firm the previously identified morphological separation in the SSFR versus M∗

plane found for local samples and for galaxies at z = 0.7: bulge-dominated

galaxies are more massive and have lower SSFRs. We extend this relation for

the first time to z = 1.6, showing that galaxies with high SSFRs and disk-

dominated structures tend to shift to lower masses as redshift decreases. We

identify an observed upper envelop in SSFR that lies roughly parallel to lines

of constant SFR, decreases with time, and is unaffected by incompleteness

among the samples. We apply common star formation histories (constant, ex-
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ponential, and power law) to understand the evolving populations we see, but

cannot simultaneously reproduce low-mass galaxies with high SSFRs and high-

mass galaxies with low SSFRs at all redshifts and over our full mass range.

Current semi-analytic models attempt to understand the mass at which galax-

ies stop forming stars through connections to Active Galactic Nuclei feedback,

gas consumption, declining galaxy merger rates and/or changes in the incom-

ing cold gas supply, but none can explain the gradual and constant decline

of star formation consistent among all galaxies below this mass. We suggest

a possible resolution where star formation histories of galaxies are dependent

on morphology, in addition to the growing evidence for lower mass galaxies to

begin forming stars at later times, and with lower initial SFRs than the initial

SFRs experienced at earlier times by higher mass galaxies.
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Chapter 1

Introduction

Since the invention of the modern telescope, common night sky admir-

ers and astronomers alike have attempted to understand the vast diversity

among the millions of sparkling beacons in the sky. Human beings consid-

ered the possibility of distant “island universes” for several centuries, but

proof of the existence of luminous objects beyond the boundaries of our own

Milky Way Galaxy was not presented until 1925 when Edwin Hubble discov-

ered cepheid variable stars at extragalactic distances in the galaxy, NGC 6822

(Hubble 1925). After many centuries of mystery and speculation, technolog-

ical advances and digital computing capabilities over the last several decades

have drastically aided to increase our understanding of galaxy formation and

evolution. Perhaps the most fundamental issue in current cosmology, and the

most active focus of present day research, is to understand the history of star

formation and the build up of stellar mass in individual galaxies.

1.1 Stuck in Time

A major challenge toward understanding how galaxies evolve remains

constant: we cannot follow the maturing of individual galaxies over significant
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periods of time1. As a surrogate to watching galaxies evolve, we would like

to identify all the stars inside individual galaxies to catalogue their locations,

ages, and chemical content, in order to determine the beginning and time-scales

of the main star formation epochs. This difficult endeavor remains nearly

impossible for even the most nearby galaxies with the limitations in resolving

power and sensitivity of currently available instrumentation and telescopes.

Instead, we collect single snapshots of many galaxies at different epochs

of formation and try to understand statistically how different galaxy popula-

tions might evolve. The challenge remains to determine which galaxies among

the distant populations are the progenitors of the distinct populations we see

in the local universe. Since different wavelengths sample different stellar popu-

lations, the selection band of galaxy surveys is important. At red wavelengths,

old, long-lived stars dominate a galaxy’s light and thus reflect a stable measure

of the total mass locked up in stars (Rix and Rieke 1993). On the other hand,

blue wavelengths are dominated by young stars and depend more strongly on

the fluctuating level of star formation activity.

1.2 The Cosmic Star Formation History

Increasing computing power, growing telescopic collecting area and im-

proving photon detector devices progressed our understanding of galaxy for-

mation and evolution in turn. The first generation of wide-field 4-m telescopes

1I opted to end my graduate studies after 6 years and not continue for several million!
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and charge-coupled devices (CCDs) extended the range of galaxy photometry

by several magnitudes (Koo and Kron 1992). The resulting galaxy surveys

extended the previously suspected problem of faint blue galaxies (Broadhurst

et al. 1988): there are more blue galaxies at magnitudes fainter than about

B = 22 than non-evolving galaxy models suggest (e.g. Tinsley 1972). As sum-

marized in reviews by Koo and Kron (1992) and Ellis (1997), the resolution of

the faint blue galaxy problem arose from the idea that galaxies evolved over

time.

By the 1990’s, researchers recognized the need to create modern cata-

logues with large numbers of galaxies, in order to overcome the lack of signif-

icant numbers of known galaxies at various redshifts. Several large programs

set forth with the goal of obtaining observations of large sets of galaxies to faint

magnitudes. The Canada-France Redshift Survey (CFRS, Lilly et al. 1995; Le

Fèvre et al. 2000) consists of nearly 1000 sources: ten times more objects than

any previously published survey at the depth of 17.5 < IAB < 22.5. Deep

imaging from the Hubble Space Telescope produced the Hubble Deep Field

(HDF, Williams et al. 1996) resulted in a catalogue containing 1,500 galaxies,

which were confirmed spectroscopically by Steidel et al. (1996a) and Cohen

et al. (1996).

Results from these early survey programs produced the first studies of

the luminosity evolution of star-forming galaxies and led to the first observa-

tional constraints of the global star formation rate to z ∼ 5. A successful and

succinct description of the star formation rate density evolution of the universe

3



Figure 1.1 Star formation rate density versus redshift for the CFRS Survey
and HDF galaxies from Madau et al. (1996, Figure 9).
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resulting from these surveys is embodied in the so-called Lilly-Madau diagram

(Lilly et al. 1996; Madau et al. 1996). This plot shows the star formation

rate (SFR) per unit co-moving volume of the Universe as a function of red-

shift, or lookback time. There were only seven data points in the original plot,

shown in Figure 1.1. The high redshift points come from the work of Steidel

et al. (1996b) and collaborators who used multiple broad-band filters to detect

Lyman break galaxies (LBGs), revealing star-forming galaxies around z ∼ 3.

These galaxies showed the first evidence for the existence of high-mass galaxies

harboring vigorous star formation when the age of the Universe was 15% of

its current value. The original Lilly-Madau diagram showed that over the last

8 Gyr, the Universe experienced an order of magnitude decrease in the rate at

which stars formed. Stellar production possibly peaked somewhere between

1 < z < 2 and decreased again in an uncertain manner until at least z ∼ 5,

which was consistent with the interpretation based on the global production

of metals (e.g. Pei and Fall 1995).

The increase in SFR density to z = 1 has now been confirmed by many

independent studies (e.g., Rowan-Robinson et al. 1997; Hogg et al. 1998; Flo-

res et al. 1999; Haarsma et al. 2000; Pérez-González et al. 2005a; Baldry et al.

2005), culminating in extensive compilations by Hopkins (2004) and Hopkins

and Beacom (2006). Figure 1.2 shows an updated version of the Lilly-Madau

diagram from Hopkins and Beacom (2006), which reveals star formation his-

tories (SFHs) derived from optical (SDSS, COMBO-17), ultraviolet (GALEX,

HST), and infrared (Spitzer) wavelengths. The updated picture is clearer for
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z < 1 where there is only a factor of 2 scatter among SFR estimates from differ-

ent surveys normalized to the same cosmology and Salpeter initial mass func-

tion (IMF). Several populations of high redshift galaxies have been detected

using various selection techniques and wavelength ranges (e.g. Lyman-alpha

emitters (LAE), submillimeter galaxies (SMG), LRG). Figure 1.2 shows SFRs

from far-IR, submillimeter, optical emission lines and UV emission agreeing

to within a factor of 5 up to z = 6, but it is uncertain how these high redshift

populations relate to each other or represent analogs to local galaxy popula-

tions. These uncertainties led to the necessity for a more unified approach for

studying star-forming galaxies at high redshifts.

The small scatter in the evolution of the star formation rate density is

not only intriguing because of the different high redshift populations sampled,

but also because many different regions of the electromagnetic spectrum are

used as tracers of star formation activity within galaxies (see Kennicutt 1998;

Condon et al. 2002, for reviews). Young stars are the dominant source of

ultraviolet light in galaxies, so the SFR scales linearly with UV luminosity

(1250 - 2800Å). Calibrations for converting between UV flux and SFR that

have been published and most widely used include Buat et al. (1989), Madau

et al. (1998), and Kennicutt (1998). The benefit of this SFR calibrator is that

the UV light is produced directly by young stars (< 108 yr), but this method

is sensitive to the choice of initial mass function (IMF), and more importantly,

to the uncertain amount of dust in galaxies that efficiently absorbs UV light.

Optical spectra of galaxies often show nebular emission line features

6



Figure 1.2 Star formation rate density versus redshift compilation from Hop-
kins and Beacom (2006, Figure 2), who combine SFR tracers across the elec-
tromagnetic spectrum and normalize them all to the same cosmology and
Salpeter IMF. Stellar production peaked between 1 < z < 3 then steadily de-
creased since z = 1. Data from the far-IR (24 µm) come from Pérez-González
et al. (2005a) as green triangles and Le Floc’h et al. (2005) as the hatched
region. The blue squares are UV data from (Wolf et al. 2003; Baldry et al.
2005; Arnouts et al. 2005; Bouwens et al. 2005). The filled red circle is the Hα
measurement from Hanish et al. (2006). The gray points are from the Hopkins
(2004) calibration and include SFRs from several wavelengths including UV,
[OII] emission, Hα, Hβ, X-ray, far-IR, submillimeter and radio.
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linked to star formation activity because the young, short-lived, massive stars

(M > 10 M�) contribute significantly to the ionizing flux (Kennicutt 1998;

Moustakas et al. 2006). The massive stars ionize the gas in the surrounding

HII regions, and are reprocessed as emission lines that serve as an important

cooling mechanism for the HII regions. The recombination line, Hαλ6563Å,

provides a nearly instantaneous measure of SFR, independent of star forma-

tion history. The star formation rate density of the local universe has been

studied through the luminosity density in the Hα line (e.g. Gallego et al. 1995),

however, at z > 0.4, the Hα emission line leaves the optical window and is

difficult to measure.

The [OII]λλ3726, 3729Å is the next strongest optical emission line and

has the great advantage that it can be measured with optical spectra until

z < 1.6, where the SFR density is thought to be changing rapidly. The [OII]

line is a less reliable tracer of the SFR since its line luminosity is more affected

by dust obscuration, but it has been empirically calibrated as a SFR tracer

(Gallagher et al. 1989; Kennicutt 1998; Kewley et al. 2004) and found to be

consistent within a factor of 3 (Hopkins 2004). Challenges in using emission

lines to trace the SFR are sensitivities to the ionizing continuum and extinction

from dust. Throughout the studies presented in this work, the [OII] luminosity

is used to trace star formation over the last ten billion years.

The use of infrared light as a SFR tracer relies on the assumption

that dust efficiently absorbs UV light from newly formed stars and reradiates

that light in the infrared from 8− 1000µm (Kennicutt 1998; Chary and Elbaz

8



2001; Dale and Helou 2002). Recently, many studies have utilized the IR SFR

tracer due the data collected by the successful Spitzer Space Telescope (Werner

et al. 2004), but can only use observations from one mid-IR wavelength to

infer total infrared luminosities, introducing a scatter of 0.15-0.3 dex (Chary

and Elbaz 2001; Papovich and Bell 2002; Zheng et al. 2007). The advantage

of this SFR tracer is the ability to see galaxies that are “invisible” in the

ultraviolet due to dust extinction. Uncertainties arise because other sources of

energy can contribute to dust heating, such as old long-lived stars and active

galactic nuclei (AGN) (Daddi et al. 2007). Emission from polycyclic aromatic

hydrocarbons (PAHs) can boost emission at various mid-IR wavelengths, and

not all UV photons emitted by young stars are absorbed by dust (Reddy et al.

2006). For these reasons, when possible, many studies attempt to combine

the observed UV light that originates directly from young stars and the dust-

reprocessed IR emission of the sample galaxies to determine SFRs (Bell et al.

2005a, 2007; Daddi et al. 2007; Pérez-González et al. 2008), especially for high

redshift samples. Uncertainties using this method remains at a factor of 2.

1.3 Stellar Mass Build-up

The early studies of the global SFR promoted the era of large galaxy

survey endeavors. The selection band of galaxy surveys is important since

different wavelengths sample different stellar populations. Near-IR light from

galaxies is dominated by old, long-lived stars, so selection of galaxies from

near-IR light, such as the K-band (2.2µm), results in affectively choosing

9



Figure 1.3 Restframe OII equivalent width vs. rest absolute K magnitude
Cowie et al. (1996, Figure 10) showing that the most actively star-forming
galaxies at low-redshift are fainter than the most actively star-forming galaxies
at high redshift.

galaxies by stellar mass since the light is only weakly influenced by transient

star-forming activity (Rix and Rieke 1993; Kauffmann and Charlot 1998).

Cowie et al. (1996) utilized this information to try to identify distinct

galaxy populations that decreased their star formation activity since z = 1

and caused the drop in SFR density. Figure 1.3 shows their results from using

restframe absolute K magnitudes as a surrogate for stellar mass, and [OII]

10



equivalent widths to identify vigorously star-forming galaxies. They found

that the most actively star-forming galaxies (EW[OII] > 25Å) at low redshift

have fainter absolute K magnitudes (lower stellar masses) than the most ac-

tively star-forming galaxies at z ∼ 1. Cowie et al. (1996) coined the term

“downsizing” to describe this phenomenon and supporting observational evi-

dence continues to grow (Brinchmann and Ellis 2000; Glazebrook et al. 2004;

Heavens et al. 2004; Bauer et al. 2005; Juneau et al. 2005; Bell et al. 2005b;

Pérez-González et al. 2005a; Caputi et al. 2006; Bundy et al. 2006; Noeske

et al. 2007a; Tresse et al. 2007; Zamojski et al. 2007; Pérez-González et al.

2008).

Brinchmann and Ellis (2000) introduced a method of determining stel-

lar masses directly by combining multiband optical to near-IR photometry.

They fit a grid of stellar population models, that vary in dust content, metal-

licity and age, to their photometry, to determine a mass-to-light ratio in the

restframe K-band. The broadband color method of determining stellar masses

is used throughout the studies presented here and provides the closest direct

measurement of galaxy mass at high redshifts where dynamical information is

not available (Drory et al. 2004b).

Figure 1.4 shows the stellar mass function in seven redshift bins from

0.25 < z < 5 from Drory et al. (2005). Massive galaxies (M∗ > 1011M�) exist

in Figure 1.4 at z > 2 when the universe was just 3 Gyr old. The emergent

picture of the last several years is that the most massive galaxies formed stars

very quickly, at very early times (z > 2), and evolved nearly passively since

11



Figure 1.4 Stellar mass function from 0.25 < z < 5.0 from Drory et al. (2005,
Figure 2) show that massive galaxies (M∗ > 1011M�) exist already at z > 2
when the universe was just three billion years old.

z = 1. The lack of new star formation in the most massive galaxies is consistent

with downsizing and motivates a closer investigation to find which lower mass

populations are involved in the continuing decrease in SFR density since z = 1.

The stellar mass density of the Universe should be conserved or steadily

increase through internal star formation and merging of individual galaxies

over time. The results from summing the objects in the stellar mass function,

or estimating the evolution of the star formation rate density should correctly

predict the evolution of the stellar mass density, so long as samples with suffi-

cient completeness are assembled. A recent compilation of stellar mass density

up to z = 4 is presented in Figure 1.5 which comes from Pérez-González et al.

(2008). These studies show a significant increase in stellar mass density over
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Figure 1.5 Stellar mass density versus redshift from Pérez-González et al.
(2008, Figure 5) showing a 50% increase in stellar mass density from z = 1
to present day. The black points are from their work using IRAC 3.6-4.5 µm
selected galaxies. Other data points come from the work of Salucci and Persic
(1999, SP99), Glazebrook et al. (G04 2004), Cole et al. (2001, C01), Drory
et al. (D04, D05 2004a, 2005), Bell et al. (B03 2003a), Conselice et al. (C05
2005), Brinchmann and Ellis (BE00 2000), Borch et al. (B06 2006), Dickinson
et al. (D03 2003), Rudnick et al. (R06 2006), and Fontana et al. (F06 2006).
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time attributed to star formation and merging of galaxies (Drory et al. 2001a;

Cohen 2002; Fontana et al. 2003; Dickinson et al. 2003; Rudnick et al. 2003;

Drory et al. 2004a; Glazebrook et al. 2004; Rudnick et al. 2006; Borch et al.

2006; Pérez-González et al. 2008). A general consensus from observations

shows that at z ∼ 3, the universe only had 3-10% of the stellar mass density it

has today (Dickinson et al. 2003; Rudnick et al. 2003). By z = 2, 25% of the

local stellar mass density was in place, growing to 50% by z = 1 (Cole et al.

2001; Drory et al. 2005; Pérez-González et al. 2008).

Half of all the stars in the local universe were created in the second half

of the age of the universe (Figure 1.5), during the period when the global SFR

decreased by almost an order of magnitude (Figure 1.2) and the most massive

galaxies largely finished forming stars. The question arises as to which galaxies

were declining in their SFRs and which were growing in stellar mass?

Brinchmann and Ellis (2000) were able to look at the stellar mass den-

sity as a function of redshift and morphological type, as shown in Figure 1.6.

They used an incomplete sample, but found that the total stellar mass den-

sity of massive galaxies remains constant over the interval 0.2 < z < 1 for the

mass range 1010.5 < M∗ < 1011.6M�. They attribute this to the early formation

of the stellar content of these massive galaxies and attempted to distinguish

evolution of distinct morphological populations. Using HST imaging, Brinch-

mann and Ellis (2000) partitioned galaxies by morphology and found a decline

in stellar mass density for morphologically peculiar systems since z = 1, ac-

companied by a slight increase among spheroidal systems. As Brinchmann
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Figure 1.6 Stellar mass density versus redshift from Brinchmann and Ellis
(2000, Figure 2) for galaxies within the mass range 1010.5 < M∗ < 1011.6M�.
Early morphology evolution showed peculiar galaxies decreasing in mass den-
sity since z = 1 while the mass density of ellipticals and spirals increased.
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and Ellis (2000) suggest, the rise in the number of elliptical systems likely

results from peculiars and spirals transforming into early-type galaxies with

time. Bundy et al. (2005b) were able to extend this study with a larger sam-

ple size, focusing on massive galaxies complete for M∗ > 1011.0M�, and found

similar results.

As sample sizes grow larger and expand in redshift, the inclusion of

reliable morphological classifications becomes a more difficult task. Several

authors use optical restframe colors as a surrogate for morphology, equating

blue galaxies to disk-dominated objects and red colors to bulge-dominated

systems (Lin et al. 1999; Im et al. 2002; Bell et al. 2004; Baldry et al. 2004).

Faber et al. (2007) find that stellar mass densities of blue galaxies have been

essentially constant since z = 1, whereas those of red galaxies have been

significantly rising. If stellar mass density in disk-dominated, blue galaxies

is not growing at z < 1, while spheroidal, red galaxies are growing in stellar

mass density by a factor of two (Bell et al. 2004; Brown et al. 2007; Faber

et al. 2007; Bell et al. 2007), where are the stars forming? Does the process

that shuts down star formation also convert blue (late-type) galaxies into red

(early-type) galaxies? Is there enough time for this process to be efficient?

Observations currently disagree on these points and remain difficult to

compare directly since different observables are used. Poggianti et al. (2006)

deduce that evolution from z = 0.6 to today is driven by late-type galaxies

evolving to S0 galaxies. Tresse et al. (2007) find that intermediate luminosity

galaxies continue to form stars until z < 0.2, implying too short a time period
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for blue galaxies to quickly cease forming stars and join the red sequence.

We attempt to disentangle this complicated picture of stellar mass as-

sembly history by identifying star-forming galaxies from several public surveys

selected in near-IR bands. Since massive, red, bulge-dominated galaxies evolve

passively since z = 1, we focus our study on star-forming galaxies. Using

spectroscopic redshifts, we use identical methods for all surveys to determine

internal physical quantities and analyze their mass-dependent evolution since

z = 1.6.

1.4 Star-Forming Galaxies Growing Up

The outline of the thesis is as follows. Chapter 2 describes our initial

investigation of star-forming galaxies among the MUNICS and FORS Deep

Field surveys. This work was published as Bauer et al. (2005) and led to the

investigation of the star-forming properties of galaxies in several more surveys.

Chapter 3 presents the expanded study of the mass assembly history of the

universe via star formation in galaxies up to z = 1.6. We combined five publicly

available surveys that contain multiwavelength photometry, spectroscopy, and

Hubble Space Telescope imaging to derive stellar masses, [OII]-derived SFRs,

metallicities and morphologies using identical techniques. A brief epilogue

provides the context for how this work fits into the general understanding of

galaxy formation and evolution and presents the questions still remaining in

the field that the continuation of this work will attempt to resolve.
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Chapter 2

Specific Star Formation Rates

We present a study1 to determine how star formation contributes to

galaxy growth since z = 1.5 over five decades in galaxy stellar mass. We in-

vestigate the specific star formation rate (SSFR; star formation rate [SFR] per

unit galaxy stellar mass) as a function of galaxy stellar mass and redshift. A

sample of 175 K-band selected galaxies from the MUnich Near-Infrared Clus-

ter Survey spectroscopic dataset provide intermediate to high mass galaxies

(mostly M∗ ≥ 1010M�) to z = 1. The FORS Deep Field provides 168 low

mass galaxies (mostly M∗ ≤ 1010M�) to z = 1.5. We use a Sloan Digital Sky

Survey galaxy sample to test the compatibility of our results with data drawn

from a larger volume. We find that at all redshifts, the SSFR decreases with

increasing galaxy stellar mass suggesting that star formation contributes more

to the growth of low mass galaxies than to the growth of high mass galaxies,

and that high mass galaxies formed the bulk of their stellar content before

z = 1. At each epoch we find a ridge in SSFR versus stellar mass that is par-

allel to lines of constant SFR and evolves independently of galaxy stellar mass

to a particular turnover mass. Galaxies above this turnover mass show a sharp

1Much of this chapter was previously published as Bauer et al. (2005)
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decrease in the SFR compared to the average at each epoch and the turnover

mass increases with redshift. The SFR along the SSFR ridge decreases by

roughly a factor of 10, from 10 M�yr−1 at z = 1.5 to 1 M�yr−1 at z = 0.

High mass galaxies could sustain the observed rates of star formation over the

10 Gyr observed, but low mass galaxies likely undergo episodic starbursts.

2.1 Introduction

In an effort to study galaxy assembly, we look at the contribution of

star formation to the growth of stellar mass in galaxies as a function of time.

Several groups have determined stellar masses of galaxies from redshift surveys

with multiwavelength observations in the local universe (2dF, Cole et al. 2001;

SDSS Kauffmann et al. 2003a; SDSS & 2MASS, Bell et al. 2003b; Drory et al.

2004c) and at high redshift (Brinchmann and Ellis 2000; Drory et al. 2001a;

Cohen 2002; Rudnick et al. 2003; Dickinson et al. 2003; Fontana et al. 2004;

Drory et al. 2004a).

Here we investigate the specific star formation rate (SSFR), which mea-

sures the star formation rate (SFR) per unit galaxy stellar mass, to study

explicitly how star formation contributes to galaxy growth for galaxies of dif-

ferent masses at different times in the history of the universe.

The SSFR has been studied at low redshifts (Pérez-González et al.

2003; Brinchmann et al. 2004) and intermediate redshifts (Cowie et al. 1996;

Guzman et al. 1997; Brinchmann and Ellis 2000; Fontana et al. 2003) but no

significant study of SSFR evolution over a wide range of galaxy masses and
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redshift has been undertaken. High mass galaxies at high redshifts are just

now beginning to be studied (Juneau et al. 2005). Cowie et al. (1996) used

rest-frame K-band (2.2µm) luminosities and [OII]λ3727 equivalent widths to

show that galaxies with rapid star formation decrease in K luminosity, and

therefore mass, with decreasing redshift. Brinchmann and Ellis (2000) inferred

stellar masses of galaxies and pointed out a generally increasing SSFR with

redshift and a trend for low mass galaxies to exhibit larger SSFRs.

We combine two complementary redshift surveys to broaden the mass

and redshift range that we can probe. The wide-area, medium deep MUNICS

(Drory et al. 2001b; Feulner et al. 2003) spectroscopic dataset provides inter-

mediate to high mass galaxies typically in the mass range of M∗ ≥ 1010M�.

The FORS Deep Field (Heidt et al. 2003; Noll et al. 2004) covers a small

portion of the sky very deeply, contributing M∗ < 1010 M� galaxies to the

sample.

We discuss the samples used and the methodology for determining SFRs

and galaxy masses in § 2.2. We describe the results of this study, possible

selection effects and complete a comparison to the local universe in § 2.3. In

§ 2.4 we present a discussion of the physical implications of our results as well

as a comparison to the literature.

Throughout this Letter we adopt an ΩM = 0.3, ΩΛ = 0.7, H0 =

72 km s−1Mpc−1 cosmology.
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2.2 Galaxy Data

The MUNICS project is a wide-area, medium-deep, photometric and

spectroscopic survey selected in the K-band and reaching K ∼ 19.5. It covers

nearly one square degree in the K and J bands with follow-up imaging in the

I, R, V, andB bands over 0.5 square degrees (Drory et al. 2001b). Spectroscopy

is complete to K ∼ 17.5 over 0.25 square degrees and reaches K = 19.5 for 100

square arcmins. The spectra cover a wide wavelength range of 4000−8500Å at

13.2Å (FWHM) resolution, sampling galaxies in the redshift range of 0.07 <

z < 1 (Feulner et al. 2003). Our MUNICS sample contains 175 objects, which

are mostly massive (M∗ > 1010M�) field galaxies with detectable [OII]λ3727

emission.

The FORS Deep Field (FDF) spectroscopic survey provides low-resolution

spectra with detectable [OII]λ3727 in the spectral window (3300− 10000Å at

23Å (FWHM) resolution) to z = 1.5 (Noll et al. 2004). The FDF survey is

I-band selected reaching IAB = 26.8 with spectroscopy to IAB = 24. The FDF

covers 7′ x 7′ in eight bands: UBgRIzJK (Heidt et al. 2003). Our FDF sample

includes 168 galaxies with detectable star formation, and masses of mostly

M∗ < 1010M�.

Stellar masses of galaxies are determined, as described in Drory et al.

(2004a), by fitting a grid of composite stellar population models of varying age,

star formation history, and dust extinction to multi-wavelength photometry

to determine mass-to-light (M/L) ratios in the K-band. The total systematic

uncertainty in the M/L ratio is about 25% Drory et al. (2004a).
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Figure 2.1 Distribution of Redshift for MUNICS and FDF samples. The
dashed lines show the redshift distributions of the full spectroscopic samples,
from MUNICS (top) and FDF (bottom). The solid lines show just the star-
forming galaxies used for this study. Except at the lowest redshift, the majority
of galaxies have detectable star formation to the limits of these surveys.
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2.2.1 Spectral Measurement

We have developed a program to automatically measure emission line

fluxes, equivalent widths and continuum breaks from any set of flux calibrated

spectra. When available in the spectral window, the measured features include

[OII]λλ3726, 3729, Hβ, [OIII]λ5007, Hα, the 4000Å Break and the G-band

stellar absorption feature at 4304Å. This program gives us a consistent flux

measurement between the galaxy samples measured in this study.

Figure 2.3 shows a sample output spectrum for a MUNICS galaxy at

z = 0.32. The bottom panel shows the restframe spectrum with vertical green

lines identifying the detectable emission lines. The middle panel looks more

closely at the regions surrounding each individual emission line for visual in-

spection of the continuua selected by the automatic fitting routine. The width

of each panel shows roughly nine resolution elements for this spectrum. The

solid red line represents the continuum fit used for estimating the equivalent

width. The blue and magenta dashed lines show the respective upper and

lower errors in the continuum estimation. The top panels show the spectral

region around the continuum breaks. The break is measured by relating the

average flux in the red band to the average in the blue band.

First each spectrum is shifted to rest-frame wavelengths. To measure

emission lines, a window is set up around the laboratory wavelength of the

emission lines to be measured, chosen to include enough resolution elements

to sufficiently sample continuum on each side of the line. We uniquely define

a resolution element for each set of galaxy spectra. If each side of the mea-
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Figure 2.3 Dust-corrected star formation rates versus redshift for MUNICS
(black squares), FDF (blue triangles), K20 (green diamonds) and ESO (ma-
genta circles). The lines show the 2-σ limiting SFRs as a function of redshift
for each survey. These lines are derived from the [OII] emission line fluxes for
each survey as a function of redshift and have a dust correction applied from
the average AV in redshift bins. The inverted triangles represent galaxies with
no detected star formation for each survey.
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surement window contains observed spectrum, a reasonable line center and

line width are estimated. If the line center is two resolution elements from

the laboratory wavelength, the line is assumed too broad to be detected and

a fit with a forced laboratory wavelength is used. Otherwise, the line center is

adjusted to match the spectrum. An emission feature is measured by fitting

a gaussian line on top of a continuum using a spectral resolution element as

the first guess for the line width. Errors in measurements are determined by

fitting spectral regions multiple times with different continuum estimates.

To each rest-frame emission line region we fit a Gaussian profile plus

a polynomial continuum, using the spectral resolution as a first guess at the

line width. The spectra we currently analyze cannot resolve the 3Å separation

between the [OII]λλ3727 doublet, so we fit a single Gaussian to the line. Errors

in measurements are determined by fitting spectral regions multiple times with

different continuum estimates.

2.3 Specific Star Formation Rates

As an SFR indicator, we use the flux of the [OII]λ3727 emission feature

which remains in the spectral window until z = 1.5. We use the (Kennicutt

1998, Equation 3) conversion from [OII] line luminosity to SFR in units of

solar masses per year.

Figure 2.1 demonstrates the similarity between the redshift distribu-

tions of the full spectroscopic samples (dashed lines) and star forming sub-

samples (solid lines) used in this study from MUNICS (top) and FDF (bot-
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tom). The majority of galaxies in the full samples have detectable star for-

mation and the distributions match very well, indicating little redshift bias in

making this selection of objects. There are fewer star forming galaxies in the

MUNICS sample at the lowest redshifts, with only six low redshift MUNICS

galaxies excluded because of the [OII]λ3727 emission line being blueward of

the spectral coverage. For MUNICS, 52% of the spectroscopic sample shows

star formation.

For the FDF galaxy sample, 75% of all galaxies with z < 1.5 show

detectable star formation via the [OII]λ3727 emission feature. The higher

fraction of star forming galaxies in FDF is understandable since the FDF

spectroscopic absolute magnitude limit is deeper than MUNICS and fainter

galaxies tend to have more star formation (e.g. Kennicutt 1989).

Figure 2.2 also shows the distribution of SFRs seen among the two

samples of galaxies split into redshift bins. SFRs of MUNICS galaxies are

shown in top panel with the dashed histogram representing z < 0.4 and the

solid histogram showing the range of 0.4 < z < 1.0. The bottom panel of

Figure 2.2 shows the FDF SFR distribution with the same redshift bins in

addition to a high redshift bin shown by the dotted histogram for 1.0 < z < 1.5.

The maximum SFR increases with redshift, and is consistent between the two

samples.

Figure 2.4 shows the SSFR versus galaxy stellar mass, as a function

of redshift. A sample of SDSS galaxies is shown in the lowest redshift bin as

crosses and described in detail below. The solid diagonal line in each panel
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indicates a constant SFR = 1 M� yr−1. Lines of constant SFR are parallel

to this line and SFRs increase to the upper right. The vertical dashed line

designates a galaxy with M∗ = 1011 M�. The short vertical dotted line shows

the limiting MUNICS galaxy stellar mass for each redshift bin. The diagonal

dotted and dashed lines show limits for detectable SSFR for MUNICS and

FDF, respectively, derived from their spectroscopic sensitivity limits.

Several features are evident at each epoch in this plot. Low to inter-

mediate mass galaxies form a “ridge” of SSFR that lies parallel to the solid

diagonal line of constant SFR. The ridge remains as mass increases until, at

some high mass, there appears to be a turnover mass, above which the SSFR

decreases. This turnover mass increases with redshift accompanied by higher

mass galaxies showing higher SSFRs at earlier times. This behavior has been

termed “downsizing” by Cowie et al. (1996).

There exists a general correlation between SSFR and mass at low red-

shift (e.g. Brinchmann and Ellis 2000; Brinchmann et al. 2004. We show

evidence here for a ridge in SSFR that evolves with redshift independent of

galaxy stellar mass for the full range of M∗ = 107 − 1011M�. The average

SSFR at a given mass on the ridge decreases from z = 1.5 to z = 0 so that the

average SSFR for a low mass galaxy at z = 1.5 is roughly 1 dex higher than

the average SSFR of a low mass galaxy at z = 0.25. Galaxies with SFR< 1

M�yr−1, below the SSFR ridge, are increasingly too faint to detect as redshift

increases, as shown by the diagonal dashed line in Figure 2.4. The region

below the SSFR ridge of galaxies in Figure 2.4 could also be populated by
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galaxies that are not forming stars at the time of observation. Galaxies of

M∗ > 1011M� exist at low SSFR, showing that they form fewer stars com-

pared to the lower mass galaxies. The turnover mass refers to the mass at

which the SSFR noticeably decreases from the ridge. We note that, while

detecting the lowest values of SFR is affected by incompleteness, more than

50% of the galaxies have detectable star formation and the upper bound of

the SSFR ridge has no selection effects.

We make no corrections for extinction to the emission line fluxes in the

present study for multiple reasons. We only measure Hα for those galaxies

at z < 0.3, and can only measure a Balmer decrement at low redshift. In

addition, we only have Hβ line flux measurements for 10% of the galaxies.

For those galaxies with measurements of both Hα and Hβ we find an average

E(B−V ) = 0.2, assuming a case B recombination. Galaxy samples selected at

mid and far infrared wavelengths would likely yield some starbursting galaxies

with higher SFRs and would be affected by dust extinction. We feel it would

be irrelevant to apply a flat, generic low redshift correction to all galaxies here,

because while it would increase the global star formation density by 50%, it

would not change the differential star formation effects studied here. If we were

to apply a mass-dependent extinction correction, the slope of the SSFR ridge

would change, but the differential effects with redshift would remain identical.

The trends seen among the FDF and MUNICS galaxy surveys exhibit

similar evolution in their overlapping mass range around M∗ = 1010M� and

are therefore suitable to analyze simultaneously to cover such a large range of
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galaxy stellar mass.

There are few FDF galaxies present in the lowest redshift bin in Fig-

ure 2.4 as anticipated since the FDF covers little volume at low redshift. The

lack of massive galaxies in the z > 1 bins also shows the small volume of the

FDF in addition to the spectroscopic limit for detecting massive galaxies. In

order to verify that the increase in SSFR at higher redshifts is not due to rarer

objects being seen as larger volumes are probed, we investigate the trends in

SSFR from the SDSS. We gathered SDSS galaxies (Abazajian et al. 2004) se-

lected to match the MUNICS magnitude limits from the sample described in

Drory et al. (2004c), who determined galaxy stellar masses following the same

method as the rest of our sample. We used the [OII]λ3727 flux as reported by

SDSS and followed the Kennicutt (1998) conversion to SFR.

We chose a random sample of SDSS galaxies to match the number of

galaxies in the lowest redshift bin from MUNICS and FDF and show them in

Figure 2.4 as crosses. The SSFRs of the SDSS galaxies are consistent with

the MUNICS values in this redshift bin, which we confirmed by repeating the

selection multiple times. Out of the whole SDSS sample, only 1.15% lie above

the 1 M�yr−1 constant SFR line. Hence, if the abundance of galaxies above

this line at high redshift were only due to the larger volume sampled, we would

expect only such a small fraction of objects to lie above this line.
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2.4 Discussion

We present a study of the contribution of star formation to galaxy

growth from z = 1.5 to the present. We investigate the SSFR as a function of

redshift and galaxy stellar mass over five decades in galaxy stellar mass. At all

redshifts, the SSFR decreases as stellar mass increases. This indicates a higher

contribution of star formation to the growth of low mass galaxies since z = 1.5

and suggests that high mass galaxies formed the bulk of their stellar content

earlier than z = 1. The drop in SSFR for high mass (M∗ = 1011M�) galaxies

above the turnover mass for each epoch seen in Figure 2.4 is symptomatic of

higher mass galaxies tending to be the early-type, redder population which

forms few stars after z = 1. This result is compatible with the detection of

massive galaxies at z > 1 (Saracco et al. 2003; Fontana et al. 2004; Glazebrook

et al. 2004) and the mass-dependent SFR from z = 0 to z = 2 suggested by

Heavens et al. (2004).

Figure 2.4 shows evidence of a ridge in SSFR that runs parallel to lines

of constant SFR. The ridge exists for all galaxy stellar masses M∗ = 107−1011

M�and increases uniformly, independent of mass as redshift increases. The

first evidence for such a ridge in SSFR was noted by Brinchmann and Ellis

(2000). Our work moves beyond that study with a mass limited sample at

each redshift bin and a wide range of masses.

The ridge in SSFR shifts downward as redshift decreases indicating a

steady decrease in the global SFR by a factor of 10 from z = 1 to z = 0,

as widely noted in the literature (e.g. Madau et al. 1996; Lilly et al. 1996;
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Hammer et al. 1997; Rowan-Robinson et al. 1997; Flores et al. 1999; Tresse

et al. 2002). Previous studies have not differentiated whether the decline in

the global SFR is experienced by galaxies of all types or specific to a limited

galaxy population. Our study shows a uniform change in SFR independent of

galaxy stellar mass.

Using nearly 105 SDSS galaxies, Brinchmann et al. (2004) study sev-

eral properties of star forming galaxies at z < 0.2. They show the observed

likelihood distribution of SSFR versus stellar mass in their Figure 24 which

demonstrates the existence of a SSFR ridge. This ridge is compatible with the

one shown in this work if identical SFR conversions and extinction corrections

are applied to the [OII]λ3727 emission line flux as shown in the low redshift

panel of Figure 2.4. Our comparison to SDSS galaxies reveals that our findings

are not the result of more extreme galaxies being detected as more volume is

sampled.

Galaxies exist on Figure 2.4 only when the star formation induces de-

tectable amounts of [OII]λ3727 emission. At any epoch a majority of galaxies

(50−75%) show detectable star formation with SFRs lying on the SSFR ridge.

Galaxies with M∗ > 1010M� could sustain the observed SFRs for a doubling

time of order the Hubble time, without moving significantly on Figure 2.4,

but the SFR is observed to decrease over time, presumably because of gas

depletion.

Galaxies with M∗ < 1010M� likely evolve differently. Low mass galaxies

sustaining the observed SFRs would significantly evolve on Figure 2.4 from
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z = 1 to z = 0 so that we would see more intermediate mass galaxies with

SFR > 1 M�yr−1 at z = 0, which is not evident. A galaxy of mass,

M∗ = 109M�, with constant SFR = 1 M�yr−1 has a doubling time of the

stellar population of 109 yr. Such a galaxy, with a typical gas fraction of

order 1 (Bothun 1984; Kannappan 2004), could only sustain this rate of star

formation for a short period of time before the gas supply diminishes (if we

assume no significant gas infall). Therefore, it is likely that these galaxies exist

on Figure 2.4 during periodic starbursts. If gas depletes during each burst then

subsequent bursts would exhibit progressively lower SFRs, consistent with the

observed trend. The duty cycle must be at least 50%, since the majority of

the galaxies have detected star formation.

If there exists a transition mass between the two separate modes of star

formation (sustained or periodic bursts), then the coherence of the trend of

the SSFR ridge decreasing with redshift independent of mass is particularly

interesting.
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Chapter 3

Stellar Mass Assembly via Star Formation

Since redshift 1.6

We present a study to characterize the evolution of star-forming galax-

ies from z = 1.6 to the present. We look at morphology, star formation rate

(SFR), metallicity, color, specific star formation rate (SSFR = SFR / M∗), and

stellar mass to distinguish which internal processes govern mass-dependent

galaxy evolution. Motivated by the previous work, presented in Chapter 2,

we bring together extensive photometric and spectroscopic data sets from sev-

eral publicly-available surveys, and use identical methods to calculate physical

properties for galaxies from each survey. We find that the reddest actively

star-forming, disk-dominated galaxies decrease in number since z ∼ 0.6 dur-

ing the same time-frame when the quiescent, disk-dominated galaxies increase

in number. We show a distinct morphological separation in the SSFR versus

M∗ plane for the first time to redshift z = 1.6, where bulge-dominated galax-

ies are more massive and demonstrate lower SSFRs. Disk-dominated galaxies

with high SSFRs shift to lower masses as redshift decreases, confirming one

aspect of the generalized phenomenon of downsizing. We observe an upper

envelop in SSFR that is independent of stellar mass, lies roughly parallel to

lines of constant SFR, and decreases with time. Common models of star for-
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mation histories (constant, exponential, and power law) cannot simultaneously

reproduce low-mass galaxies with high SSFRs and high-mass galaxies with low

SSFRs at all redshifts. We present a picture of galaxy evolution that corre-

sponds to observed SFRs where lower mass galaxies begin to form stars at

later times with lower initial SFRs than galaxies of similar masses at higher

redshifts.

3.1 Introduction

Stellar mass in galaxies grows through internal star formation and by

the accretion and merging of galaxies. Identifying the varying contributions of

these two processes to the build up of galaxies as a function of mass over the

history of the Universe, is the current focus in the study of galaxy formation

and evolution.

Many recent studies have shown that roughly half of the currently ex-

isting stellar mass was in place by z = 1 (Brinchmann and Ellis 2000; Cole

et al. 2001; Dickinson et al. 2003; Fontana et al. 2003; Drory et al. 2004a, 2005;

Thomas et al. 2005; Borch et al. 2006; Pérez-González et al. 2008), leaving the

other half to be formed over the period z < 1, spanning roughly half the age of

the universe. During this latter period, the global star formation rate (SFR)

also declined by an order of magnitude (e.g. Madau et al. 1996; Lilly et al.

1996; Hammer et al. 1997; Rowan-Robinson et al. 1997; Flores et al. 1999;

Tresse et al. 2002; Hopkins 2004). Not only has the global amount of stars

formed decreased, but the efficiency of star formation, as measured by the spe-
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cific star formation rate (SSFR = SFR / M∗), has decreased (Brinchmann and

Ellis 2000; Bauer et al. 2005; Feulner et al. 2005; Pérez-González et al. 2005b;

Juneau et al. 2005; Papovich et al. 2006; Zheng et al. 2007; Schiminovich et al.

2007), and the site of star formation shifted from high-mass galaxies since

z ∼ 1 to progressively lower mass galaxies over time. Cowie et al. (1996)

described this phenomenon as “downsizing.”

Observations show strong evidence for downsizing in star formation

(Brinchmann and Ellis 2000; Glazebrook et al. 2004; Heavens et al. 2004;

Bauer et al. 2005; Juneau et al. 2005; Bell et al. 2005b; Caputi et al. 2006;

Noeske et al. 2007a; Zamojski et al. 2007), but the cause remains uncertain.

Does downsizing occur just for star formation or does it govern the entire mass

assembly process as suggested by Cimatti et al. (2006). Is there a particular

process that shuts off star formation at earlier times in massive galaxies? Is this

process internal or external, mass-dependent or not, and does this agent change

with time? Is it possible that independent processes are combined under the

general category of “downsizing,” potentially masking unique ingredients that

cause the global shutdown of star formation?

Environmental studies show that downsizing seems to be consistent in

most environments (Tanaka et al. 2005; Feulner et al. 2006; Cooper et al. 2007),

with possible evidence for environmental dependence of the observationally

difficult to detect dwarf galaxy population and the highest density regions

(Haines et al. 2006). While the most massive spheroids formed stars earliest

and fastest and are greatly assembled by z ∼ 1 (McCarthy et al. 2004; Daddi
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et al. 2005; Saracco et al. 2005; Labbé et al. 2006), the formation time scales

are dependent on environment only to the extent that the stellar population

of early-type galaxies at a given mass are 1-2 Gyr younger in lower density

(“field”) environments (Thomas et al. 2005; Renzini 2006; Cimatti et al. 2006).

Bundy et al. (2006) derive stellar mass functions for low and high density

regions and observe similar mass-dependent evolution for both environments.

They claim that the majority of galaxies live in non-extreme environments

and show little correlation between environment and downsizing. Therefore

mass is more important than environment for driving galaxy evolution for the

majority of galaxies (Treu et al. 2005; Cimatti et al. 2006; Franceschini et al.

2006).

At each redshift up to z = 1.6, there is observed to be a mass above

which galaxies are red and star formation is suppressed (Bundy et al. 2006;

Borch et al. 2006). Models suggest the suppression of star formation could

be due to internal AGN feedback (Silk and Rees 1998; De Lucia et al. 2006;

Hopkins et al. 2006), although this process is not yet fully understood (Dekel

and Birnboim 2006). A significant population of massive galaxies with old

stellar populations exist at z > 1.5, and appear to evolve in accordance with

passive evolution (Bell et al. 2004; McIntosh et al. 2005; Papovich et al. 2006;

Renzini 2006), or to grow through spheroid-spheroid “dry” mergers that result

in no new star formation (van Dokkum 2005; Bell et al. 2006). Meanwhile,

stellar mass functions and luminosity functions at redshifts 0 < z < 2 favor a

build-up in the numbers of lower mass (M∗ < 1011M�) spheroidal galaxies on
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the red sequence (Bell et al. 2004; Bundy et al. 2005b; Franceschini et al. 2006;

Faber et al. 2007). Observations of the blue population show a continuation of

star formation since z = 1 and decreasing numbers, but little change in their

stellar mass function (Bundy et al. 2005b; Franceschini et al. 2006; Faber et al.

2007).

Several studies attempt to isolate the galaxy populations that dominate

global star formation and that build up mass through star forming events.

Dahlen et al. (2007) observe a decrease in the fraction of bulge-dominated

systems as redshift decreases in a rest-frame UV-selected sample, while Pog-

gianti et al. (2006) show that evolution from z = 0.6 to today is driven by

late-type galaxies evolving to S0 galaxies. Bell et al. (2007) claim that most of

the stars formed since z = 1, formed in massive “blue cloud” galaxies, which

must then quickly cease forming stars and join the red sequence, but Tresse

et al. (2007) find that intermediate luminosity galaxies continue to forms stars

until z < 0.2. This wide range of information is difficult to compare directly

because different groups use different observationally-derived criteria to sep-

arate galaxies into distinct groups, causing galaxy populations to potentially

overlap. Samples selected by morphology or color may not represent the domi-

nant sites of global star formation over time, further complicating our observed

understanding of galaxy evolution.

We attempt to disentangle this complicated picture of stellar mass as-

sembly history by identifying star-forming galaxies from several public surveys

selected in near-IR bands. Massive, red, bulge-dominated galaxies evolve pas-
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sively since z = 1, even when considering obscured potential star formation

(van der Wel et al. 2007), so we focus our study on star-forming galaxies. Using

spectroscopic redshifts, we use the same methods for all surveys to determine

internal physical processes and analyze their mass-dependent evolution since

z = 1.6.

This paper is organized as follows. In § 3.2 we describe the surveys

from which we collect our data, and the selection of our final sample. We

describe the methods for determining all physical quantities including stellar

masses, star formation rates, dust extinctions, metallicities, and morphologies

in § 3.3. In this section we also describe selection effects that result from using

multiple survey data. Section 3.4 discusses the SSFR as a function of stellar

mass, time and morphology, and investigates various forms of star formations

histories and their level of success in reproducing the observed trends in § 3.4.

We discuss the emerging picture of galaxy evolution in § 3.5 and summarize

our conclusions in § 3.6.

Throughout this work we adopt an ΩM = 0.3, ΩΛ = 0.7, H0 =

70 km s−1Mpc−1 cosmology, use a Salpeter initial mass function, and provide

all magnitudes in the AB system unless otherwise noted.

3.2 Bringing Together Galaxy Data

The goal of this paper is to examine which physical properties govern

mass-dependent evolution of galaxies by combining many observable diagnos-

tics. Most studies use independently analyzed data sets from singular surveys
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then compare the results to other analyses of different data sets. This com-

plicates galaxy evolution theory when trying to identify whether particular

differences are physical in nature, or arise from selection effects, analysis tech-

niques, or intrinsic scatter.

We attempt to disentangle this complicated picture of galaxy evolution

by assembling a large data set from separate surveys, calibrating all samples

consistently, following identical techniques to derive physical characteristics,

and then performing our analysis. Our data set spans a large range in stellar

mass (derived from spectroscopic redshifts) and includes morphologies to z =

1.6. Galaxies are selected in near-IR passbands from the independent surveys;

FORS Deep Field (FDF), MUNICS, the GOODS-South field from both K20

and ESO, and the Sloan Digital Sky Survey (SDSS) Data Release 2. In this

way we hope to isolate physical evolution among the mesh of analytic and

observational properties with a solid understanding of the selection effects

introduced from each survey.

All galaxies included in our final sample are selected in the near-IR,

have spectroscopic redshifts, extensive photometry, and exhibit active star

formation. Since massive, red galaxies evolve passively since z = 1, we fo-

cus our study on the broadest and most diverse population of galaxies over

the last 8 billion years: those actively forming stars. We require all galax-

ies in the final sample to demonstrate active star formation via detectable

[OII]λλ3726, 3729Å emission with signal-to-noise of at least two. The require-

ment of [OII]-detectablility dictates the upper limit in redshift of this study
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Table 3.1. Observed Quantities from Surveys

surveys phota specb %SFc z Range Spec. Selection Spec. Aread Flux Limite

FDF 5557 116 82 0.06− 1.6 IAB < 24 49.0 5

ESO 3367 185 86 0.5− 1.6
(i775 − z850) > 0.6
z850 < 25.0

50.6 8

K20 545 233 86 0.07− 1.6 K < 20 52 3
MUNICS 5132 372 51 0.07− 1.0 K < 17.5 720 18

a number of galaxies with photometric redshifts

b number of galaxies with spectroscopic redshifts less than 1.6

c percentage of galaxies within spectroscopic redshift range that are actively forming stars

d arcmin2

e Flux limit in units of 10−18 ergs s−1 cm−2

since the [OII] emission line remains in the optical window until z = 1.6. From

the original samples of galaxies within the necessary redshift range, a strong

majority are actively forming stars: 82% for FDF, 86% for K20, 86% for ESO,

and 51% for MUNICS. The final data sets are summarized in Table 3.1.

3.2.1 FORS Deep Field

The photometric FORS Deep Field (FDF)1 survey is I-band selected,

reaching IAB = 26.8, covering 7′ × 7′ in 8 bands: UBgRIzJK (Heidt et al.

2003). Optical data were collected by the FORS1 and FORS2 instruments on

the ESO Very Large Telescope (VLT) in Chile. The data were complemented

by J and Ks observations in the near-IR with Sofi at the ESO-NTT. Original

spectroscopic targets were selected to cover a large range of photometric red-

1http://www.lsw.uni-heidelberg.de/users/jheidt/fdf/fdf.html
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shifts, using an apparent brightness limit of IAB < 24.5 as the primary target

guide. Image-based morphological classification was also considered in target

selection to rid the sample of point-source stellar contaminants. For I < 22.5

mag, 50% of the photometric objects were spectroscopically observed in the

redshift range 1.0 < z < 1.5. The full spectroscopic sample also includes some

serendipitously targeted, intermediate redshift galaxies coincidentally aligned

on the slits of primary targets. The FDF spectroscopic survey provides low-

resolution spectra with detectable [OII]λ3727 emission in the spectral window

(3300−10000Å at 23Å (FWHM) resolution) to z = 1.6 (Noll et al. 2004). Our

FDF sample spans 0.06 < z < 1.6 and includes a total of 116 spectra, 82% of

those objects showing detectable star formation via the [OII]λ3727Å emission

line, reaching limits of 5×10−18 ergs s−1 cm−2. After applying a dust correc-

tion of the average AV, this flux limit corresponds to a SFR of 0.05 M� yr−1 at

z = 0.1 and 6 M� yr−1 at z = 1.0. The FDF also has Hubble Space Telescope

imaging as described in Section 3.2.5.

3.2.2 MUNICS

The MUNICS Survey2 is a medium-deep, wide-area, photometric and

spectroscopic survey selected in the K-band, reaching K ∼ 19.5. MUNICS

covers nearly one square degree in the K and J bands with follow-up imaging

in the I, R, V, and B bands over 0.5 square degrees (Drory et al. 2001b).

Spectroscopic targets were chosen to form a complete sample to K ∼ 17.5 over

2http://capella.usm.uni-muenchen.de/ drory/munics/munics.html
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700 square arcminutes at the Calar Alto 3.5 meter telescope. Supplemental

spectroscopy reaching K = 19.0 for 100 square arcminutes were taken using

the VLT. In an effort to rid the sample of stars, targets were also selected as

extended sources from image-based classification. The spectra cover a wide

wavelength range of 4000 − 8500Å at 13.2Å (FWHM) resolution, sampling

galaxies in the redshift range of 0.07 < z < 1 (Feulner et al. 2003). The redshift

sampling rate for MUNICS is about 0.8 for the K < 17.5 sample (Feulner et al.

2003) meaning that 80% of the galaxies reaching K < 17.5 in the photometric

sample were successfully detected spectroscopically. Our MUNICS sample

contains 372 spectra, which are mostly massive (M∗ > 1010M�) field galaxies

with 188 (51%) having detectable [OII]λ3727 emission. We detect [OII]λ3727Å

line fluxes down to 1.8×10−17 ergs s−1 cm−2 corresponding to a SFR of 0.1

M� yr−1 at z = 0.1 and 3.0 M� yr−1 at z = 1.0.

3.2.3 GOODS South

We utilize two publicly available data sets covering the GOODS-South

field, combining photometry, HST/ACS imaging and spectroscopy, in order to

calculate stellar masses, SFRs and morphological types. We derive our K-band

selected catalogue for the GOODS-S field3 (Salvato et al. 2006) from publicly

available observations at the European Space Observatory (ESO) and from

the K20 survey. The GOODS-S photometric catalogue covers 160 arcmin2

in UBVRIJHKs, reaching a limiting magnitude of Ks < 25. Complementary

3http://www.mpe.mpg.de/opinas/goods-s/index.html
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spectroscopy comes from both the K20 survey and the ESO/GOODS project.

The publicly released spectra from both sources are not flux calibrated, so we

flux calibrate each spectrum against photometry (Section 3.2.3.3) in order to

use the [OII] line luminosity as a SFR indicator.

3.2.3.1 ESO

The ESO/GOODS team has released reduced spectroscopy4 of galax-

ies in the Chandra Deep Field South (CDF-S) (Vanzella et al. 2005, 2006).

Spectroscopic observations were carried out using the Very Large Telescope

(VLT) at the ESO Paranal Observatory under Program ID: LP170.A-0788.

Spectroscopic targets were selected based on the v1.0 GOODS/HST imag-

ing to maximize detection and the ability to measure spectral features with

VLT/FORS2. The primary catalogue was selected from ACS imaging sat-

isfying (i775 − z850) < 0.6 and z850 < 25, and for the secondary catalogue,

0.45 < (i775− z850) < 0.6 and z850 < 25. This color cut was used to exploit the

red sensitivity of the FORS2 spectrograph. The spectral observations cover

5800 − 10000Å with FWHM= 9 − 32Å resolution. From the spectroscopic

catalogue, 185 lie within our desired spectral redshift range (z < 1.6). From

this sample, 86% of the galaxies are experiencing active star formation with

an [OII]λ3727Å emission line flux limit of 8×10−18 ergs s−1 cm−2. This cor-

responds to a SFR of 0.08 M� yr−1 at z = 0.1 and 1.5 M� yr−1 at z = 1.0.

Note that the spectral coverage of the ESO data gives a lower redshift limit of

4http://www.eso.org/science/goods
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z = 0.5 to detect [OII]λ3727Å emission in the spectrum.

3.2.3.2 K20

The K20 survey5 focuses on finding massive red galaxies in the CDF-

S and around the quasar 0055-2659. The two fields cover a total area of

52 arcmin2, including 545 objects with KAB < 20. Spectroscopic complete-

ness using the FORS1 and FORS2 instruments on the VLT telescopes reaches

92% (501/545) for the K < 20 photometric sample, covering a wavelength

range of 3300 − 10000Å (Mignoli et al. 2005). Our sample restricts galax-

ies to the redshift range 0.07 < z < 1.6, which includes 233 of the 545 ob-

jects in the full K20 survey. Of those, 86% are actively star-forming galax-

ies, exhibiting [OII]λ3727Å emission line fluxes greater than the flux limit of

3.0×10−18 ergs s−1 cm−2. This corresponds to a SFR of 0.03 M� yr−1 at

z = 0.1 and 1.0 M� yr−1 at z = 1.0.

3.2.3.3 Spectral Flux Calibration

The public spectra available for GOODS-S have no absolute flux cali-

brations. The K20 spectra were collected over many nights with varying in-

strumental setups, making an absolute flux calibration difficult. Instead, the

K20 team carried out a relative flux calibration using various standard stars

collected each night (Mignoli et al. 2005). The ESO/GOODS team opted

to maximize wavelength coverage instead of employing an order-sorting filter.

5http://www.arcetri.astro.it/ k̃20/
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Second order light and uncertainties in slit losses compromised their ability to

perform an absolute flux calibration (Vanzella et al. 2005).

In order to determine physical properties consistently from FDF, MU-

NICS, SDSS, and GOODS-S using star formation rates derived from emission

line fluxes, we applied a flux calibration to each spectrum from ESO and K20.

The process of determining stellar masses (see Section 3.3.2) provides a best-

fitting model SED for each galaxy that is anchored to photometry. We use this

SED to normalize each observed spectrum around the rest-frame [OII]λ3727Å

emission line since we use this line as a SFR indicator. We average the flux

of the rest-frame wavelength regions (3620− 3670)Å and (3770− 3820)Å from

both the observed (rest-frame) spectrum and the best-fitting model SED. We

then apply a linear offset to the observed spectrum so that the average flux

from the spectrum around [OII]λ3727Å matches the model.

3.2.4 SDSS

To compare our samples to the local universe and to look at selection

effects, we analyse galaxies from the second data release (DR2) of the SDSS

(Abazajian et al. 2004). We identify an R-band selected sample from DR2,

that have R < 17.7 and SDSS spectroscopy. The full spectroscopic DR2 covers

an area of 3324 deg2 allowing the detection of massive local galaxies. We also

create a K-band selected sample6 (Drory et al. 2004a) from the NYU Value-

6http://www.mpa-garching.mpg.de/SDSS/
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Added Galaxy Catalogue7 (Blanton et al. 2005), choosing all galaxies from

DR2 with spectroscopy and Two Micron All Sky Survey (2MASS: Skrutskie

et al. 1997) observations. All objects in the K-band sample therefore have

spectroscopic redshifts and photometry in ugrizJHK. For both samples, we

use [OII]λ3727Å emission line fluxes and sersic indices published by SDSS.

3.2.5 HST Imaging

Imaging from the Advanced Camera for Surveys on the Hubble Space

Telescope is available for the FDF and GOODS-S, but not for MUNICS. The

data used here, described in Pannella et al. (2006), cover a GOODS-S subfield

of 50 arcmin2 with a magnitude 10 σ completeness limit of 26.5 mag in the

F775W band. The FDF was imaged in the F814W filter reaching a 10 σ limit

of 26 mag.

3.3 Determination of Physical Properties

An advantage of this study is the automated process of measuring data

and calculating physical quantities in an identical way for several different sets

of data. This section describes the techniques that we apply to all data, with

the exception of SDSS, where we use published [OII] fluxes and sersic indices.

7http://sdss.physics.nyu.edu/vagc/

48



3.3.1 Observed Quantities

As described in detail in Section 2.2.1, we have developed a program to

automatically measure emission line fluxes, equivalent widths and continuum

breaks from flux calibrated spectra. When available in the spectral window,

the measured features include [OII]λλ3727, Hβ, [OIII]λ5007, Hα, the 4000Å

Break and the G-band stellar absorption feature at 4304Å. To each rest-frame

emission line region of interest, we fit a gaussian profile plus a polynomial

continuum, using the spectral resolution as a first guess at the line width.

Errors in measurements are determined by fitting spectral regions multiple

times with different continuum estimates. This automated process allows us

to identically measure spectral features from any spectroscopic survey and con-

sistently compare SFRs without adding additional uncertainties from differing

line flux measurement methods.

Figure 3.1 shows [OII]λ3727Å emission line fluxes as measured from

the spectra as a function of K (AB) magnitudes, in four redshift bins. Blue

squares show FDF galaxies, green are K20, black show MUNICS galaxies,

and magenta squares are ESO galaxies. The triangles in the lower portion of

each panel represent K magnitudes for “non-star-forming” objects. Galaxies

are “star-forming” if we measure [OII] emission flux more than 2-σ above the

continuum noise level. A large majority of galaxies from the full samples are

actively forming stars (51-86% see Table 3.1) and it is clear from Figure 3.4

that most of the non-star-forming galaxies detected exist at z < 0.75. Due

to the wavelength coverage of the ESO spectroscopy, the minimum redshift to
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detect [OII] emission for these galaxies is z = 0.5.

3.3.2 Stellar Masses

We determine stellar masses from multi-wavelength photometry (up to

8 passbands) from the optical to near-IR, as described in Drory et al. (2004a,

2005). We fit a grid of composite Bruzual and Charlot (2003) stellar population

models of varying age, star formation history, metallicity and dust extinction to

multi-wavelength photometry to determine mass-to-light (M/L) ratios. Star

formation histories (SFH) are characterized by a two-component model. The

primary component, a smooth analytic SFH, is linearly combined with a burst

of star formation modeled as a 100 Myr old constant SFR episode with solar

metallicity.

The primary component is characterized by a SFR of the form ψ(t) ∝

exp(−t/τ), with τ ∈ [0.1,∞] Gyr and a metallicity of −0.6 < [Fe/H] < 0.3.

Spectra are extracted at 28 ages between 0.001 and 14 Gyr. The dust ex-

tinction coefficient, AV, varies between 0 and 3 mag and follows the Calzetti

et al. (2000) extinction law. For all calculations we use a Salpeter initial mass

function (IMF), with lower and upper mass cutoffs of 0.1 and 100 M�.

The secondary burst component is restricted to a burst fraction, 0 <

βfrac < 0.15, and is assigned a separate, independent dust extinction than

the AV assigned to the primary component. This takes into account the fact

that young stars are born in dustier environments than the average for the

entire galaxy. The extinction coefficients are also used to determine the overall
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Figure 3.1 Observed flux of OII versus K-band magnitude split into 4 redshift
bins. Blue squares show FDF galaxies, green are K20, black show MUNICS
galaxies, and magenta squares are ESO galaxies. Triangles represent K mag-
nitudes for “non-star-forming” objects.
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extinction applied to emission line fluxes before determining star formation

rates (see Section 3.3.4). The total systematic uncertainty in the M/L is

about 25% (Drory et al. 2004a).

3.3.3 Star Formation Rates

The most direct measurement of global star formation rate for a galaxy

comes from UV wavelengths where the integrated flux is dominated by light

directly emitted by young stars. This spectral region remains inaccessible

from ground-based observations for z < 0.5 and can be heavily obscured by

dust (Steidel et al. 1999). Therefore, cosmic star formation is also studied

by using easily observed optical emission lines. Hα (λ6563Å) is the most

reliable since it is the strongest optical emission line and the line luminosity

directly scales with the ionizing flux from the most massive stars embedded

in HII regions (Kennicutt 1998). Since Hα leaves the optical window around

z = 0.4, another option for use as a SFR indicator from optical spectra is

the [OII]λλ3726, 3729Å emission line, which remains in the optical spectrum

until z ∼ 1.6. The [OII] line suffers from more dust extinction than Hα and

shows dependencies on the excitation state of the ionized gas and chemical

abundance.

Since it is more practical for galaxy evolution studies, many have em-

pirically calibrated the [OII]λλ3726, 3729Å emission line for use as a SFR indi-

cator (Gallagher et al. 1989; Kennicutt 1992, 1998; Rosa-González et al. 2002;

Kewley et al. 2004; Moustakas et al. 2006). We use the Kennicutt (1998) con-
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Figure 3.2 Diagnostic diagram using the uncorrected flux ratios of [OIII]/Hβ
versus [OII]/Hβ for the subset of 114 galaxies whose spectra contain all three
necessary emission lines. Individual surveys represented in this plot: FDF
as triangles, MUNICS as squares, ESO as circles, K20 as diamonds. The
demarcation between AGNs and starbursts is the solid line from Lamareille
et al. (2004). Nearly all of the galaxies with these three emission lines fall
below this line, showing negligible contribution from AGN.
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version from [OII] line luminosity to SFR in solar masses per year, assuming

a Salpeter initial mass function (IMF).

SFR[OII] (M� yr−1) = (1.4± 0.4)× 10−41 L[OII] (ergs s−1) (3.1)

It remains necessary to determine the level of AGN contamination in

our sample of emission line galaxies. AGN emission is distinguished from star

formation emission by having stronger collisional lines relative to recombina-

tion lines. The traditionally used method relies on the ratio of the strong

emission lines [NII]/Hα compared to [OIII]/Hβ (Baldwin et al. 1981). Since

most spectra in our final samples lack [NII] and Hα due to the redshift range

and spectral coverage, we use the “blue” emission line method (Rola et al.

1997) to classify our objects. Figure 3.2 shows the galaxies from our samples

with measurable [OII], [OIII], and Hβ emission, not corrected for dust attenu-

ation, with FDF represented as triangles, MUNICS as squares, ESO as circles,

K20 as diamonds. The continuous line from Lamareille et al. (2004) demar-

cates the starburst galaxies (lower left) from the AGNs. Since all but 2 of the

galaxies lie to the lower left of the line, we conclude that AGNs contribute

very little to the emission lines in our galaxy sample. Weiner et al. (2007)

find a similarly low fraction of AGN contamination, showing that 1-2% of blue

galaxies show AGN contribution to their emission lines, providing further con-

fidence in the use of [OII] luminosity as a reliable SFR indicator (Yan et al.

2006).

We test how our emission line derived SFRs compare to those derived

54



from the rest-frame UV continuum at 2800Å. We derive the UV luminosity

from the best-fitting model SED for each spectrum (see Section 3.3.2) and

then translate the UV luminosity to a SFR using the Madau et al. (1998)

conversion, assuming a Salpeter IMF.

SFRUV (M� yr−1) = 7.9× 10−27 LUV (ergs s−1 Hz−1) (3.2)

Figure 3.3 compares the SFRs determined from the rest-frame UV con-

tinua and [OII] emission lines, uncorrected for dust attenuation, in the lower

left panel. The FDF galaxies are blue triangles, ESO are magenta circles,

K20 galaxies are green diamonds. The relation between SFRUV and SFR[OII]

is strong, but some scatter exists. We find that the uncorrected 〈SFR[OII]〉 =

0.6 ± 0.4 M� yr−1 while the 〈SFRUV〉 is a factor of 1.5 higher (averages are

computed with a 3σ rejection). This is in good agreement with the comparison

between 〈SFRHα〉 and 〈SFRUV〉 found by Erb et al. (2006b) at z = 2.

Using the flux of an emission line provides solid lower bounds on star

formation activity since positive star formation is only identified for an emis-

sion line detected over the noise level of the continuum flux. We use the

[OII]λλ3726, 3729Å doublet emission line as the primary SFR indicator for

this study since it is derived directly from the observed spectra.

3.3.4 Dust

Star forming regions in galaxies contain dust that obscures the light

from newly formed stars. We compare two methods of correcting for dust
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Figure 3.3 Comparison of SFRUV versus SFR[OII] with no dust-extinction cor-
rections (lower left panel), with both SFR corrected for dust using UV-slope
derived corrections (top panel), and corrections from SED fits (lower right
panel). Blue triangles show FDF galaxies, green diamonds are K20 and ma-
genta circles are ESO galaxies and the diagonal line is the one-to-one line.
For this study, we use SFRs derived from the [OII] emission line and the dust
correction derived from the SED fitting method.
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extinction in each galaxy. We calculate the slope of the restframe UV contin-

uum, βUV, using the Calzetti et al. (1994) spectral windows to determine βUV.

We then follow their conversion from βUV to τ
′
B ' E(B−V ), the color excess,

which is related to the total extinction from dust, AV / E(B − V ) = 3.1. The

second method applies the best-fitting AV’s derived from the model SED fits

(see Section 3.3.2). Utilizing the two component fit to the data, if the burst

fraction, βfrac > 0.06, we assume the star forming regions dominate the light

from the galaxy, and we apply the AV of the burst component to correct for

dust. If βfrac < 0.06, we use the AV of the primary galaxy component, since

the AV determined from the burst component in this case does not represent

the majority of the light-emitting contents in the galaxy and tends to over-

correct. Once we determine an AV for each galaxy, we apply corrections to

the UV and [OII] fluxes using a Calzetti et al. (2000) extinction law.

Figure 3.3 shows SFRUV versus SFR[OII], dust corrected from the UV

slope in the upper panel, and corrected from the model SED fit in the lower

right panel. The UV-slope-derived dust correction increases the SFRs by a

factor of 3 on average while the model SED dust correction increases SFRs by

a factor of 4. The scatter between the SFR indicators increases when the UV

slope method is applied, while the SED fitting method provides the best agree-

ment between SFRUV and SFR[OII] for the full range of SFRs. SFRUV are a

factor of 1.5 higher regardless of the dust correction method. The FDF galax-

ies show higher SFRs on average due to deep I-band selection (Section 3.3.5).

There is a slight dependence of AV on stellar mass such that higher mass galax-
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ies have higher AV. Tremonti et al. (2004) show that this mass dependence

is due to increasing metallicity of emitting gas for higher mass galaxies. The

SDSS sample studied by Brinchmann et al. (2004) shows a much more severe

mass-dependent distribution of dust content from values derived from best-

fitting model SEDs, which accounts for the higher SFRs they find for higher

mass galaxies.

Figure 3.4 shows the dust-corrected SFR as a function of redshift. The

points are the same as in Figure 3.3 with the addition of MUNICS galaxies as

black squares. The lines correspond to the SFR limits for each of the surveys as

a function of redshift, which are calculated from the 2-σ limiting [OII] emission

line fluxes for each survey. To the line limits we apply a dust correction that

matches the average AV from four redshift bins up to z = 1.6. The inverted

triangles at the bottom of the plot show the galaxies from the full spectroscopic

samples that are not actively forming stars as determined by [OII] emission

less than 2-σ above the continuum noise. A large majority of galaxies from

the full samples are actively forming stars (51-86% see Table 3.1) and it is

clear from Figure 3.4 that most of the non-star-forming galaxies detected exist

at z < 0.75. Due to the wavelength coverage of the ESO spectroscopy, the

minimum redshift to detect [OII] emission for these galaxies is z = 0.5. We do

not use SFRs derived from the Hα emission line for low redshift ESO galaxies,

because one goal of this paper is to calculate all physical properties with similar

methodology. Also, we flux calibrate each ESO spectrum at the [OII]λ3727Å

emission line in order to determine a proper line luminosity (Section 3.2.3.3).
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Figure 3.4 Dust-corrected star formation rates versus redshift for MUNICS
(black squares), FDF (blue triangles), K20 (green diamonds) and ESO (ma-
genta circles). The lines show the 2-σ limiting SFRs as a function of redshift
for each survey. These lines are derived from the [OII] emission line fluxes for
each survey as a function of redshift and have a dust correction applied from
the average AV in redshift bins. The inverted triangles represent galaxies with
no detected star formation for each survey.
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We compare values we find for SFRs to other studies in the following section.

Figure 3.4 also shows evidence for large-scale structure present in the

GOODS-S fields. Density peaks have been identified at z = 0.66 and z = 0.732

(Cimatti et al. 2002a,b; Le Fèvre et al. 2004) which are visible in Figure 3.4.

We see an obvious structure at z = 1.22 and possible evidence for another

at z ∼3 (Adami et al. 2005; Vanzella et al. 2005). Such cosmic variance is

apparent for the FDF or MUNICS.

3.3.5 Selection Effects in the Samples

Several data sets are combined to create the final sample for this study,

so we must carefully examine selection effects and biases in order to ultimately

understand the underlying physical evolution of galaxies. The goal of combin-

ing so many data sets was to increase our ability to study a very wide range

in stellar mass, while still being able to use the same observables and tech-

niques to calculate physical properties for all the galaxies. Since photometric

and spectroscopic completion limits differ for each survey, we do not expect

that all galaxies from one survey will be detectable by the other surveys, and

describe the details here.

Our galaxies are primarily selected by stellar mass using a near-IR pho-

tometric selection criteria for each of the samples: the K-band (MUNICS to

K < 19.5, ESO to K < 24.5, and K20 to K < 20) or deep I-band (FDF to

I < 26.8). We utilize multi-wavelength photometry (up to 8 passbands) for

each survey which we compare to stellar population templates to derive near-
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Figure 3.5 Dust-corrected star formation rates versus stellar mass in four red-
shift bins for MUNICS (black), FDF (blue), K20 (green) and ESO (magenta).
The red line shows the “Main Sequence” of star-forming galaxies derived from
DEEP2 data (Noeske et al. 2007b) for galaxies between 0.2 < z < 0.7 and in
the mass range 1010 < M∗/M� < 1011.
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IR mass-to-light ratios that allow us to convert K-band luminosity into stellar

mass. All galaxies in our final sample have been successfully captured spectro-

scopically, although their redshift sampling rates vary (see Section 3.2). Using

spectroscopic redshifts improves our stellar mass determinations by at least a

factor of three from those calculated using photometric redshifts (e.g. Bundy

et al. 2005a). Our mass-to-light ratios have a 25% systematic uncertainty

(Drory et al. 2004a,b).

The stellar mass limits differ for each survey due to the co-moving

volume probed by each survey at the high-mass end, and the depth of pho-

tometry at the low-mass end. Figure 3.5 shows the SFR as a function of stellar

mass partitioned into four redshift intervals using the same colors to differen-

tiate between surveys as used in Figure 3.1. The sharp decrease of galaxies

at M∗ > 1 × 1011 M� comes from the high-mass cut-off of the stellar mass

function (Drory et al. 2004a; Fontana et al. 2004; Drory et al. 2005) which is

typical of that found in smaller area near-IR surveys (Cole et al. 2001). The

expectancy of finding high-mass galaxies increases with the volume examined

since high-mass galaxies are rare. For example, Dickinson et al. (2003) find

only 4 galaxies with M∗ > 1×1011 M� in the 5 arcmin2 field of the HDF-North.

On the other hand Conselice et al. (2008) study a very large area field of 1.53

deg2, within the DEEP2 field and identify 4571 galaxies with M∗ > 1 × 1011

M� up to z ∼ 1.4 in a complete sample to Kvega < 20.

MUNICS is a medium-deep survey that covers the largest area among

our collected surveys (Table 3.1), and detects massive galaxies up to z = 1.
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Star-forming galaxies with z > 1 are not detected by the MUNICS survey due

to the K < 17.5 spectroscopic limit, which also results in MUNICS having

higher limiting stellar masses than the other surveys. The FDF is a small, deep

survey selected in the I-band that detects more low-mass galaxies than the

other large-area surveys used here. When targeting galaxies for spectroscopy,

ESO galaxies were selected from a primary color cut of (i775−z850) < 0.6 (and

z850 < 25) in order to maximize the benefit from the red-sensitive FORS2

instrument on VLT. The depth of the z selection results in the detection of

many sources at z > 1 with colors that overlap those of FDF and K20. The

ESO spectroscopic color selection causes this survey to miss faint red galaxies

at z > 1 that would have been detected by strictly a magnitude-limited sample.

Due to the wavelength coverage of the ESO spectroscopy, the minimum redshift

to detect [OII] emission for these galaxies is z = 0.5.

Since different wavelengths sample different stellar populations, the se-

lection band of galaxy surveys is important. At red wavelengths, old, long-

lived stars dominate a galaxy’s light and thus reflect a stable measure of the

total stellar mass (Rix and Rieke 1993). On the other hand, blue wavelengths

are dominated by young stars and depend more strongly on the level of star

formation activity.

Several studies have investigated selection effects introduced by select-

ing galaxies in I versus K band as a function of redshift. Gabasch et al. (2004)

show that the photometric FDF survey misses at most 10% of a deep K-band

sample from Labbé et al. (2003). Fontana et al. (2006) show that their z850-
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selected galaxy stellar mass function is consistent with their Ks-selected one

at low and intermediate redshifts (z < 2), similar to the redshifts studied here.

Feulner et al. (2005) study SSFRs for the I-band selected FDF and K-band

selected GOODS-S and show the two samples to be in good agreement.

An extensive study of selection effects within the entire expanded MU-

NICS photometric sample was carried out by Feulner et al. (2007), who com-

pare MUNICS galaxies selected from B, R, I, and K filters. They find that

the K-band sample picks preferentially red galaxies with few showing vigor-

ous star forming activity, while I-band selection detects galaxies with more

widely varying star-forming properties. By z = 1.5, early-type galaxies disap-

pear from the I < 22.5 selected catalogue. Feulner et al. (2007) conclude that

there is not much variation in the bright end of the luminosity function when

selecting in I versus K at z < 1.5 since the color distributions at the high

mass do not vary based on selection band. For M∗ > 1×1010 M� galaxies, the

(u-g)restframe color distributions of of our FDF and ESO galaxies agree, peaking

at (u-g)restframe = 1.3, while the purely K-selected K20 distribution peaks at

(u-g)restframe = 1.5. Therefore, we are convinced that selection from I versus

K band does not strongly bias our samples since we study galaxies at z < 1.6.

Considering fainter objects, our I-band selected FDF sample reaches

a fainter limit (I < 24.5) than the I-band selected photometric sample of

Feulner et al. (2007). We therefore detect bluer objects at z > 1 (Cole et al.

2001) in our FDF sample. This is evident in Figure 3.5 where, at z > 1, our

I-band FDF sample detects fainter galaxies that tend to be bluer, resulting in
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FDF galaxies exhibiting higher SFRs than ESO or K20 by a factor of 0.3 dex.

This offset is consistent with the offset in SFR between the I-band selected

FDF and a K-band selected sample at 1.0 < z < 1.5, seen by Gabasch et al.

(2004).

The fact that we see an offset in the SFRs of the I versus K band sample

at z > 1, but we do not see and offset in the (u-g)restframe color distribution for

M∗ > 1 × 1010 M� galaxies at the same redshift means that the (u-g)restframe

color is not strictly tracing SFR. It takes roughly 1-2 Gyr for galaxies to

become red after a period of star formation, so even minor episodes of star

formation can lead to blue rest-frame colors (Gebhardt et al. 2003) and an

overestimation of SFR using color as an indicator.

In Figure 3.5, the solid red lines represent the “main sequence” (MS)

(and the 1 σ width) of star-forming galaxies with stellar mass as identified

by the DEEP2/AEGIS group (Noeske et al. 2007b). They define the MS for

0.2 < z < 0.7 in the narrow range of mass, 1010 < M∗/M� < 1011 where

they find a correlation between SFR and stellar mass. Our data extend to

much lower stellar masses and do not reveal a relationship between SFR and

stellar mass with an obvious slope. Galaxies with M∗ > 109 M� show a flat

relation with stellar mass, with evidence for lower SFRs for low-mass galaxies

at z < 0.4.

The MS appears to be offset towards higher SFRs from the range of

SFRs found in our study. To determine SFR, the Noeske et al. (2007b) study

uses Spitzer/MIPS 24 µm data in combination with [OII] from the DEEP2
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spectroscopy, when available. At z ∼ 1, Weiner et al. (2007) find that 98%

of IR-luminous galaxies are detected with the [OII] emission line, indicating

that we are probably not missing existing star formation in galaxies with

our emission line SFR indicator. Our range of dust-corrected SFR values

matches those of previous emission line studies (Juneau et al. 2005; Cooper

et al. 2008), and tends to be lower by a factor of 2-5 at a given stellar mass

and redshift (z > 0.5) than studies using a combination of ultraviolet- and

mid-IR-derived SFRs (Papovich 2006; Zheng et al. 2007; Elbaz et al. 2007;

Noeske et al. 2007b). Our SFRs are consistent with the factor of a few offset

found by Caputi et al. (2008) when comparing emission-line-derived SFRs to

those calculated from UV and 24µm data. The larger 24µm SFRs most likely

result from a combination of dust emission that results from star formation,

unknown amounts of polycyclic aromatic hydrocarbon (PAH) emission and

some emission from AGN (Pérez-González et al. 2005b; Daddi et al. 2007;

Reddy et al. 2006).

If we decrease the MS line in Figure 3.5 by a factor of a few at z < 0.7,

then it encompasses the range of SFR values we find, although we still do

not see evidence for the slope in the relation. An advantage of using [OII]

luminosity as a SFR indicator is that we can detect star formation in faint,

blue galaxies with [OII] emission that can be missed at 24µm (Weiner et al.

2007; Noeske et al. 2007b), moreso as redshift increases.
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Figure 3.6 Mass-Metallicity relationship for galaxies split into redshift bins
of z < 0.5 (closed points) and z > 0.5 (open points). Triangles represent
FDF, squares are MUNICS, circles are ESO, and the diamonds are K20. The
diagonal dashed line estimates the limits of detection while the solid curve
shows the Tremonti et al. (2004) relation derived from SDSS galaxies at z =
0.1. The 1σ limits from that work are shows as black dotted curves. Metallicity
loosely increases with stellar mass.
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3.3.6 Metallicity

From MUNICS, FDF and the GOODS fields, 105 spectra contain enough

emission lines to measure metallicity. We apply the metallicity calibration

from Tremonti et al. (2004) who constrain their theoretical models from all

available strong emission lines for a sample selected from SDSS. The Tremonti

et al. (2004) calibration utilizes the R23 parameter (Pagel et al. 1979) which

scales with chemical abundance,

R23 =
([OII]λ3727 + [OIII]λλ5007, 4959)

Hβ
. (3.3)

The R23 indicator traces the cooling occurring in the nebula due to the oxy-

gen lines and remains useful to high redshift because it relies on only a few

strong emission lines that allow for a uniform metallicity determination over

a wide range in redshift. One complication is that the intensity of the oxygen

lines are dependent on the nebular metallicity: the cooling shifts from optical

lines to fine-structure IR lines as the electron temperature decreases and fewer

electrons are excited to the upper levels of the oxygen atoms. Because of this,

the R23 diagnostic is somewhat ambiguous between high and low abundance

due to its dependence on the ionization parameter.

Authors such as Kewley and Dopita (2002) have broken the degeneracy

in R23 by additionally using the [NII]λ6583/[OII]λ3727 which is independent

of ionization parameter and increases strongly with metallicity. Due to the

absence of measured [NII] and [SII] emission, we cannot determine directly

whether our galaxies lie on the upper or lower branch of the R23-abundance
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relation (Kewley and Dopita 2002). We use the calibration of Tremonti et al.

(2004) who do not sample the lower branch of the R23 relation with their

data, and thus give a calibration only for the upper branch. The galaxies in

our sample with the necessary emission lines to measure R23 are consistent

with being massive and evolved, but the potential for some galaxies to be on

the lower branch of the R23 relation contributes to the overall scatter in the

M-Z plane (Savaglio et al. 2005; Dopita et al. 2006).

Figure 3.6 shows metallicity versus stellar mass (M-Z relation) for galax-

ies split into two redshift bins of z < 0.5 (closed points) and z > 0.5 (open

points). The symbols are the same as Figure 3.4 with the Tremonti et al.

(2004) M-Z relation shown as the solid black line and their 1σ errors shown as

dotted lines. The diagonal dashed line estimates the limits of detection.

Our metallicity values match the ranges of several studies (Pilyugin

2001; Kewley and Dopita 2002; Mouhcine et al. 2006), but are greater than

Shi et al. (2006) who derive metallicity with different emission line abundance

indicators. R23 is known to systematically overestimate metallicities in the

super-solar regime by 0.2-0.5 dex (Kennicutt et al. 2003; Shi et al. 2006). In

general, among all the surveys we see that metallicity increases with stellar

mass, but we do not see a strong separation among galaxies in the two different

redshift regions. All galaxies plotted lie in the same range of luminosities, but

MUNICS galaxies all exhibit luminosities at the bright end of the range leading

to a narrower range of stellar mass. The width of the mass range for MUNICS

is insufficient to determine a trend. The M-Z relation is consistent for galaxies
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with M∗ > 109 M� and there are few galaxies with high stellar mass and

low metallicity. We see no galaxies at z > 0.5 with low stellar mass and low

metallicity.

We find that at a given mass, our galaxies have lower metallicity than

the Tremonti et al. (2004) relation derived from SDSS galaxies at z = 0.1 by

0.2 dex. This evolution in the M-Z relation is consistent with Savaglio et al.

(2005) who compare the Tremonti et al. (2004) relation to the Gemini Deep

Deep Survey (GDDS) and to the findings of CFRS at z = 0.7 (Lilly et al.

2003). Erb et al. (2006a) also find an M-Z relation 0.56 dex lower than the

local sample for an Hα-selected sample at z = 2.

3.3.7 Morphology

Our morphological classifications come from the work of Pannella et al.

(2006). To describe the two-dimensional surface brightness of each object, they

use GALFIT and GIM2D to fit point-spread function convolved Sersic (1968)

profiles down to a 10σ magnitude limit of F775W = 24.5 and F814W = 24 for

GOODS-S and FDF, respectively. We classify morphologies for the FDF, K20

and ESO galaxies up to z = 1.6. There is no HST imaging for the MUNICS

fields so those galaxies are not included in any of the following analyses that

distinguish populations by morphology. We use publicly available sersic indices

for SDSS galaxies.

Figure 3.7 shows how the sersic indices for GOODS-S galaxies derived

by Pannella et al. (2006) compare to the visually classified T-type values as
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Figure 3.7 Sersic index as a function of visually identified T-type from Pannella
et al. (2006, Figure 1). Points show the mean values with error bars shown as
solid lines. The dashed bars are the rms values.
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determined by U. Hopp following the de Vaucouleurs et al. (1991) classifi-

cation scheme. A tight correlation is found between the average automated

classification and the average determined by eye. We split our sample at sersic

index, n = 2.5, such that n ≥ 2.5 are bulge-dominated galaxies and n < 2.5

are disk-dominated galaxies (Dahlen et al. 2007). According to Figure 3.7,

n = 2.5 corresponds to T-type 1-2 which represents Hubble type Sa to Sb.

Note that since we require active star formation as a criterion for our sample,

our bulge-dominated galaxies possibly have a bulge component that dominates

the morphological determination plus a disk component of varying brightness.

For galaxies with M∗ < 109 M�, 93% have n < 2.5. The galaxies with

M∗ > 109 M� have a broader range of morphologies whereas low-mass star-

forming galaxies nearly all have disk-dominated structure. Disk-dominated

galaxies make the majority of the star-forming samples as they account for

76% of the total population. At all redshifts, disk-dominated galaxies make

up the majority of objects with blue restframe (u-g) color and are less massive

(see Figure 3.8).

3.3.8 Color - Mass Relation

In this section we begin to compare physical parameters to determine

how they relate to each other and depend on stellar mass since z = 1.6.

Figure 3.8 shows the (u-g)restframe color versus stellar mass for three redshift

bins: z < 0.6 (left panel), 0.6 < z < 1.0 (middle panel) and 1.0 < z < 1.6

(right panel). The symbols are the same as in Figure 3.3 with the addition
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Figure 3.8 Restframe (u-g) color versus stellar mass split into three redshift
bins. Open symbols represent disk-dominated (sersic n < 2.5) galaxies while
closed symbols are bulge-dominated. Symbols are the same as in Figure 3.3
with the addition of SDSS in the lowest redshift panel (left) as cyan squares.
The solid diagonal line marks the edge of observed blue massive galaxies in
the highest redshift bin (right) and is then repeated in the other two pan-
els. We do not see a strong bimodality in galaxy color for these star-forming
galaxies due to the exclusion of non-star-forming galaxies. We find that bulge-
dominated galaxies are redder and more massive than disk-dominated galaxies
at all redshifts.
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of the R-selected SDSS galaxies in the low redshift bin as cyan contours that

enclose 50% and 90% of the galaxies. The solid diagonal line marks the edge

of observed blue massive galaxies in the z ∼ 1.3 bin and is then repeated in

the other two panels.

We call blue galaxies those with (u-g)restframe < 1.0 and find no blue

galaxies more massive than M∗ > 1010.8 M� at any redshift. Comparison of

the observed points to the solid diagonal line in Figure 3.8 reveals that the

most massive blue galaxies at z ∼ 1.3 are not present at low redshift. A

moderately blue galaxy at z < 0.6 should have enough red light to be detected

in the near-IR. The lack of high-mass, blue galaxies at z < 0.6 is indicative

of high-mass galaxies shutting off star formation at early times and appearing

more red with the aging of the stellar populations (Bell et al. 2005b; Cooper

et al. 2008). The (5-25%) most massive blue galaxies are 10 times less massive

than the most massive red galaxies in each redshift bin.

Looking at the morphological classifications, we find that bulge-dominated

galaxies are more massive and red than disk-dominated galaxies. The most

massive galaxies tend to be the reddest, bulge-dominated galaxies (Menanteau

et al. 2006; Kajisawa and Yamada 2006), implying earlier SFHs, even though

galaxies in these samples are still forming stars (Feulner et al. 2005). Among

the bulge-dominated galaxy population, blue galaxies have lower sersic indices

which is possible evidence for some bulge-dominated galaxies to have a small

bulge component, making the color more blue and decreasing the derived sersic

index value. Low-mass galaxies are all blue and disk-dominated, and become
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even bluer at higher redshift (Kajisawa and Yamada 2006). The three bulge-

dominated, low-mass FDF galaxies in the lowest redshift bin have n > 3 and

z > 0.25, implying that they could be blue compact galaxies (Guzman et al.

1996).

There is an observed and modeled bimodal distribution of galaxy colors

caused by the star formation history and age of galaxies (Strateva et al. 2001;

Hogg et al. 2002; Kauffmann et al. 2003b; Baldry et al. 2004). We see the

common trend of redder colors for increasing masses at all redshifts, but there

is not a strong separation into two distinct groups (Iglesias-Páramo et al. 2007)

among the star-forming galaxies in our sample. Figure 3.9 shows (u-g)restframe

color distributions for the star-forming galaxies included in Figure 3.8 as the

dashed blue line, just the non-star-forming galaxies as the red dotted line, and

all galaxies as the solid black line. There is no apparent bimodality among

the star-forming galaxies, although they harbour colors that span the entire

range. The non-star-forming galaxies dominate the red color. When all galax-

ies are combined, we see a distinct bimodality around (u-g)restframe = 1.1. The

fact that both star-forming and non-star-forming galaxies contribute to the

(u-g)restframe > 1.1 red color show further evidence that using a simple color

cut is not sufficient to distinguish between star-forming and non-star-forming

galaxies.

75



0.0 0.5 1.0 1.5 2.0
 0

 20

 40

 60

 80
non−star−forming
star−forming
all

(u−g) restframe

N

Figure 3.9 Restframe (u-g) color distributions for star-forming galaxies as the
blue dashed line (these galaxies are shown in Figure 3.8, non-star-forming
galaxies as the red dotted line, and all the galaxies as the solid black line. A
color bimodality is apparent only for the combined sample. While star-forming
galaxies span the whole range in colors, there is not a strong bimodality ap-
parent.
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3.4 Specific Star Formation Rates

To study how star formation contributes to the overall build up of

stellar mass, we look at the specific star formation rate (SSFR), defined as the

SFR per unit stellar mass. The SSFR determines the rate at which new stars

are added to the assembled stellar mass and therefore shows the significance

of the current star formation episode at any given time. For massive galaxies,

larger SSFRs are needed to make a fractionally significant contribution to mass

growth than for lower mass systems. In this section we look at the local SSFR

with SDSS galaxies, use all samples to investigate how the SSFR evolves as a

function of stellar mass, and isolate SSFR evolution for disk-dominated and

bulge-dominated morphological types.

3.4.1 Local SSFR

We use the SDSS DR2 (Abazajian et al. 2004) to determine the SSFR

versus stellar mass in the 0.05 < z < 0.2 universe. We briefly compare R-

band and K-band selected samples from SDSS in order to more thoroughly

understand our selection effects at higher redshift. We derive the R-selected

sample from the full DR2 using galaxies with R < 17.7 and spectroscopic

observations resulting in ∼13,000 galaxies. The K-sample is derived from the

NYU-VAGC which matches DR2 galaxies with 2MASS near-IR photometry.

We choose galaxies with K < 16.2 and spectroscopic observations, resulting

in a sample of ∼6,100 galaxies.

To determine physical properties of the SDSS samples we use published
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Figure 3.10 Specific star formation rate versus stellar mass for SDSS galaxies in
the redshift range, 0.05 < z < 0.2. Solid blue contours show R-band selected
galaxies including 50% and 90% of the galaxies. Dotted red lines show the 50%
and 90% contours for K-band selected SDSS galaxies. The solid and dotted
diagonal black lines represent constant SFRs of 1 and 10 M�yr−1, respectively.
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[OII] fluxes and sersic indices and follow our methodology (Section 3.3) to

calculate dust corrections, SFRs and stellar masses. The lower limit of the

redshift range ensures no significant loss of light due to the 3” optical fiber

used by the SDSS (Kewley et al. 2005). Stellar masses are determined from

SED fitting to determine a mass-to-light ratio in K for each galaxy. For the R-

selected galaxies without K-band detections ( 50%), the available photometry

for each galaxy is fit to determine a mass-to-light ratio in K, which is applied

to the modeled K luminosity. This increases the uncertainty in derived stellar

masses by 0.1 dex.

Figure 3.10 shows the distribution of SSFR as a function of stellar mass

for the two SDSS samples. The solid blue contours enclose 50% and 90% of the

R-selected SDSS sample while the red dotted contours enclose 50% and 90%

of the K-selected SDSS sample. The solid and dotted diagonal black lines

represent constant SFRs of 1 and 10 M�yr−1, respectively. For high-mass

galaxies, the R and K samples select galaxies consistently. The R-selected

sample has twice as many galaxies allowing for the detection of the massive

galaxies. The R-selected sample picks up galaxies with high SSFR and low-

mass that are missed by K-selection (Feulner et al. 2007; Iglesias-Páramo et al.

2007). The slope of the distributions of both samples is the same. Each slope

is steeper than the lines of constant SFR showing that selection is not directly

a function of star formation activity, but a combination of stellar mass and

SFR.

Looking more specifically at which galaxies are detected withR-selection,
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Figure 3.11 Local specific star formation rate versus stellar mass for R-band
selected SDSS galaxies in the redshift range, 0.05 < z < 0.2. Solid blue
lines show disk-dominated galaxies (with sersic n < 2.5) with the 50% and
90% contours. Dotted red lines show the 50% and 90% contours for bulge-
dominated galaxies (sersic n > 2.5) SDSS galaxies. The solid and dotted black
lines represent constant SFRs of 1 and 10 M�yr−1, respectively.
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Figure 3.11 shows SSFR versus stellar mass for R-selected SDSS galaxies split

by morphology. Disk-dominated galaxies are shown with solid blue contours,

that enclose 50% and 90% of the galaxies. The dotted red contours enclose

50% and 90% of the bulge-dominated galaxies. The solid and dotted lines rep-

resent constant SFRs of 1 and 10 M�yr−1, respectively. We find a clear distinc-

tion between the disk- and bulge-dominated galaxies such that disk-dominated

galaxies exhibit higher SSFRs than bulge-dominated galaxies. Galaxies of

M∗ > 1 × 1011 M� are mostly bulge-dominated with low SSFRs. An overlap

region exists between disk- and bulge- dominated galaxies for the intermediate

stellar mass range and then disk-dominated galaxies dominate the low-mass,

high SSFR population. Morphological separation in the SSFR versus stellar

mass plane has been shown for local galaxies from SDSS and UV observations

(Schiminovich et al. 2007) and at z = 0.7 (Zamojski et al. 2007).

Since lower mass galaxies exhibit higher SSFRs, internal star formation

contributes more to the build up of stellar mass in lower mass systems than

to the build up of stellar mass in high-mass galaxies in the local universe

(Brinchmann et al. 2004; Bauer et al. 2005). The flattening of the SSFR versus

mass relationship seen by Brinchmann et al. (2004) mostly occurs for lower

mass galaxies. Our dust correction is also not as strongly mass-dependent

which accounts for the steepness of our relation. Note that galaxies with very

little or no star formation have very small SSFRs and would drop below the

detection limits of our samples.

The objects detected in the R-selected sample with the highest SSFR
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and lowest stellar masses that were missed by K-selection are disk-dominated

galaxies. We will revisit this issue when looking at the evolution of SSFR in

Section 3.4.4.

3.4.2 Distributions

We group the galaxies in our sample in various ways in order to isolate

which physical properties govern the mass-dependent evolution. Figure 3.12

shows the distributions of (u-g)restframe color (left) and stellar mass (right),

split by SSFR, for FDF, K20 and ESO galaxies. We define a “quiescent”

star-forming galaxy to have log(SSFR) < −9.5 yr−1 and an “active” star-

forming galaxy to have log(SSFR) > −9.5 yr−1. The doubling time (the time

required for a galaxy with constant SFR to double its mass) for a galaxy

with log(SSFR) = −9.5 yr−1 is 3.2 Gyr. We use these terms in this study to

split star-forming galaxies into two populations, in order to differentiate the

galaxies most intensely building up stellar mass at a given time. Our definition

of “quiescent” refers to star-forming galaxies with relatively low levels of star

formation, which differs in definition from some other studies (e.g., Bundy

et al. 2006; Reddy et al. 2006) that use the term to designate completely

non-star-forming galaxies.

The mass distributions, shown in the right-hand column of Figure 3.12,

reveal a separation between the quiescent and active populations. The most

massive galaxies are mostly quiescent while the least massive galaxies are al-

ways active (Cucciati et al. 2006). The peak of the active population shifts
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Figure 3.12 The distributions of (u-g)restframe color (left) and stellar mass
(right) for galaxies split by star formation activity shown in three different
redshift bins. Dash-dotted red histograms represent quiescent galaxies with
log(SSFR)< −9.5 yr−1 and solid blue histograms show actively star-forming
galaxies with log(SSFR)> −9.5 yr−1. Included in this plot are FDF, K20,
ESO. Actively star-forming galaxies are blue while quiescent galaxies are red.
The vertical green lines show the transition mass between active and quies-
cent objects. This mass decreases with time, as discussed in the text. The
quiescent population shifts to include more blue galaxies in the low redshift
bin.
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to lower masses from z ∼ 1.3 to today. This evolution not only demonstrates

downsizing, but also shows evidence for a mass above which galaxies are quies-

cently forming stars and below which galaxies are actively forming stars. This

mass decreases with redshift in a qualitative manner, difficult to quantify due

to varying completeness and selection effects among the surveys (Section 3.3.5).

The population least affected by missing galaxies with low levels of

star formation is the high-mass end of the actively star-forming population.

In order to gain insight as to the mass where actively star-forming galaxies

begin to shut off star formation, we quantify this population. We calculate the

average mass of the upper 32% of the actively star-forming galaxies, which are

least affected by observational biases. These masses, M∗ = 4.4×109, 1.2×1010,

1.8 × 1010 M�, for z < 0.6, 0.6 < 1.0, and z > 1.0, respectively, are shown

as green lines in the right panels of Figure 3.12. There is a slight decrease

in the transition mass from z ∼ 1.3 to z ∼ 0.8, and a larger decrease (factor

of three) between z ∼ 0.8 and z ∼ 0.3. Interestingly, this matches well with

the decrease in“quenching mass” seen by Bundy et al. (2006) even though we

define “quiescent” galaxies differently.

The left hand panels of Figure 3.12 show the restframe (u-g) color

distributions of galaxies split by specific star formation rate activity. The

galaxies with the highest SSFRs tend to be bluer at all redshifts. In the middle-

left panel, there is a small population of quiescent galaxies with restframe

(u-g) < 1.0. Of these, 65% are disk-dominated galaxies. A small population

of galaxies showing weak levels of star formation but exhibiting blue colors are
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also identified by Elbaz et al. (2007).

It is interesting to ask whether the galaxy color distribution is accompa-

nied by a change in morphology for the quiescent population. Are the bluest,

quiescent galaxies at low redshift disk- or bulge-dominated?

Figure 3.13 shows (u-g)restframe color distributions of star-forming galax-

ies, split both by SSFR and morphology. We call galaxies with log(SSFR)<

−9.5 yr−1 and n > 2.5 the quiescent-bulgy population. The red dashed his-

togram in Figure 3.13 represents the quiescent-bulgy population, which re-

mains red at all redshifts. The solid magenta histogram shows the active-

bulgy galaxies with log(SSFR) > − 9.5 yr−1 and n > 2.5. These galaxies are

the least numerous among our star-forming galaxies and cover a wide range

in color at all redshifts. The blue dash-dot histogram represents active-disky

galaxies with log(SSFR) > − 9.5 yr−1 and n < 2.5. This population remains

blue at all redshifts, yet the bluest galaxies in this population decrease in num-

ber toward low redshift, representing the overall decrease of blue galaxies seen

in Figure 3.8. The active-disky galaxies group also includes a population of

1.0 < (u-g)restframe < 1.3 galaxies at 0.6 < z < 1.0. By z < 0.6 the galaxies with

these colors are no longer members of the active-disky populations, and appear

to belong to the quiescent-bulgy population with log(SSFR) < −9.5 yr−1 and

n < 2.5 represented by the dotted green line in Figure 3.13. The quiescent-

disky galaxies show the most evolution over these redshifts. This population

spans both red and blue galaxies at 1.0 < z < 1.6, but appears to evolve to-

ward low redshifts to include more blue galaxies. We cannot say for sure from
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Figure 3.13 The distribution of (u-g)restframe color for galaxies split by star
formation activity and morphology, shown in three different redshift bins.
Quiescent-disky galaxies (red dashed lines) remain red at all redshifts. Active-
bulgy galaxies (solid magenta lines) represent the least numerous population
and cover a wide range in color. The reddest active-disky galaxies (blue dash-
dot lines) at z > 0.6 disappear at z < 0.6 at the same time that the quiescent-
disky population (dotted green lines) starts to gain more blue galaxies.
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this data whether the reddest active-disky galaxies between 0.6 < z < 1.0

become the bluest quiescent-disky galaxies at z < 0.6. But we can investigate

whether this evolution is caused by stellar mass or morphology and whether

it is partially responsible for the decrease in SFR density since z = 1.

3.4.3 Morphology or Stellar Mass?

Figure 3.14 shows the evolution of the median log(SSFR) for galaxies

split by stellar mass (top) and morphology (bottom) for FDF and the GOODS-

S fields. The top panel shows M∗ < 1010.3 M� as open circles and M∗ >

1010.3 M� as filled circles. The horizontal bars show the redshift ranges for

each bin and the vertical error bars enclose 68% of all galaxies in each bin.

The horizontal dotted line represents our separation for actively star-forming

galaxies (above) and quiescent galaxies (below). Cyan points in Figure 3.14

are low-redshift SDSS galaxies split by stellar mass (top) and morphology

(bottom). These points show lower median log(SSFR) than the other samples

because they are selected from a much larger volume, so the bins consist of

more massive galaxies with lower SSFRs. The SDSS sample is selected to

R < 17.7, preventing the detection of faint populations which tend to be

lower mass and exhibit higher SFRs, and would therefore boost the median

log(SSFR) values.

High-mass galaxies always have lower SSFRs than low-mass galaxies.

The median log( SSFR ) of massive galaxies decreases by roughly an order of

magnitude from z ∼ 1.3 to z ∼ 0.8 then stays constant within the errors at
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Figure 3.14 Median SSFR versus redshift split into bins of stellar mass (top
panel) and morphology (bottom panel). The vertical error bars enclose 68%
of the galaxies in each bin while the horizontal bars span the included redshift
range. The dotted line shows the separation between actively star-forming and
quiescent galaxies. Low redshift points show the SDSS sample in cyan. The
median SSFR of high-mass star-forming galaxies decreases from z ∼ 1.3 to
z ∼ 0.8, then remains roughly constant, while the SSFRs of low-mass galaxies
remain high for the full redshift range. Disk-dominated galaxies mimic the
behavior of low-mass galaxies while bulge-dominated systems decrease SSFRs
on the same timescale as high-mass galaxies.
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median log(SSFR) = − 10.9 yr−1 to z ∼0.3. The lower mass galaxies appear

to slowly decrease in median SSFR, but maintain constant SSFR from z ∼ 1.3

until z = 0.3 within the errors. If we only include galaxies with M∗ > 109 M�,

the z ∼ 0.3 low-mass point decreases in log(SSFR) by 0.2 dex, while the other

points are unaffected.

We see evidence for the SSFRs of massive galaxies decreasing more

than lower mass galaxies between z ∼ 1.3 and z ∼ 0.8. From Spitzer/IRAC

3.6-4.5 µm selected data, Pérez-González et al. (2008) find a decrease in SSFR

by an order of magnitude since z = 1, consistent for galaxies of all masses. A

similar result is found by Zheng et al. (2007) for a sample with SFRs derived

from Spitzer/MIPS 24µm plus UV light. Iglesias-Páramo et al. (2007) and

Feulner et al. (2007) find a steeper decline in SSFR for high-mass galaxies

using just UV-derived SFRs, leading to a discrepancy most likely arising from

a combination of the wavelength at which the galaxies from each study are

selected and from the normalization of SFRs and dust corrections.

The interesting perspective introduced by this work is a comparison of

the evolution of SSFR for bulge-dominated and disk-dominated galaxies from

z ∼ 1.6 to the present. The lower panel of Figure 3.14 shows bulge-dominated

galaxies as filled circles and disk-dominated galaxies as open circles. The

general behavior of the bulge-dominated galaxies mimics that of the high-

mass galaxies, dropping in median log(SSFR) steeply from z ∼ 1.3 to z ∼ 0.8,

then remaining constant within the errors at log(SSFR) = − 10.9 yr−1

until z ∼ 0.3. Disk-dominated galaxies remain actively star-forming across

89



Disk−dominated

−12

−11

−10

−9

−8

Bulge−dominated

0.0 0.5 1.0 1.5
−12

−11

−10

−9

−8

Log  M* < 10.3 Msun

Log  M* > 10.3 Msun

m
ed

ia
n 

Lo
g(

S
S

F
R

)

SDSS

Redshift

m
ed

ia
n 

Lo
g(

S
S

F
R

)

Figure 3.15 Median SSFR versus redshift split into bins of stellar mass for
disk-dominated galaxies (top panel) and bulge-dominated galaxies (bottom
panel). The vertical error bars enclose 68% of the galaxies in each bin while the
horizontal bars span the included redshift range. Low redshift cyan points are
derived from the SDSS sample. High-mass bulge-dominated galaxies decrease
in SSFR from z ∼ 1.3 to z ∼ 0.8, while the high-mass disk-dominated galaxies
maintain a high level of star formation activity over the whole redshift range.
For intermediate redshifts, at a given stellar mass, the morphology is more
important at describing the efficiency of star formation activity than the stellar
mass.
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the entire redshift range from z ∼ 1.3, matching the behavior of the low-mass

galaxies. It is striking how similar the behavior is for the sample split by stellar

mass and morphology, even though the populations do not include the same

galaxies when split by different criteria. Is it stellar mass or morphology that

drives the observed behavior?

To address this question, we further split the sample by morphology and

stellar mass. The top panel of Figure 3.15 shows the disk − dominated galaxies

split by stellar mass with M∗ < 1010.3 M� as open circles and M∗ > 1010.3 M�

as filled circles. The bottom panel shows bulge − dominated galaxies with the

same stellar mass separation.

The low-mass disk-dominated galaxies remain active at all redshifts,

but decrease in median log(SSFR) by 0.15 dex between each redshift bin.

Low-mass bulge-dominated galaxies remain active over all redshift ranges.

Due to small numbers of low-mass bulge galaxies, the median log(SSFR) of

this population is dependent on the lower stellar mass limit. Including only

galaxies more massive than a lower stellar mass limit of M∗ = 109 M�, the

median log(SSFR) value of the low-redshift, low-mass, bulge-dominated galax-

ies decreases by 1 dex, and the low-redshift, low-mass, disk-dominated value

decreases by 0.3 dex, but does not significantly affect other points.

The high-mass bulge-dominated galaxies strongly decrease in star for-

mation activity, dropping in median log(SSFR) by almost 2 dex between

z ∼ 1.3 to z ∼ 0.8. The high-mass disk-dominated galaxies maintain a

consistent median log(SSFR) over the full redshift range. While high-mass
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bulge-dominated galaxies show a quick decrease in SSFR from z ∼ 1.3 to

z ∼ 0.8, the M∗ > 1010.3 M� disk-dominated galaxies maintain a high level

of star formation activity. This indicates that for intermediate redshifts, the

morphology is more important at describing the significance of the star forma-

tion activity than the stellar mass. This demonstrates that stellar mass is the

more fundamental property, since morphology is a transient feature tied to the

level of current star formation. Stellar mass should therefore be used as the

primary basis for constructing samples while morphology provides insight into

the fractionally significant contribution of star formation to stellar growth.

3.4.4 SSFR Evolution

Combining the full spectroscopic data set, we show the evolution of

the SSFR split by morphology versus stellar mass in six redshift bins to z =

1.6 in Figure 3.16. All galaxy samples are included in this plot with disk-

dominated galaxies as open symbols and bulge-dominated galaxies as filled

symbols. MUNICS galaxies are all represented by small red squares since no

morphological information is available. Diagonal lines show constant SFRs of

10 M�yr−1 (dotted) and 1 M�yr−1 (solid) while the horizontal dash-dot line

at log(SSFR)= −9.5 yr−1 shows the separation between actively star-forming

(above) and quiescent (below) galaxies (Section 3.4.2).

In Figure 3.16, high-mass galaxies have lower SSFRs at each redshift

(Cowie et al. 1996; Brinchmann and Ellis 2000; Bauer et al. 2005; Feulner

et al. 2005; Juneau et al. 2005; Pérez-González et al. 2005b; Papovich et al.
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2006; Noeske et al. 2007a; Iglesias-Páramo et al. 2007; Zheng et al. 2007;

Zamojski et al. 2007; Schiminovich et al. 2007). In addition, we find a clear

separation between disk-dominated and bulge-dominated galaxies in the SSFR

versus stellar mass plane, similar to what was seen in the z < 0.2 sample of

SDSS galaxies in Figure 3.11 (Kauffmann et al. 2003c; Schiminovich et al.

2007). Disk-dominated galaxies have higher SSFRs and lower stellar masses

while bulge-dominated galaxies have lower SSFRs and higher stellar masses

at all redshifts. This morphological distinction has been identified locally

(Kauffmann et al. 2003c; Schiminovich et al. 2007) and at z ∼ 0.7 (Zamojski

et al. 2007), and is extended for the first time in this work to z = 1.6 using

galaxies with spectroscopic redshifts and HST morphologies.

There exists an upper envelop in SSFR seen at all redshifts, that runs

roughly parallel to lines of constant SFR and steadily decreases from about

SFR = 15 M� yr−1 at z = 1.4 to SFR = 5 M� yr−1 by z < 0.2 over the

full range of M∗ = 108 − 1011 M�. The decrease (shift down to the left with

time) is independent of stellar mass and is consistent among all the surveys.

The most massive star-forming galaxies show a sharp decrease in SSFR as star

formation shuts off in these systems. There are no M∗ > 1010M� galaxies with

large SSFR (log(SSFR) > − 9.5 yr−1) at z < 0.7, which is not surprising

considering in Figure 3.8 we see decreasing numbers of massive galaxies with

blue colors as redshift decreases. Massive, star-forming disk galaxies begin to

show up in the surveys at z > 0.7. Low- and intermediate-mass galaxies form

a “ridge” in SSFR that lies along lines of constant SFR (Brinchmann and Ellis
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Figure 3.16 The SSFR as a function of stellar mass and time with morpholog-
ical distinction. Open points are disk-dominated galaxies and closed symbols
show bulge-dominated galaxies. Magenta circles represent ESO galaxies, green
diamonds are K20, blue triangles are FDF, small red squares are MUNICS
galaxies (with no morphological information) and the low redshift cyan circles
are SDSS galaxies. The age of the universe at the median redshift is shown
in the bottom left corner of each bin. The solid and dotted lines show con-
stant SFRs of 1 and 10 M�yr−1, respectively. The dashed vertical line shows
M∗ = 1011M� as a reference. The horizontal dash-dot line shows the sepa-
ration between actively star-forming (above) and quiescent (below) galaxies,
consistent with log(SSFR) = −9.5 yr−1 and a doubling time of 3.2 Gyr. Ap-
proximate error bars representing most of the sample are shown in the bottom
left of the 0.4 < z < 0.7 bin.
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2000; Bauer et al. 2005; Erb et al. 2006b; Zheng et al. 2007). This work moves

beyond previous studies by combining spectroscopic data sets of galaxies that

cover a large range of stellar masses and are analyzed in consistent ways.

Our conclusions so far describe the upper envelop of SSFR where com-

pleteness is not an issue. Completeness dominates the detectability of galaxies

present in the lower left portion of each panel which will be discussed in more

detail below. For now, we will continue to discuss the upper bound of SSFR.

There are galaxies in the Universe above the upper bound in the SSFR-

M∗ plane, but they are rare in the local universe and are often interacting

systems highly obscured by dust extinction (Sanders and Mirabel 1996). Im-

portant clues about distant star-forming galaxies are gained by comparing

well-studied local galaxies with the populations at high redshift. A well-

studied local Ultra-luminous Infrared Galaxy (ULIRG), Arp 220, is shown

in the upper left panel of Figure 3.16. Arp 220 exhibits a SSFR ∼2 orders

of magnitude larger than typical local galaxies of similar mass (Elbaz et al.

2007). Also shown in Figure 3.16 are the Milky Way Galaxy (Diehl et al. 2006;

Flynn et al. 2006) and the starburst galaxy, M82 (Elbaz et al. 2007), which

exhibit SSFRs on the upper end of the distribution we find for local galaxies

of their masses. If we look at the populations detected at z = 1, we see that

an Arp 220-like galaxy at z = 1 would still have a SSFR nearly an order of

magnitude larger than the galaxies we detect. Luminous Infrared Galaxies

(LIRGs) increase in number by 50% by z = 1 (Melbourne et al. 2005; Zheng

et al. 2007). At z > 1, M82 represents a typical galaxy we detect and has as
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Figure 3.17 Reproduction of 3.16 showing SSFR as a function of stellar mass
and time with morphological distinction. The lines show detection limits for
each survey with colors corresponding to data point colors for each survey.

SED very similar to a LIRG (Elbaz et al. 2002), so we are likely detecting these

galaxies at z > 1. We continue to detect Milky Way-like galaxies to z = 1.6,

although the Galaxy is close to our detection limits at such high redshifts.

Completeness issues affect galaxies with low levels of star formation.

Figure 3.17 reproduces Figure 3.16, and adds selection limits with colors cor-

responding to the color of the data points for each survey. Galaxies with very

low levels of star formation certainly exist at all redshifts, and would populate
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the lower left regions in each panel of Figure 3.17, evolving downwards as star

formation rates decrease and eventually shut off. In this plot, we excluded

the non-star-forming galaxies. Including these galaxies would not affect the

conclusions we derive from the evolution of galaxies in the SSFR versus stellar

mass plane over time, because the galaxies show negligible SFRs and fall below

the Figure 3.16 limits of log(SSFR) = − 14 yr−1. While incompleteness

affects our ability to detect galaxies with the lowest levels of star formation at

any redshift, it does not affect the upper bound of SSFR.

The volume of the six bins in Figures 3.16 and 3.17 increases gradually

from the top left panel to the bottom right, culminating in a total increase

of a factor of 15. Therefore in the next section, we calculate number densi-

ties for each sample and separately for disk-dominated and bulge-dominated

galaxies in order to better understand the evolution of galaxy populations in

our samples.

3.4.5 Number Densities

A basic method for understanding galaxy evolution is determining how

their number densities evolve with redshift. We determine number densities

from counting galaxies, and compare our results to the work of Drory et al.

(2005) to test for consistency. Figure 3.18 shows number densities for each

survey independently using the same colors as in 3.16, and all galaxies together

as the open black points. Solid black points show number densities for M∗ >

1010M� (upper set) galaxies and M∗ > 1011M� (lower set) galaxies from Drory
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Figure 3.18 Number density with redshift split into individual samples and
combined for a picture of total number density evolution. The colored points
show individual surveys, the open black squares show our total sample together
and the solid black circles show M∗ > 1010M� (upper) and M∗ > 1011M�
(lower) galaxies from Drory et al. (2005).
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et al. (2005). We apply a correction to each for the redshift sampling rate and

give poissonian errors for the total sample. We find agreement between our

samples and the M∗ > 1010M� galaxies from Drory et al. (2005).

All surveys show an increase in number density since z = 1.6, with

the exception of the magenta ESO galaxies. The effects of cosmic variance

and large scale structure create the overdensities of ESO galaxies at z = 0.6

and z = 1.3, which span the redshift ranges of the galaxy groups described

in Section 3.3.4 and seen in Figure 3.4. Our full sample shows an increasing

number density by 0.5 ± 0.2 dex since z = 1.

Figure 3.19 shows number densities of M∗ > 109M� bulge-dominated

galaxies as filled squares and M∗ > 109M� disk-dominated galaxies as open

symbols. The number density of disk-dominated star-forming galaxies in-

creases by 0.4 ± 0.2 dex from z ∼ 1.3 to z ∼ 0.4. Bulge-dominated galaxies

appear to remain roughly constant in number density within our samples.

These results are at odds with studies that favor a uniform increase in the

number of early-type galaxies at redshifts 0 < z < 2 (Bell et al. 2004; Faber

et al. 2007). As star formation shuts off in bulge-dominated systems, they fall

out of our samples due to our requirement for star-formation, thus decreasing

the number density we calculate for bulge-dominated systems.

3.4.6 Tests of SSFR Evolution

Understanding that galaxies with low SFRs exist below our detection

threshold, it is interesting to examine how galaxies came to populate the up-
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Figure 3.19 Number density evolution for disk-dominated (blue open points)
galaxies and bulge-dominated (red closed points) galaxies for all surveys with
morphologies. The error bars show poissionian errors on the number of galaxies
in each bin and the highest redshift points show lower limits.
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Figure 3.20 SSFR as a function of stellar mass and time with morphological
distinction. Same as Fig 3.16 but with model SFH tracks, as described in the
text, overlayed. The black tracks are exponential SFRs, blue are power laws
and red are the observed SFRs in each bin.
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per envelop of the SSFR versus stellar mass plane. We now investigate how

individual galaxies might evolve in Figure 3.16 in a closed-box scenario using

simplistic star formation histories. We consider an example of a relatively

low-mass galaxy of M∗ = 109 M�, at z = 0.6, forming stars at the constant

observed rate for the upper envelop at this redshift, SFR = 10 M� yr−1 (the

dotted diagonal line in Figure 3.16). If the galaxy continues to form stars at

this constant rate over the period from z = 0.6 to z = 0.1 (roughly 3 Gyr),

its mass increases by a factor of 30 by z = 0.1. The galaxy moves down along

the (dotted) line of constant star formation rate, stopping after shifting 1.5

dex in stellar mass. There are no observed galaxies in this study that exist at

z < 0.25 with M∗ = 3.1× 1010 M� and SFR = 10 M� yr−1. Evolving this way

would build up a huge amount of stellar mass in the galaxy in a short period

of time. Maintaining a constant SFR over the period since z = 1.5 produces

too many stars in the local universe (Bell et al. 2007) and does not match the

SFRs of locally observed galaxies. Because there are no galaxies at z < 0.2

with SFRs as high as the upper envelop value for z = 1.4, the majority of

galaxies do not sustain constant SFRs over the entire 11 Gyr period plotted

in Figure 3.16.

Next, we attempt to match our observations with other forms of SFH

as shown in Figure 3.20. A commonly assumed form for SFR is a decaying

exponential over time, t,

SFR ∝ e−t/τ , (3.4)
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where τ is the star formation time scale. Integrating the SFR from the time of

formation to some end point gives the total stellar mass built-up strictly from

stars forming inside the galaxy.

In this case, dividing the SFR by the stellar mass gives the normalized

SSFR as it evolves with time, t, as

SSFR =
1

τ [et/τ − 1]
, (3.5)

We define the variables τ and the formation redshifts, zf , to be functions of

stellar mass (Noeske et al. 2007b) as

τ = 1 Gyr× (M∗/1× 1011)α, (3.6)

zf = 5× (M∗/ 1× 1011)β. (3.7)

We vary the parameters α and β and and the constants, then overplot the

tracks to see which combination best matches the observed galaxies. Fig-

ure 3.20 is identical to Figure 3.16 with the addition of lines showing evolu-

tionary tracks from different models of star formation histories. The black

curves in Figure 3.20 show the best matches from an exponential SFH with

α = −0.9 and β = 0.1. These parameters allow later formation times and

lengthened formation time scales for low-mass galaxies.

The black exponential curves successfully reproduce the massive end

of the distribution, but underestimate the SSFRs for low-mass galaxies at

all redshifts. Examining Equation 3.5 closer, we see that if we expand the
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exponential function to first order, we find that the exponential SSFR reduces

to SSFR = 1/t and loses its dependence on τ . In this scenario, low-mass

galaxies gain stellar mass quickly through star formation and spend a very

short period of time on the flat part of the exponential curve. We cannot

reproduce the high observed SSFRs for galaxies of M∗ < 1010.5M� at any

redshift with a single parameterization of exponential star formation histories.

Other studies using exponential SFHs to model the observed galaxy

evolution claim success when looking at galaxies of M∗ > 1010M�. Using the

parameterizations and stellar mass ranges of studies from Martin et al. (2007)

and Noeske et al. (2007a), we are able to fit our data with an exponential

SFH. The discrepancy arises when we try to use either model over the full

range in stellar mass. Reproducing observed galaxy evolution for both high-

and low-mass galaxies simultaneously is not possible with a single exponential

SFH.

We next try to fit a power law model of SFR to the data. The SSFR

evolves as

SSFR ∝ (1 + α)(zf − z)−1, (3.8)

where zf is the same as Equation 3.7 and

α = (M∗/ 1× 1010)γ. (3.9)

We again vary the stellar mass dependent parameters γ and β, to see

which combination best represents the observed galaxies. We show the curves
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of the best-fitting parameters, with γ = −0.9 and β = 1.2, in Figure 3.20

as solid blue curves. The power law scenario produces a reasonable match

for intermediate mass galaxies over a range of two orders of magnitude in

stellar mass and matches the observed low-mass galaxies more closely than the

exponential SFH. The difficulty for the power law SFH is overproducing stars

in high-mass galaxies. High-mass galaxies form early and continue forming

stars until z < 1, while galaxies of M∗ < 1010M� form at lower redshifts.

The values we find for β in Equation 3.7 using the different forms of

SFH, differ greatly. Figure 3.21 shows the formation redshift versus stellar

mass for exponential (black dashdot) and power law (solid blue) SFHs. The

formation time scale is very shallow for the best-fitting exponential model,

but very steep for the power law model. The best fitting parameters for

exponential SFH reveal M∗ = 1012M� galaxies forming around z = 6 and M∗ <

107M� galaxies not forming yet in the second half of the age of the Universe!

The only reasonable fits to the data in Figure 3.20 produce unreasonable and

unsatisfactory formation redshifts.

Due to incompleteness limits, our simple SFH models could be success-

fully reproducing galaxies with low SFRs that are not detected by our surveys.

Even so, the SFR values we find for the upper envelop, and the order of mag-

nitude decrease since z = 1 match observational results found by many other

studies. Since we observe low-mass galaxies with high SSFRs at each redshift,

we attempt to model and understand which objects are their progenitors.

As a final test, we utilize the information gained directly from the ob-
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Figure 3.21 Formation redshift versus stellar mass for different star formation
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servations, mainly that most galaxies experience the SFR of the upper envelop

of galaxies as it decreases with time (see Figure 3.16). We start at z = 1.4

with a set of galaxies of stellar mass, M∗ = 1011, 1010, 109, 108, 107, and 105M�.

We evolve the galaxies over 1.2 Gyrs to z = 1.1, with the observed SFR of

our highest redshift bin, 11 M� yr−1. Each galaxy gains a stellar mass of

8.8×109 M�. We plot the new range of stellar masses of these galaxies as

thick red lines in the lower central panel of Figure 3.20. Note that galaxies

exist in this redshift bin to the upper left of the red line, with lower stellar

masses and higher SSFRs than represented by our test galaxy sample and the

red line. These galaxies must have just started forming stars because they

contain too little stellar mass to be descendants of our test sample of galaxies.

We continue to follow the evolution of the test sample of galaxies over

the next gigayear, to z = 0.8, by decreasing the SFRs to the observed rate

calculated for this period of time, 9 M� yr−1. During this phase, each galaxy

gains a stellar mass of 8.1×109 M�. The resulting range of SSFR versus

stellar mass is plotted as a thick red line in the lower left panel of Figure 3.20.

The range in stellar mass decreases with time following this model, and again

galaxies are observed in this redshift range to the upper left of the red line,

having low stellar masses and high SSFRs.

As time evolves towards present day and we continue to follow the

evolution of the original test galaxies, the range of stellar masses in the galaxy

test sample continually decreases. The low-mass test galaxies at high redshift

could only be the progenitors of M∗ > 1010.5M� galaxies at low redshift. Low-
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mass galaxies with low levels of star formation remain below our detection

limits, but the presence of observed low-mass galaxies in each redshift bin

with high SSFRs demonstrates the later onset of star formation for systems of

progressively lower mass (Noeske et al. 2007a).

3.5 Discussion

During the second half of the lifetime of the universe, stellar production

in galaxies has globally decreased by as much as a factor of ten, while the total

mass locked up in stars has doubled. Since the most massive galaxies in the

universe formed stars rapidly and nearly completely by z = 2, we focus this

study on the rapidly evolving and diverse populations of actively star-forming

galaxies. We attempted to model the observed values of SSFR over time, to

see where a galaxy in the highest redshift bin (bottom right) of Figure 3.20

might evolve by z < 0.2 (top left). Using constant, exponential and power

law star formation histories (SFH), we found the most successful model was

an exponentially decreasing SFH, but this model could not reproduce the

observed SSFRs for the entire range in stellar mass simultaneously. The SSFR

of low-mass galaxies were always underestimated because stellar mass builds

up in such a short time. Therefore low-mass galaxies observed at high redshift

cannot be the progenitors of low-mass galaxies observed at low redshift with

the same SFR.

Many observed galaxies exist on the upper envelop of SSFR near the red

lines in Figure 3.20, indicating that this scenario of following observed rates of

108



 4  6  8  10  12  14
 0

 2

 4

 6

 8

 10

 12

Age of Universe [Gyr]

S
F

R
 [M

su
n 

yr
−

1 ]

less massive star−forming galaxies
more massive star−forming galaxies
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SFH is a simplistic, yet more successful representation of the evolution of star-

forming galaxies than either exponential or power law SFHs. If the change in

SFR is dependent on time and not mass then downsizing is achieved because

adding a constant mass of stars over a given amount of time will always build

up the stellar mass in lower mass objects relatively more. Caution should be

used when considering which SFH should be used because the traditionally-

used simple exponential is not universally applicable.

We now present a picture of galaxy evolution that corresponds to

changes in observed values of SFR over time. Figure 3.22 shows a simple

model of SFR versus the age of the universe for star-forming galaxies. The

most massive star-forming galaxies are represented by the thickest line. These

galaxies start forming stars at a high rate when the universe was less than 5

Gyr old. Lower mass galaxies are represented by thinner lines and begin form-

ing stars at progressively later times with lower initial rates of star formation,

as indicated by the observations. While the average change of SFR over time

is roughly constant and independent of stellar mass, individual galaxies must

behave quite differently from the average in order to maintain high numbers

of low-mass galaxies with high SSFRs at every redshift. While observational

constraints dictate that we do not detect galaxies with the lowest levels of star

formation at any redshift, our observed evolution of SSFR represents most

galaxies in the initial surveys, since a strong majority are actively forming

stars (82% for FDF, 86% for K20, 86% for ESO and 51% for MUNICS). Our

collection of spectroscopic samples proved consistent throughout this work.
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As gas supplies become more locked up in stars over time, fewer stars

on average are able to form, as shown by the global decrease in SFR since

z = 1 and the decrease of bluest galaxies in Figure 3.13. A successful and

detailed picture of gas-dynamical processes that govern the initial and final

stages of local and global star formation does not yet exist. The most massive

galaxies, with the lowest gas fractions, cease forming stars as early as z = 2,

while lower mass galaxies, with more abundant gas content (Kannappan 2004;

Kaufmann et al. 2007) are more affected by tidal interactions (Li et al. 2007),

for example, which would induce elevated levels of star formation. At this

point, no models can produce a decreasing SFR for star-forming galaxies of

all masses at z < 1.6.

Another possibility is invoking a SFH that depends on morphology

(Kauffmann et al. 2006). In Section 3.4.3, we argued that morphology is a

transient feature tied to current star formation and provides more insight into

the fractional significance of star formation to stellar growth of a galaxy than

stellar mass. Various modes of feedback or evolving initial mass functions (van

Dokkum 2008; Davé 2008) could eventually describe the attenuation of star

formation in galaxies over time, but it is not clear what would cause a delayed

onset of star formation for lower mass galaxies or why the initial SFR is lower

for lower mass galaxies. Future work will lead to investigating the global star

forming properties of galaxies to investigate the early connection between local

gas density (Schmidt 1959) and the entire range of properties.
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3.6 Conclusions

We have combined spectroscopy, multi-wavelength photometry and HST

imaging for the FDF, MUNICS, and GOODS-S (K20 and ESO) surveys to

determine how internal processes govern mass-dependent galaxy evolution in

star-forming galaxies. We combine colors, metallicity, SFR, morphologies and

stellar masses over 5 decades in mass and find consistent results for all surveys

analyzed identically. We provide the first in-depth look at the SSFR versus

stellar mass analysis including morphologies up to z < 1.6. The main results

are summarized below.

• SFRs derived from UV luminosities are a factor of 1.5 higher on average

than [OII]-derived SFRs.

• We find a weak trend for increasing metallicity with stellar mass. We see

no obvious distinction in the mass-metallicity relationship between our

z < 0.5 and z > 0.5 galaxies, but the whole sample is offset to 0.2 dex

lower metallicities than the local galaxies from Tremonti et al. (2004).

• Bulge-dominated galaxies (sersic index, n > 2.5) are redder, more mas-

sive, intrinsically brighter and exhibit lower SSFRs than disk-dominated

galaxies. Bulge-dominated galaxies decrease SSFRs earlier than disk-

dominated galaxies.

• Disk-dominated galaxies retain high median log(SSFR) from z ∼ 1.3 to

z ∼ 0.3 for all masses. High-mass (M∗ > 1010.3M�), bulge-dominated
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galaxies decrease in median log(SSFR) from z ∼ 1.3 to z ∼ 0.8, while

low-mass bulge-dominated galaxies maintain median log(SSFR)> −9.5

yr−1.

• The reddest star-forming, disk-dominated galaxies decrease in number

from z > 1 to z = 0.6 while the bluest quiescent, disk-dominated galax-

ies increase in number at z < 0.6. There is not a strong change in

morphological state, rather a change in star formation activity occurs

more quickly.

• We introduce evidence for a distinct morphological separation in the

SSFR versus stellar mass plane such that bulge-dominated galaxies are

more massive with lower SSFRs at all redshifts up to z = 1.6.

• We are unable to successfully reproduce the observed changes in SSFR

versus stellar mass over time for the entire range of stellar masses with

exponential, power law or constant SFHs.

• We present a picture of observed SFRs that decrease over time so that

lower mass galaxies begin to form stars at later times with lower ini-

tial SFRs than galaxies of similar masses at higher redshifts. Low-mass

galaxies observed at high redshift are not the progenitors of low-mass

galaxies at low redshift with the same SFR.

This work has uncovered distinct morphological properties of galaxies

evolving over the last ten billion years. Future work combining very large
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samples of galaxies with extensive wavelength coverage will be necessary in

order to more thoroughly understand star formation histories of various types

of galaxies without resorting to long-lived assumptions of the form of the SFH.

Focusing on creating a complete sample of low-mass galaxies, these data will be

ultimately used to constrain evolutionary models that can reveal what physical

properties govern the initiation and termination of star formation in galaxies.
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Chapter 4

Epilogue

In the final chapter, I place the work presented in this thesis into the

context of the collective current understanding of galaxy evolution. I discuss

how the main questions of the field have evolved over the last six years and

describe the present puzzles in the picture of how galaxies grow and evolve.

At the time when this doctoral research began, the main questions in

galaxy evolution related to understanding how internal star formation and

merging contributed to the growth of galaxies, the nature of downsizing in

the Universe, and determining when the most massive galaxies were formed

and assembled. A key result from mass functions calculated for large surveys

show the existence of massive galaxies (M∗ > 1011M�) at z > 2, which prove

to be largely assembled by z ∼ 1 (Dickinson et al. 2003; Fontana et al. 2003;

Drory et al. 2004a). There is more recent evidence for “dry” mergers to occur

between the most massive elliptical galaxies at z < 1 (van Dokkum 2005;

Bell et al. 2006), but these do not result in new star formation since the

participating galaxies are gas-depleted. The lack of new star formation in the

most massive galaxies is consistent with the downsizing picture and motivates

a closer inspection of star formation in lower mass galaxies to determine which
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populations are involved in the continuing decrease in SFR density since z = 1

(e.g. Madau et al. 1996; Lilly et al. 1996; Hammer et al. 1997; Rowan-Robinson

et al. 1997; Flores et al. 1999; Tresse et al. 2002).

Our investigation of this issue, discussed in Chapter 2 of this thesis,

provides insight toward understanding the star-forming nature of lower mass

galaxies (M∗ < 1011M�) at z < 1. We analyze evolution of the specific star

formation rate (SSFR), which relates the rate at which new stars are added

to the assembled stellar mass of a galaxy and therefore reveals the significance

of the current star formation episode at any given time. For massive galax-

ies, larger SSFRs are necessary to make a fractionally equivalent contribution

to mass growth as compared to lower mass galaxies. Previous studies of the

SSFR at low (Pérez-González et al. 2003; Brinchmann et al. 2004) and inter-

mediate redshift (Cowie et al. 1996; Guzman et al. 1997; Brinchmann and Ellis

2000; Fontana et al. 2003) show a trend for low-mass galaxies to exhibit higher

SSFRs. No significant study of SSFR evolution over a wide range of galaxy

masses and redshift had been undertaken. Our work (Bauer et al. 2005) shows

higher SSFRs for low-mass galaxies out to z = 1.5, suggesting that star forma-

tion contributes more to the growth of low-mass galaxies than to the growth of

high mass galaxies. Very low SSFRs in high-mass galaxies for which we could

detect [OII] emission shows that high-mass galaxies indeed formed the bulk of

their stellar content before z = 1. We also identify a ridge in the SSFR versus

stellar mass that runs parallel to lines of constant SFR, evolves independently

of galaxy stellar mass, and is unaffected by incompleteness (Bauer et al. 2005;
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Erb et al. 2006b; Zheng et al. 2007). This study provides more observational

evidence for the generalized idea of downsizing.

The next obvious question involves identifying what governs the process

of downsizing: what initiates and what shuts off star formation in galaxies?

What stalls the star formation process in low-mass galaxies? Is there a par-

ticular process that ends star formation at earlier times in massive galaxies?

Is this process internal or external, is it mass-dependent, and does this agent

change with time? Is downsizing strictly a phenomenon describing the decline

in star formation, or does it govern the entire mass assembly process? Can

galaxy morphology provide clues to when and why star formation shuts off?

A simplistic view is that massive galaxies form first after an initial collapse,

rapidly create stars, exhaust all their gas and thus end their ability to form

new stars. However, observations identify many actively star-forming present-

day galaxies (including our Galaxy with a SFR ∼ 4 M�yr−1) and a steady

number density of blue galaxies from z ∼ 1 to today (Bell et al. 2004; Ilbert

et al. 2006; Faber et al. 2007), demonstrating the existence of enough gas to

continue global star formation.

Stellar mass functions and luminosity functions at redshifts 0 < z < 2

favor a build-up in the numbers of lower mass (M∗ < 1011M�) spheroidal

galaxies on the red sequence (Bell et al. 2004; Bundy et al. 2005b; Franceschini

et al. 2006; Faber et al. 2007). The total stellar mass density of the red

sequence increases by a factor of ∼ 2.5 − 3 since z ∼ 1 (Bundy et al. 2005a;

Franceschini et al. 2006; Pannella et al. 2006; Borch et al. 2006), which cannot
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be accounted for by dry mergers (van Dokkum 2005; Bell et al. 2006), since

by definition these interactions do not create new mass on the red sequence.

Drory and Alvarez (2008) claim the observed increase in number density of

massive galaxies at z ∼ 2.5 can be explained by decreasing star formation

rates, but cannot be directly compared to color-determined number densities

since even low levels of star formation can cause a massive galaxy to maintain

a blue color (Gebhardt et al. 2003; Bundy et al. 2005b).

Observations of the blue galaxies show a continuation of star formation

since z = 1 and decreasing number counts, but little change in their stellar

mass function (Bundy et al. 2005b; Franceschini et al. 2006; Faber et al. 2007).

Using the observed bimodality in galaxy color (Strateva et al. 2001; Hogg

et al. 2002; Kauffmann et al. 2003b; Baldry et al. 2004) as a surrogate to

identify either star-forming (blue) galaxies (e.g. Bundy et al. 2005b) or disk-

dominated (blue) galaxies (e.g. Faber et al. 2007) is beneficial for studying

large samples of galaxies, but introduces uncertainties. At low redshifts, this

method is a reasonable approximation since red galaxies tend to be bulge-

dominated (Menanteau et al. 2006; Kajisawa and Yamada 2006), but errors

are introduced because restframe color represents a complicated combination

of star formation activity and morphology (see Section 3.4.3 of this thesis

and Faber et al. (2007)). Edge-on disk galaxies could appear red due to dust

extinction, even if it is undergoing star formation. By z ∼ 0.75, non-spheroidal

galaxy contamination of red galaxies amounts to 30% (Weiner et al. 2005), and

increases as redshift increases (Cimatti et al. 2002b; Moustakas et al. 2004).
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It is much more reliable to define a galaxy morphology from direct image

analysis. Unfortunately, large samples of morphologically classified galaxies

with measured spectroscopic redshifts for z > 0.4 are difficult to produce, since

large amounts of telescope time are needed to measure spectroscopic redshifts

and high resolution images are required to derive morphological classifications.

Few studies have amassed more than a couple hundred galaxies with

both spectroscopic redshifts and high resolution imaging (e.g. Brinchmann

et al. 1998; Ilbert et al. 2006; Cassata et al. 2007). Large samples have been

compiled, yet photometric redshifts must be used, which introduce large un-

certainties into evolutionary studies (e.g. Bell et al. 2004; Pérez-González et al.

2005a).

The lack of large spectroscopic samples with morphology motivated

the contribution we describe in Chapter 3 of this thesis. We combine near-IR-

selected galaxies from several different publicly-available surveys with spec-

troscopy and HST images to look at morphology, star formation rate (SFR),

metallicity, color, SSFR, and stellar mass to distinguish which internal pro-

cesses govern mass-dependent galaxy evolution. Our study provides the first

large spectroscopic sample that covers fives decades in stellar mass and in-

cludes imaging from HST for morphological determination to z = 1.6.

Our diagnostics reveal evidence for downsizing and a morphological

distinction in the SSFR-stellar mass plane that had only previously been seen

at low (Kauffmann et al. 2003c; Schiminovich et al. 2007) and intermediate

(Zamojski et al. 2007) redshifts. Galaxies with high SSFRs and disk-dominated
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structures tend to shift to lower masses as redshift decreases so that at all

redshifts, high-mass galaxies with low SSFRs show bulge-dominated structure.

We detect low-mass galaxies with high SSFRs at all redshifts, which is not fully

understood considering any star formation will increase the stellar mass of a

galaxy enough that it is no longer a low-mass galaxy.

A question to be addressed as telescopic sensitivity increases and models

begin to resolve low-mass objects at all redshifts, is the nature of what prevents

star formation from beginning in the lowest mass galaxies until later times.

As shown in Section 3.4.4, even low levels of star formation form a large

amount of stellar mass very quickly: enough to be identified by some current

surveys. So is it that when identified, the lowest mass galaxies at any time are

experiencing their first burst of star formation? If these galaxies live in low

density environments (Thomas et al. 2005; Renzini 2006; Cimatti et al. 2006),

it is possible that the lack of external interaction of any kind, prevents gas

from centrally concentrating enough in individual objects that the Schmidt-

Kennicutt (Schmidt 1959; Kennicutt 1989) threshhold of surface density is

never reached, and star formation does not initiate. If the surface density

becomes high enough to trigger star formation, it is possible for supernova

feedback to remove gas quickly from the small gravitational potential well of

low-mass galaxies (Stinson et al. 2007) and halt star-formation again before

building up a large amount of stellar mass. Morphological identification of

low-mass galaxies at high redshift could give clues to methods of gas transport

and surface densities of these objects.

120



Could similar observations also provide information at what turns off

star formation in high-mass galaxies? In Chapter 3, we find an observed stellar

mass above which galaxies are red and star formation is suppressed (as noted

in Section 3.4.2) and agrees with the decrease in the “Quenching Mass” by a

factor of 5 between 1.4 < z < 0.4 given by the large number of galaxies in

the DEEP2 study of Bundy et al. (2006), and the COMBO-17 work of Borch

et al. (2006). Why does star formation turn off in galaxies above a certain

mass, and why does that mass decrease as redshift decreases?

Models suggest the suppression of star formation could be due to inter-

nal AGN feedback (Silk and Rees 1998; De Lucia et al. 2006; Hopkins et al.

2006), since known correlations exist between the masses of central supermas-

sive black holes and velocity dispersion (Gebhardt et al. 2000; Ferrarese and

Merritt 2000). Feedback provides enough energy to the surrounding medium

to quench star formation in massive galaxies (Scannapieco et al. 2005; Dekel

and Birnboim 2006; Croton et al. 2006) and allow galaxies to become red

with bulge-dominated structures. Semi-analytic models using AGN have suc-

cessfully produced massive quiescent galaxies (De Lucia et al. 2006; Croton

et al. 2006), but cannot match the early assembly times of massive galaxies

derived from observations (De Lucia et al. 2006; Conselice et al. 2007). On

the other hand, the model tested by Kitzbichler and White (2007) overpre-

dicts the abundance of massive galaxies at high redshift, despite the previously

mentioned evidence that late mergers play some role in the build-up of more

massive galaxies at z < 3 (De Lucia et al. 2006; De Lucia and Blaizot 2007).
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The fact that Drory and Alvarez (2008) claim the observed increase in number

density of massive galaxies at z < 2.5 can be explained through observed star

formation rates, demonstrates that current data are still far from constraining

the importance of evolving SFRs, the reason for a possible “Quenching Mass”,

and merger rates, while models are still unable to identify all the possible

mechanisms that dominate star formation suppression in galaxies.

An interesting question is whether connections can be identified be-

tween major mergers, AGN feedback, and morphological evolution. Since gas-

rich mergers are believed to trigger AGN activity (Hopkins et al. 2006) and

mergers also develop spheroidal structure in the centers of galaxies (e.g. Barnes

and Hernquist 1991), could star formation suppression be tied to morphologi-

cal transformation as well? Morphologically distinguishing galaxy populations

could serve as a clue to gas transport and feedback mechanisms. Comparing

large samples of spectroscopic data for galaxies with high resolution imaging to

models of baryonic physics constitutes the future of understanding the causes

of the gradual decline of star formation in the Universe1.

1In case of any questions about the Universe, send me email at manda.banana@gmail.
com.
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S. Carliles, F. J. Castander, A. J. Connolly, I. Csabai, M. Doi, F. Dong,

D. J. Eisenstein, M. L. Evans, X. Fan, D. P. Finkbeiner, S. D. Friedman,

J. A. Frieman, M. Fukugita, R. R. Gal, B. Gillespie, K. Glazebrook, J. Gray,

E. K. Grebel, J. E. Gunn, V. K. Gurbani, P. B. Hall, M. Hamabe, F. H.

Harris, H. C. Harris, M. Harvanek, T. M. Heckman, J. S. Hendry, G. S.

Hennessy, R. B. Hindsley, C. J. Hogan, D. W. Hogg, D. J. Holmgren,
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garella, E. Zucca, S. Bardelli, G. Zamorani, D. Bottini, B. Garilli, V. Le

Brun, D. Maccagni, J.-P. Picat, R. Scaramella, M. Scodeggio, G. Vettolani,

A. Zanichelli, C. Adami, M. Arnaboldi, M. Bolzonella, A. Cappi, S. Charlot,

T. Contini, S. Foucaud, P. Franzetti, I. Gavignaud, L. Guzzo, A. Iovino, H. J.

McCracken, B. Marano, C. Marinoni, G. Mathez, A. Mazure, B. Meneux,

145



R. Merighi, S. Paltani, R. Pello, A. Pollo, L. Pozzetti, M. Radovich,

M. Bondi, A. Bongiorno, G. Busarello, P. Ciliegi, Y. Mellier, P. Merluzzi,

V. Ripepi, and D. Rizzo. The VIMOS-VLT Deep Survey. Galaxy luminos-

ity function per morphological type up to z = 1.2. A&A, 453:809–815, July

2006. doi: 10.1051/0004-6361:20053632.

M. Im, L. Simard, S. M. Faber, D. C. Koo, K. Gebhardt, C. N. A. Willmer,

A. Phillips, G. Illingworth, N. P. Vogt, and V. L. Sarajedini. The DEEP

Groth Strip Survey. X. Number Density and Luminosity Function of Field

E/S0 Galaxies at z < 1. ApJ, 571:136–171, May 2002. doi: 10.1086/339854.

S. Juneau, K. Glazebrook, D. Crampton, P. J. McCarthy, S. Savaglio, R. Abra-

ham, R. G. Carlberg, H.-W. Chen, D. Le Borgne, R. O. Marzke, K. Roth,

I. Jørgensen, I. Hook, and R. Murowinski. Cosmic Star Formation His-

tory and Its Dependence on Galaxy Stellar Mass. ApJL, 619:L135–L138,

February 2005. doi: 10.1086/427937.

M. Kajisawa and T. Yamada. Mass-dependent Color Evolution of Field Galax-

ies back to z˜3 over the Wide Range of Stellar Mass. ApJ, 650:12–17, Oc-

tober 2006. doi: 10.1086/506428.

S. Kannappan. ”linking gas fractions to bimodalities in galaxy properties”.

ApJ, 611:L89–L92, aug 2004.

G. Kauffmann and S. Charlot. ”the k-band luminosity function at z=1: a

powerful constraint on galaxy formation theory”. MNRAS, 297:L23–+, June

1998.

146



G. Kauffmann, T. M. Heckman, S. D. M. White, S. Charlot, C. Tremonti,

J. Brinchmann, G. Bruzual, E. W. Peng, M. Seibert, M. Bernardi, M. Blan-

ton, J. Brinkmann, F. Castander, I. Csábai, M. Fukugita, Z. Ivezic, J. A.
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R. Pellò, A. Pollo, L. Pozzetti, M. Radovich, E. Zucca, M. Arnaboldi,

M. Bondi, A. Bongiorno, G. Busarello, P. Ciliegi, L. Gregorini, Y. Mellier,

P. Merluzzi, V. Ripepi, and D. Rizzo. The VIMOS VLT Deep Survey. Public

release of 1599 redshifts to IAB < 24 across the Chandra Deep Field South.

A&A, 428:1043–1049, December 2004. doi: 10.1051/0004-6361:20048072.

E. Le Floc’h, C. Papovich, H. Dole, E. F. Bell, G. Lagache, G. H. Rieke,
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