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ABSTRACT

In this Dissertation, I present my work on a variety of topics on galaxy evolu-

tion from the deep�elds observed by the Hubble SpaceTelescope. I derive spectro-

photometric redshifts for the 1308galaxiesfrom the GRism ACS Program for Extra-

galactic Sciencein the Hubble Ultra Deep Field (HUDF). For the 81 galaxieswith

spectroscopicredshifts between0.5 and 1.5, the standard deviation in the fractional

error in (1 + z) is 0.046. Using this redshift catalog, I conduct two extragalactic

studies:

(1) The B-band galaxy luminosity function at redshift one. This spectropho-

tometric redshift catalog is 95%completeat 27.2AB mag, which is nearly two mag-

nitudes deeper than previous studies. Therefore, I am able to accurately determine

that the faint-end slope of the galaxy luminosity function (LF) is {1.32. By compar-

ing to numerouspublished measurements at various redshifts, I �nd evidencefor a

steepening of the faint-end slope with redshift.

(2) The galaxy major merger fraction and merger number density between

redshifts 0.5 and 2.5. After correcting for massincompleteness,I �nd that the major

merger fraction of massive galaxiesis not proportional to a power-law in (1 + z) at

high redshift, but rather appears to peak at an approximate redshift of 1.3. From

this merger fraction, I infer that roughly 42% of massive galaxieshave undergonea

major mergersinceredshift one. To extend thesemeasurements to higher redshifts, I

determinethe mergerhistory of Lyman breakgalaxiesselectedasBVi'-band dropouts

from the Great Observatories Origins Deep Survey and the HUDF. I correct these
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high redshift merger statistics for contamination of low redshift early-type galaxies

and low mass Galactic dwarfs. By adopting the published merger counts at low

redshift, I �nd that the major merger number density for galaxiesmore luminous

than {20.5 mag can be suitably �t by a two-component power-law, and peaksat an

approximate redshift of 1.04. This evolution is qualitativ ely similar to that of X-

ray selectedAGN and provides circumstantial evidencethat luminous AGN may be

triggered by major mergers.
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CHAPTER 1

Introduction

1.1. Review

The deep�elds observed with the Hubble SpaceTelescope (HST) have revolu-

tionized our understandingof galaxy formation and evolution by probing 
ux ranges

and angular scalesnot achievable by even the best ground-basedobservatories. Ow-

ing to theseunique properties, the amount of ancillary data | whether imaging at

various wavelengthsor spectroscopy from the largest ground-basedtelescopes | is

continuously growing, making thesedeep�elds among the richest datasetsto date.

Consequently thesevery powerful �elds have attracted countless authors, who have

studied nearly every observable property of thesefaint galaxies.

The original Hubble DeepField (HDF; PID 6337;Williams et al. 1996)wasthe

�rst survey undertaken with HST to push the photometric limits to AB � 28 mag.

This signi�cantly increaseddepth led to a number of unexpected results, many of

which have becomecornerstonesin our current understanding of galaxy evolution.

Sinceit is impractical to review the entire suite of work that has surfacedfrom the

HDF observations, I will only brie
y highlight thosewhich are most relevant to this

dissertation:

In the local Universe,the majorit y of massive galaxiescan easily be classi�ed

into the broad categoriesestablishedby Hubble (1936). However with the HDF ob-

servations, this morphologicaldichotomy cameunder signi�cant examination. While

early work with HST extendedmorphologicalclassi�cations down to V � 20 mag (eg.

Driver et al. 1995b;Glazebrook et al. 1995),the HDF observations routinely permitted

visual classi�cations to I � 24 mag. This addeddepth over the generalHST images
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fueled the desirefor quantitativ e morphologicalclassi�cation schemes,most notably

the concentration and asymmetry parameters (eg. Abraham et al. 1996; van den

Bergh et al. 1996), arti�cial neural networks (Odewahn et al. 1996), and bulge-disk

decompositions (Marleau & Simard 1998), and S�ersic indices (S�ersic 1968). While

these quantitativ e approaches have many key virtues | the measurements can be

automated, free of qualitativ e biases,and are generally repeatable | they are not

without limitations. For example,there aregeneralconcernsregardingthe sensitivity

of thesemorphologicalestimators to the signal-to-noiseper pixel, the angular sizeof

the galaxies,resolution of the images,and various redshift-dependent e�ects (such as

bandpass-shiftingand cosmologicalsurfacebrightnessdiming; Ferguson,Dickinson,

& Williams 2000). Whether determined from these quanti�ed metrics or through

visual classi�cations, it hasbecomeclear from the HDF observations that the distri-

bution of morphological types at faint magnitudesand moderately higher redshifts

(z . 1) changesdramatically from what is observed in the local Universe. For galax-

ies with 21. I . 25 mag, Abraham et al. (1996) show that � 40% of all galaxiesare

irregular/merging/p eculiar systems. While bandpass-shiftingmay account for some

of this \morphological evolution," the majorit y of galaxiesdo not exhibit strong mor-

phological changesfrom the restframe ultraviolet to optical (eg. Teplitz et al. 1998;

Windhorst et al. 2002),the so-called\morphological K -correction."

In addition to their marked structural changes,high redshift galaxiesare gen-

erally smaller than their local counterparts. To further investigatethis trend, Roche

et al. (1998) proposea simple size-luminosity evolution model (SLE), wherein star-
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formation in disk galaxiesproceedsoutward from the nucleus. However many of

these measurements will breakdown at faint magnitudes (I & 25 mag), since most

galaxieswill only extendover a few independent resolutionelements (Ferguson,Dick-

inson, & Williams 2000). Naturally this worsensthe already existing issueswith the

aforementioned measuresof galaxy morphology.

Sincethe HDF observations facilitated the study of galaxiesto limits far fainter

than canbespectroscopicallypursuedby ground-basedfacilities, a needfor a newtool

to determinedistancesto faint galaxiesarose.While notion of photometric redshifts

existedlong beforethe HDF (eg.Baum 1962;Koo 1985),they becamea standardand

widely embracedtechniquewith the successof the HDF. Steidelet al. (1996)pioneered

the useof color selectionsto identify high redshift galaxiesbasedon a spectral break

from the Lyman limit or Lyman-� forest. Sincethis \drop out" technique can only

provide a coarseredshift estimate for galaxies at a speci�c redshift interval, it is

necessaryto usethe additional broadbandphotometry to increaseboth the reliabilit y

and the rangeof the derived photometric redshifts. Thereforemany authors have �t

spectral templates (eg. Coleman, Wu, & Weedman1980;Bruzual & Charlot 1993)

to the bevy of photometric data to infer galaxy redshifts (eg. Gwyn & Hartwick

1996;Mobasheret al. 1996;Lanzetta, Yahil, & Fern�andez-Soto1996;Sawicki, Lin,

& Yee1997). Such photometric redshifts are particularly accuratewhen the optical

photometry is supplemented with comparablydeepinfrared data (eg.Fern�andez-Soto,

Lanzetta, & Yahil 1999;Yahata et al. 2000). The precisionof photometric redshifts

are generallyquoted as a fractional error in (1 + z) with respect to the traditionally
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measuredspectroscopicredshifts, � z=(1 + zspec). From deepspectroscopy with the

Keck Observatory, Cohen et al. (2000) estimate that a photometric redshift survey

can achieve � [� z=(1 + zspec)] ' 0:05 for & 90% of the galaxiesat z < 1:3. Basedon

the successof these studies, the photometric redshifts derived from the HDF have

becomethe benchmark against which all photometric redshift surveysare compared

(Ferguson,Dickinson, & Williams 2000).

The cosmicstar-formation rate density (SFRD), as often traced by the inte-

grated ultraviolet (UV) luminosity (eg. Kennicutt 1998),hasbeenthe focusof many

studies in the HDF. Early work by Lilly et al. (1996) establisheda sharp increasein

the SFRD with redshift for z . 1. To extend this work, Madau et al. (1996) applied

the dropout criteria to selecthigh redshift galaxies,and found that the cosmicSFRD

declinesby nearly a factor of 10 over 1 . z . 4. Theseearly estimatesonly repre-

sent lower limits, sinceall correctionswill tend to increasethese values (Ferguson,

Dickinson, & Williams 2000). The sourceand magnitude of these corrections has

been the subject of further investigation, and they can be broadly characterizedas

either re�nements in the galaxy selectionand redshift estimation or the dust attenua-

tion correction. Regardingthe galaxy selection,increasingthe areain the color{color

spacetendsto increasethe number of Lyman breakcandidatesand the contamination

of low redshift interlopers, such as elliptical galaxiesat z � 1 or low-massGalactic

dwarfs. Since this exacerbatesthe need for subsequent spectroscopicobservations,

it can be more practical to model the stellar populations with spectral templates

(eg. Sawicki & Yee 1998;Fontana et al. 1999) in a fashion which is similar to the
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photometric redshift technique. In general the luminosity densitiesderived by this

technique are higher than what is found from the dropout selections,rendering the

apparent decline in the SFRD at z & 1 up for debate. While the stellar population

modeling naturally accounts for any internal reddening,many authorshavedeveloped

extinction correctionsbasedon local starbursts. For example,Meurer et al. (1997)

calibrated the UV slope with the far-infrared 
ux (60 � m. � obs . 100 � m) to derive

a bolometric extinction correction. With thesecorrections,their SFRDsare roughly

consistent with those derived from the stellar population modeling, and imply that

there may be little declinein the SFRD at z& 1 (Meurer, Heckman, & Calzetti 1999).

As the measurements of the cosmicSFRD have improved, its role in galaxy

evolution has also beendeveloped. Madau, Pozzetti, & Dickinson (1998) show that

the observed SFRD at z . 4 is consistent with the colors and mass densities of

local galaxies, the metallicites of damped Ly� absorbers, and the integrated far-

infrared background. Sincehigh redshift galaxiesgenerallyhave high star-formation

rates and small physical sizes(as discussedabove), their surface brightnessescan

be signi�cantly higher than thoseof local galaxies. Indeed, this e�ect was unknown

to Bahcall, Guhathakurta, & Schneider (1990) and was likely the sourceof their

pessimisticprediction.

Despite the overwhelming successof the HDF, many of thesediscussedcon-

clusions are subject to further scrutiny, owing to the appreciablecosmic variance

introduced by its narrow �eld-of-view (� 5:7 arcmin2). Therefore additional deep

surveyswith HST must be conducted. The Great ObservatoriesOrigins DeepSurvey



6

(GOODS; PID 9583;Giavaliscoet al. 2004a)consistsof a northern and souther �eld,

each covering � 160 arcmin2. This roughly 50-fold increasein surveyed area, at a

comparable
ux limit, led to the study of several additional topics.

Like the HDF, the GOODS �elds have bene�ted from a wealth of supporting

observations, and the deepHST imaging hasdeveloped a symbiotic relationship with

the near- to mid-infrared data (3:6 � m � � obs � 24 � m) from the Spitzer Space

Telescope (SST). For galaxiesat 0:6 . z . 2:6, the Infrared Array Camera (IRA C)

samplesthe restframe K -band, which can be a reliable measureof the stellar mass

(Brinchmann & Ellis 2000; Cole et al. 2001). However to take full advantage of

the suite of imaging, many authors �t stellar population synthesis models to the

multiwavelength data from HST and SST to select galaxiesbasedon their stellar

mass. Thesestellar massstudies have establishedthe evidencefor a population of

passively-evolving, massive (M � & 1011 M � ) galaxiesat 1:6. z . 2:5 (eg. Cimatti et

al. 2004;Daddi et al. 2004;Papovich et al. 2006). While there have beensuggestions

of equally massive systemsat z& 5 (eg. Eyleset al. 2005;Mobasheret al. 2005;Stark

et al. 2007;Wiklind et al. 2008),most massestimatesfor the highestredshift galaxies

(z ' 6) are considerablylower (M � � 109� 10 M � ; Yan et al. 2006;Lai et al. 2007).

Thesestellar massstudieshave supported the alreadygrowing ideaof the downsizing

in massive galaxies(eg. Cowie et al. 1996;Bundy, Ellis, & Conselice2005;Treu et al.

2005). In the downsizing model, star-formation in massive galaxieswas completed

very early in the history of the Universe(Cowie et al. 1996), which may manifest
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itself asa stellar population that appearsto have passively evolved over the majorit y

of the Hubble time.

The area a�ords the GOODS survey a unique opportunit y to study intrin-

sically rare objects, which may elude narrower surveys. It is widely acceptedthat

the deposition of gasonto to a central, supermassive black hole (SMBH) results in

an active galactic nuclei (AGN). Even from the earliest observations of AGN and

quasi-stellarobjects (quasarsor QSOs),it wasclear that such objects are rather rare.

Furthermore this phenomenais capableof emitting over many orders in frequency,

which inherently requiresmultiwavelength observations to record a completecensus

of objects for study. By combining the X -ray luminosity function and an appropriate

set of AGN SEDs, Treister et al. (2004) apply a simple uni�ed AGN model, where

there are roughly three times as many obscuredAGN to unobscured,to reproduce

the z0-band 
ux and photometric redshift distributions of hard X -ray selectedAGN.

Basedon the deepX -ray observations from the Chandra X -ray Observatory (CXO;

which precededthe HST and SST imaging) in GOODS-N, Barger & Cowie (2005)

�nd a de�cit in the spacedensity of high-luminosity AGN at z & 1. They argue for

a pure-luminosity evolution model (PLE; Barger et al. 2005),which is in contrast to

the more common luminosity-dependent density evolution (LDDE; eg. Ueda et al.

2003;Hasinger,Miyaji, & Schmidt 2005). Cristiani et al. (2004) �nd a similar dearth

of high redshift (3:5. z . 5:2) moderate luminosity QSOs,when comparedto PLE of

the z ' 2:7 luminosity function and a constant universal e�ciency of the formation

of SMBHs. In any case,it is clear that the spacedensity of X -ray selectedAGN
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increasesto z � 1 and likely declinesfor z & 1, which is broadly consistent with the

density evolution of radio selectedAGN (eg. Waddington et al. 2001).

To fully exploit the multiwavelengthsurvey, many authorsselectobjects at one

frequencyand study their propertiesat another. For the GOODS�elds, this generally

meansexamining the optical imagesof X -ray or radio selectedAGN (Rosati et al.

2002;Afonsoet al. 2006). Many of the optical counterparts to X -ray AGN are bulge-

dominated, and do not show an increasednumber of closecompanionsor enhanced

image asymmetry (eg. Grogin et al. 2003), which arguesfor AGN not generatedby

a major merger (Grogin et al. 2005),or the visual cluesof the major mergerare no

longerpresent. By identifying the HST counterparts to the CXO sources,Koekemoer

et al. (2004)discovereda new population of AGN with extremeX -ray-to-optical 
ux

ratios (EXOs). The broadband photometry from the majorit y of EXOs are best-

�t by early-type galaxy templates with a median photometric redshift of z ' 1:9,

while a few examplesmay be at z & 6 (Mainieri et al. 2005). Sincethe AGN energy

sourceis the sporadic feedingof the central SMBH, its 
ux is not constant with time,

but rather varies chaotically. Klesman & Sarajedini (2007) �nd that 51% and 26%

of AGN selectedfrom their soft X -ray or mid-infrared 
uxes are optically variable,

respectively. Furthermore, Cohen et al. (2006) �nd that � 1% of all galaxiesin the

Hubble Ultra DeepField have variable nuclei.

By utilizing its superior angular resolution, the study of galaxy sizesand mor-

phologieshas beenconsistently studied sincethe commissioningof HST. One of the

many unexpectedresults evident from the HDF was that galaxiesbecomesmallerat
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high redshift. This observation has been supported with the wider GOODS �elds,

wheresizeshave beenobserved to scaleasH (z) � 1 or (1+ z) � 1:1 (Fergusonet al. 2004;

Dahlen et al. 2007),and H (z) is the Hubble parameter. Furthermore, high redshift

Ly� emitting galaxies(LAEs) are signi�cantly more compact than the typical LBG

at the sameredshift (eg. Dow-Hygelund et al. 2007),which may re
ect the generally

lower massesof the LAEs (eg. Pirzkal et al. 2007).

The increasedfraction of galaxieswith signi�cantly disturbed morphologiesat

high redshift suggeststhat galaxy merging may play an increasingly important role

in galaxy evolution. Many galaxiesat high redshifts (0:5. z . 3) show qualitativ e sig-

naturesof a recent major merger,such astidal tails or multiple cores(de Mello et al.

2006;Elmegreen& Elmegreen2006;Ravindranath et al. 2006;Elmegreenet al. 2007).

This is somewhatreinforcedby various quantitativ e morphologicalor structural in-

dices(Conselice2003a;Lotz et al. 2006). While the irregular appearanceof thesehigh

redshift galaxiessuggestthat they were assembled by major mergers,the seemingly

\normal" morphology the bulge-dominatedsystemshints at a monolithic formation

(eg. Eggen, Lynden-Bell, & Sandage1962; Larson & Tinsley 1978). However, the

increasein bulge-dominatedsystemswhich tend to becomebluer with redshift indi-

catesthat someearly-type galaxiesmay have also formed from multiple mergersat

z& 1 (Dahlen et al. 2007). FuthermoreN -body and smoothed particle hydrodynamic

simulations suggestthat elliptical galaxiescanbe formedby a major mergerwhenthe

gasfraction of progenitorsis relatively low (eg.Toomre& Toomre1972;Barnes1992;
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Springel, Di Matteo, & Hernquist 2005b). The evolution and assembly of massive

early-type galaxiesremainsa contentious point which is still actively debated.

Focusingon the most recent pencil-beam survey, the Hubble Ultra DeepField

(HUDF; PID: 10086;Beckwith et al. 2006) is the deepest optical image ever taken

of the Universe. With 400 orbits in a single AdvancedCamera for Surveys (ACS)

pointing, the HUDF reaches an unprecedented AB � 30 mag in the BVi 0z0-bands,

which is nearly two magnitudesdeeper than the previousHST deep�elds. Sincethe

HUDF is still a relatively new dataset, it has not beenstudied in the samedetail as

the HDF or GOODS.

Its unrivaleddepth hasmadethe HUDF the ideal datasetfor studying the most

distant objects detectable in the Universe. Using the deep Near Infrared Camera

and Multi-Ob ject Spectrometer (NICMOS) imaging in the HUDF, many authors

have claimed either successfuldetectionsor upper limits on the number of z0-band

dropouts at 7 . z . 8 (Bouwens et al. 2004b;Yan & Windhorst 2004b;Bouwens et

al. 2006) and J -band dropouts at z � 10 (Bouwens et al. 2005). However, most of

the work on such galaxieshas focusedon the i 0-band dropouts at z ' 6, particularly

measuringand interpreting their luminosity function (Stanway et al. 2004a;Yan &

Windhorst 2004b;Bouwenset al. 2006,2007). While no two authors �nd identical sets

of dropout objects and generallyreach at slightly di�erent conclusions,several things

areclear. The galaxyluminosity function evolvesconsiderablyover 1. z . 6, although

whether this evolution is in the overall density (� � ), its characteristic luminosity

(L � ), or its faint-end slope (� ) is somewhat disputed (eg. Bouwens et al. 2004a;
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Bunker et al. 2004;Stanway et al. 2004a;Yan & Windhorst 2004b;Bouwens et al.

2007). The stellar population synthesis�ts to the available broadbandphotometry at

1200�A . � rest . 2400�A, suggestthat the i 0-band dropouts are very young, have low

metallicities, and areactively forming stars(eg.Stanway et al. 2004a;Thompsonet al.

2006;Bouwenset al. 2007). Furthermore, therearetentativ eclaimsthat thesegalaxies

may form stars from a top-heavy IMF with an appreciableinternal reddening (eg.

Stiavelli, Fall, & Panagia2004;Stanway, McMahon, & Bunker 2005). Sincemany of

the brighter z ' 6 candidateshavebeenspectroscopicallycon�rmed with largeground-

basedfacilities (such as the Keck Observatory or the Very Large Telescope; Le F�evre

et al. 2005; Grazian et al. 2006) or HST (eg. Malhotra et al. 2005), it is possible

to subselectgalaxiesfor Ly� emission. TheseLAEs generally have high equivalent

widths (EW � 200 �A) and star-formation rates (eg. Rhoadset al. 2005;Stanway et

al. 2007),despitebeing considerablylessmassive than their LBG counterparts (Lai

et al. 2007).

The typical LBG at z& 3 is very compactand nearly unresolved (eg. Hathi et

al. 2008a;Hathi, Malhotra, & Rhoads2008b),however there are several galaxiesfor

which somemorphologicalinformation is available. Rhoadset al. (2005)suggestthat

the linear morphology of a particular LAE at z � 5:4 is causedby a recent merger,

and that its extendedLy� emissionmay be from an active nucleus. They speculate

that this galaxy is in the assembly process,and is actively accreting gas onto its

SMBH. The multiple knots of the Rhoadset al. (2005) object are a true hallmark of

a recent merger, however this object is not unique. Many LBGs have a number of
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closecompanions(eg. Yan & Windhorst 2004b;Coe et al. 2006) and may residein

overdenseregions(eg. Stanway et al. 2004b;Malhotra et al. 2005;Wang, Malhotra,

& Rhoads2005). Hathi et al. (2008a) investigate the surfacebrightness pro�les of

the composite imageof a number of compactLBGs selectedasBVi 0-band dropouts.

They �nd that the composite galaxy is su�cien tly resolved and shows a break in its

surfacebrightnesspro�le, which they interpret as indicative of its averagedynamical

age. While theseresults provide somequalitativ e evidenceof the galaxy mergerrate

at z ' 6, a thorough and quantitativ e analysisis neededbeforeany �rm conclusions

can be drawn.

I have reviewed three very successfulimaging campaignsconductedwith HST,

however this by no meansconstitutes a complete set. While other deep surveys

represent an equalor larger investment of HST time, such as the GEMS survey (Rix

et al. 2004),the AEGIS survey (Davis et al. 2007),or the COSMOSsurvey (Scoville

et al. 2007), and have also beenextremely successful,only the HDF, GOODS, and

HUDF combine the necessarydepth and many photometric bandpassesto explore

many of thesetopics presented here. Therefore thesedeep�elds | the HUDF and

GOODS | are the central datasetsfor this Dissertation. I show the rough positions

of theseHST deep�elds and the plannedobservations with the Wide Field Camera3

(WFC3), to be launched in October 2008,in Figure 1.

1.2. Outline

This Dissertation focuseson galaxy evolution as observed in the HUDF and

GOODS �elds and is organizedas follows. In Chapter 2, I outline my work with the
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Fig. 1. Thesegreyscaleimagesaretakenfrom the Digital Sky Survey (DSS) in the B-
band. The greenaperturesshow the rough positionsof the GOODS-North (left panel;
12h36m55s, +62 � 14m15s) and the GOODS-South(right panel;3h32m30s, � 27� 48m20s)
�elds (Giavaliscoet al. 2004a).The blue and red apertures represent the positionsof
the HDF (Williams et al. 1996)and HUDF �elds (Beckwith et al. 2006),respectively.
In the GOODS-S, I have indicated the approximate position of the Early Release
Science(ERS) data to be taken with the Wide Field Camera3 (WFC3). This survey
will add F225W, F275W, and F336W in the ultraviolet, F098M, F125W, and F160W
in the infrared to � 30% of GOODS-S,and G102L and G141L infrared grisms in a
limited portion of the ERS �eld. Assuminga successfulservicingmissionto HST (the
launch is currently plannedfor October 2008),this strip of � 50arcmin2 in GOODS-S
will have 10-bandphotometry to AB � 27 mag and low-resolution grism observations
from 6000�A to 1.7 � m to AB � 26 mag over a singleWFC3 �eld, making this a very
unique and powerful dataset (seex 7.3).
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slitlessspectroscopicsurvey undertaken with HST (GRAPES; PID: 9793;PI: S. Mal-

hotra Pirzkal et al. 2004). In particular, I describe the construction and calibration

of the spectro-photometric redshift catalog. In Chapter 3, I usethis redshift catalog

to compute the galaxy luminosity function in the restframe B-band for galaxiesat

z= 1:0 � 0:2. I discusstheseresults in the context of the redshift-dependenceof the

faint-end slope and its relevanceto galaxy evolution. In Chapter 4, I study the red-

shift evolution of the galaxy pair fraction at 0:5� z � 2:5 for massive galaxiesdrawn

from the GRAPES redshift catalog. In Chapter 5, I extend thesepair fraction mea-

surements to 3:8. z . 6 from Lyman break galaxies,which are selectedasBVi 0-band

dropouts. With thesetwo Chapters (4 and 5), I have determined the major merger

history of massive galaxiesfor the last � 12:7 Gyr of the history of the Universe. In

Chapter 6, I present my estimateof the scaleheight of the L- & T-dwarf population

in the Milky Way. From theseGalactic structure models, I determinethe fraction of

i0-band dropouts that could have beenmistakingly identi�ed as low-mass,Galactic

dwarfs. In Chapter 7, I summarizemany of theseconclusionsand discusspossible

future to extend much of this work.

Much of the work presented in this Dissertation has been published in the

Astrophysical Journal: Chapters 2 and 3 have appeared as Ryan, R. E., Jr., et

al. 2007, ApJ, 668, 839 ( c
 and published by the American Astronomical Society

in the October 2007 issueof the Astrophysical Journal). Chapter 4 has appeared

as Ryan, R. E., Jr., et al. 2008,ApJ, 678, 751 ( c
 and published by the American

Astronomical Society in the May 2008issueof the Astrophysical Journal). Chapter 6
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has appearedas Ryan, R. E., Jr., et al. 2005,ApJ, 631, L159 ( c
 and published by

the American Astronomical Society in the October 2005 issueof the Astrophysical

Journal). Figure 8 is taken from Khochfar, S., Silk, J., Windhorst, R. A., & Ryan,

R. E., Jr. 2007, ApJ, 668, L115 ( c
 and published by the American Astronomical

Society in the October 2007 issueof the Astrophysical Journal), and appears here

courtesyof S. Khochfar.



CHAPTER 2

The GRAPES Redshift Survey

2.1. Introduction

Measuring a large sampleof accurate redshifts for distant galaxiesis one of

the most daunting tasks in observational cosmologyand extragalactic science.Given

the typical brightness(AB � 26 mag) of distant (z& 1) galaxies,optical spectroscopy

requires extensive observations on the largest telescopes. While multi-slit spectro-

graphsand grating prism (grism) modesallow for many simultaneousspectroscopic

observations, they can be severely limited in wavelength coverageor spectral resolu-

tion. Therefore,the useof photometric redshifts estimated from observed 
uxes is a

necessity for the statistical study of distant galaxies(for exampleGrazian et al. 2006;

Coe et al. 2006;Mobasheret al. 2007).

Since the releaseof the original Hubble Deep Field (HDF; Williams et al.

1996), photometric redshifts have been the focus of numerousextragalactic studies

and are at the coreof many others. At present, there are primarily two di�erent, yet

very similar, techniquesfor computing theseredshifts: � 2 minimization and Bayesian

statistics. The minimization schemecomparesa set of model 
uxes measuredfrom

empirical or synthetic spectral energy distributions (SEDs) to the observed 
uxes.

Early studiesusing � 2 minimization were met with someskepticism regardingpossi-

ble degeneraciesbetweenredshift and internal reddeningin galaxy colors (Lanzetta,

Yahil, & Fern�andez-Soto1996). With the addition of near-infrared (JH K ) imaging

in the HDF, Fern�andez-Soto,Lanzetta, & Yahil (1999) showed that many of the de-

generaciescanbe broken to yield fairly accurateredshifts (� [� z=(1+ zspec)] � 0:1). In

contrast, the Bayesianmarginalization usesprior redshift probabilities, obtained by
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other means,to computemore accuratephotometric redshifts (Ben��tez 2000). While

the current implementation of this technique (BPZ) producesmore reliable redshifts

from limited observational constraints, it does not compute many useful quantities

(eg. k-correctedmagnitudes,probability densities,V-band extinction, and age;Ca-

puti et al. 2004).

2.2. Observations

The GRism ACS Program for Extragalactic Science(GRAPES; Pirzkal et al.

2004)data consistsof 40 orbits with the Hubble SpaceTelescope (HST) of the Hub-

ble Ultra Deep Field (HUDF; Beckwith et al. 2006) taken during HST-Cycle 12.

Theseslitlessspectroscopicobservations wereconductedwith the ACS in the G800L

mode, range from � 5500{10500�A with a spectral resolution of R ' 100, and cover

' 11 arcmin2. The GRAPES data were taken over four epochs, each with a dif-

ferent position angle in order to minimize the contamination from nearby objects.

Thesedata were supplemented with the existing ACS grism observations of Riesset

al. (2004), giving a total dataset of �v e position anglesand an integration time of

1:1 � 105 s. A thorough discussionof the GRAPES observations, its data reduction,

and the spectral extraction and calibration methods can be found in Pirzkal et al.

(2004).

2.2.1. Additional Bandpasses

Given the limited spectral rangeof the GRAPES observations, it is necessary

to include the broadband data available in this well-observed �eld to increaseaccu-

racy of the spectro-photometric redshift measurements. To extend our spectra to
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� 3000 �A and 2:3 � m, we include the CTIO-MOSAIC II U-band observations, the

HST-NICMOS J- and H -band (Thompson et al. 2005), and the VLT-ISAAC K s-

band data. Therefore,the �nal datasethas� 40 independent spectral points from the

combination of broadbandand grism observations.

Sincethe HUDF i 0-band imageis the deepest optical exposureever taken, it is

usedto de�ne the apertures for the near-ultraviolet (NUV) and near-infrared (NIR)

data. To eliminate aperture corrections between the broadband data, we convolve

all imagesto the samefull-width at half-maximum as the worst observation (the U-

band data), which is 1:003. While convolving the HST imagesis highly undesirable,

the NUV constraint is essential to accurately determine the redshifts at 1 . z .

2:3 (Ferguson1999). Stanway, Bunker, & McMahon (2003) suggestthat surveys

with U- and B-band data will be particularly powerful in distinguishing between

the 4000�A and Lyman breaks, thereby drastically reducing the catastrophic failure

rate for the photometric redshifts. Sincequasarshave roughly featurelesscontinua,

at least from the perspective of broadbandobservations, their photometric redshifts

remain somewhatdegeneratein the absenceof a strong Lyman break. Since the

PSF is � 20 times larger for the ground-basedobservations, many objects in the

HST imagesbecomeconfusedafter the image convolution. Objects were deemed

confusedif after the convolution more than one object from the original GRAPES

catalog (Pirzkal et al. 2004) was within the new aperture. Therefore, the U-band


ux was only measuredfor galaxiesthat have unconfuseddetections. The remaining
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galaxieswereonly measuredfrom the unconvolved images,and do not have a U-band

measurement.

The �nal photometric dataset includes1308galaxieswith grism spectroscopy.

Sincethe HST-NICMOS data covers� 50%of the HUDF observedwith ACS,687/1308

galaxieshave J - and H -band imaging and only 543/1308galaxieshave viableU-band

data. In total, 273/1308galaxieshave the entire suite of UB+grism+ JH K s data. In

general,theseare the brighter galaxies,for which the convolution is lesssigni�cant.

All broadband magnitudesare measuredas MAGAUTOby SExtractor in dual-image

mode with the default valuesfor PHOTAUTOPARAMS. To determine the apertures, we

useDETECTTHRESHand ANALYSISTHRESHof 1.5 (seeBertin & Arnouts 1996, for a

discussionof theseparameters).

2.2.2. Source Catalogs

For the matchedaperture photometry, we usethe convolved HST-ACS i 0-band

as the detection image in SExtractor . Since the GRAPES spectra were extracted

from a spectral trace of �xed width (Pirzkal et al. 2004), they must be scaledto

reproduce the 
uxes measuredby SExtractor in the HUDF. Therefore,we de�ne a

multiplicativ e aperture correction as

� 2:5 log� = (i 0
HUDF � i0

GRAPES ) ; (2.1)

wherei 0
HUDF and i0

GRAPES arethe i 0-band magnitudesmeasuredfrom the ACSimaging

and the GRAPES spectra, respectively. Sincethe i 0-band image was usedto de�ne

the apertures used in the other images,there is no need for additional corrections

betweenthe broadbandimages.
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The distribution of theseaperture correctionsis shown in Figure 2. The width

of this distribution is related to the properties of the spectral extraction, contamina-

tion of nearby objects, and the broadbandapertures. Sincethe GRAPES spectra are

most reliable from � 6000� 9500�A, they do not fully cover the V- or z0-bands,there-

fore scalingto multiple bandsor usinga wavelength-dependent aperture correction is

not possiblewith thesedata. Lastly, the scaledGRAPES spectra are rebinnedonto a

commonwavelength grid, and are assigneda 100 �A wide, top-hat �lter transmission

curve. This procedure typically decreasesthe number of GRAPES spectral points

by a factor � 2 and boosts their signal-to-noiseratio, which markedly helps for the

faintest objects (z0� 27 mag).

2.3. Spectro-Photometric Redshifts

Measuring redshifts from a calibrated spectrum requires readily identi�able

absorption or emissionlines or characteristic breaks. Sincethe GRAPES data have

a resolution of R ' 100,any narrow spectral featuresare typically not detectable. Xu

et al. (2007) measuredemissionline redshifts from � 100 GRAPES galaxies. There-

fore, we complement that study by estimating spectro-photometric redshifts for the

remaining dataset from the low-resolution GRAPES spectra.

From the scaledspectraandbroadband
uxes, wecomputespectro-photometric

redshifts with the code HyperZ of Bolzonella,Miralles, & Pell�o (2000). The alterna-

tive code BPZof Ben��tez (2000),wasnot usedfor three reasons:(1) It currently does

not constrain the galaxy agesto be less than the age of the Universe; (2) It does

not computemany usefulsecondaryquantities; and (3) With our spectral constraints
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Fig. 2. The aperture correction is de�ned such that the GRAPES spectra reproduce
the i0-band 
uxes measuredfrom the HUDF. Sincethe NUV and NIR 
uxes aremea-
suredwith apertures de�ned by the i 0-band data, there are no additional corrections
to the broadbanddata. Upper panel| The distribution of aperture corrections. The
GRAPES spectra are only scaledto reproduce the i 0-band 
uxes, sincetheir usable
portion doesnot completely cover the neighboring bandpasses(V and/or z0). Lower
panel| The dependenceof the i 0-band magnitude on the aperture correction. The
majorit y of the objects with � � 1 are near the detection limit of z0' 27:2 mag, sug-
gesting that uncertainties in the background subtraction may be the causeof these
aperture corrections(Pirzkal et al. 2004). This �gure is reproducedfrom Ryan et al.
(2007).
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and coverage,BPZis not expected to substantially outperform HyperZ. Mobasheret

al. (2004) comparesthe quality of redshifts from HyperZ and BPZfor a sample of

' 400galaxiesin the Chandra DeepField-South using broadband
uxes. They show

that the rms scatter in the photometric redshifts is 0.140and 0.072for strict max-

imum likelihood and Bayesian techniques, respectively. In Figure 3, we show three

observed SEDs with best-�t templates, for which there is reasonableagreement be-

tweenour redshift and the published value. Theseexamplesillustrate the power of

the GRAPES spectra to locate the 4000 �A break (the top two) and the Ly� -break

(the lower one) at various redshifts.

Using the set of SED templates summarized in Table 1, HyperZ minimizes

the reduced� 2 between the observed and modeled 
uxes as a function of redshift,

age,and extinction. By omitting the V i 0z0-bandsin the spectro-photometric redshift

calculation, the combination of scaledGRAPES spectra and remaining broadband


uxes typically yields � 40 fully independent spectral bins per galaxy. In Figure 4,

we show the distribution of best-�t spectral types for the 1308galaxies. Since the

Bruzual & Charlot (BC03; 2003) templates are generatedat a seriesof �nite time

stepsof � logt . 0:05, we requireeach galaxy be youngerthan the ageof the Universe

at its redshift. The Burst template is a single,instantaneousburst followedby passive

stellar evolution. Sincethis template is the most common,weshow the distribution of

its stellar agesin the inset. We seethat majorit y of the Burst modelsare very young,

which is not surprising, since most galaxies are expected to be blue and actively

forming stars at z � 1 (eg. Xu et al. 2007).
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Fig. 3. Theseexampleshighlight two advantagesof the GRAPES data: high signal-
to-noise at faint 
ux levels (i 0 � 25 mag) and excellencein determining spectral
breaks. In the lower-right, we tabulate the HUDF ID, i 0-bandmagnitude,the spectro-
photometric redshift derived in this work, and the published spectroscopicredshift.
The spectra are arranged in decreasingredshift, so that from top to bottom the
HUDF IDs are 5658,9102,and 2225. With the addition of the Wide-Field Camera3
(WFC3) on HST, we can expect IR grism data at 1:1 � 1:7 � m. The combination
of ACS and WFC3 spectra will provide an extremely broad spectral coverageat low-
medium resolution. This �gure is reproducedfrom Ryan et al. (2007).
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TABLE 1
HyperZ Templa tes

Templatey SpTy � z

(Gyr)
1 Burst 0
2 E 1
3 S0 2
4 Sa 3
5 Sb 5
6 Sc 15
7 Sd 30
8 Im 1

yAll of the templates came from the BC03 stellar population synthesis models
assuminga star-formation history which exponentially declineswith cosmictime.

z� is the e-folding time in the exponentially decreasingstar-formation rate.
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Fig. 4. The Burst template is the dominant SED. From the inset, thesegalaxiesare
typically very young. This is somewhatexpected, since the majorit y of galaxiesat
z � 1 are young and actively forming stars. Sincethe BC03 templates are tabulated
asa function of stellar population age,we require that this agebe lessthan the ageof
the Universeat any given redshift. This �gure is reproducedfrom Ryan et al. (2007).

2.4. Redshift Quality

We compareour spectro-photometric redshifts to the published spectroscopic

measurements (Grazian et al. 2006;Ravikumar et al. 2006;Vanzellaet al. 2006). Of

the 1308GRAPES galaxies,only 114havemeasuredspectroscopicredshifts. For these

galaxies,we show the fractional error in (1+ z) asa function of the publishedspectro-

scopicredshift in Figure 5. The upper and lower panelsshow this error for di�erent
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setsof 
uxes usedin the redshift computation, asindicated in the upper right corners.

Photometric redshifts are the most reliable whena readily identi�able spectral break

occursbetweentwo adjacent bandpasses.The 4000�A and Ly� -breakswill occur in

the GRAPES spectra for 0:5� z � 1:5 and 4� z � 8, respectively. Therefore,when ei-

ther of thesebreaksoccur in the GRAPES spectra, weexpect moreaccurateredshifts.

The standard deviation of the fractional error is 0.061for redshifts computed using

only the broadbandobservations. However, when we usethe low-resolution grism in

placeof the V i 0z0 bandpassesthe overall redshift uncertainty reducedto 0.046for the

81 galaxieswith 0:5� z � 1:5. Sincetheselow resolution spectra eliminate the need

for deep V and z0 imaging, this approach requires � 10% the observing time while

producing equally or moreaccurateredshiftsby providing morespectral information.

In Table 2, we show a representativ e portion of the �nal catalog, while the entire

ASCII-readableversion is available online at http://wwwgrap es.dyndns.org/.
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2.5. Summary

We have presented a catalog of 1308spectro-photometric redshifts for objects

that were observed as part of the GRAPES survey of the HUDF. When the low-

resolution GRAPES spectra are supplemented with UJH K s 
uxes from other facili-

ties, the standard deviation of the fractional error in (1+ z) for the 81 galaxiesin the

redshift rangeof 0:5� z � 1:5 is 0.046.While this is only a marginal improvement over

traditional photometric redshifts, it requiresin total only � 10%the exposuretime of

thosetraditional observations. Sincethe photometric redshift technique is essentially

a \break-�nding" algorithm, the redshift accuracyis limited by the spectral resolu-

tion of the grism data. Therefore,we can estimate spectro-photometric redshifts at

a comparabledepth and accuracywith only ' 50 orbits (40 orbits for the grism ob-

servations, and 10 orbits for the i 0-band imagefor object selection). This is a critical

improvement for wide-anglesurveys which may be completely reliant on traditional

photometric redshifts. Moreover, the grism observations provide a necessarycomple-

ment to deepground-basedspectroscopicsurveys. Owing to the line-spreadfunction

and lower resolution of the grism spectra, determining redshifts from emissionlines,

in a fashion similar to ground-basedsurveys, is typically not possible (eg. Xu et

al. 2007). However, from the high signal-to-noisecontinua, the spectral breakscan

provide excellent redshift measurements at 
ux levels not possiblefrom the ground.

The redshift improvement with HST/A CS grism spectroscopy over traditional

photometric redshifts on a per observationbasis has signi�cant promise for future
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Fig. 5. The bandpassesusedfor computing the redshifts is indicated in the upper-
right of each panel. We tabulate the standard deviation of the fractional error in
(1 + z) for the shadedredshift range 0:5 � z � 1:5, where the 4000 �A break occurs
in the ACS grism spectra, and the number of galaxiesin the lower-right. The dis-
tribution of the residualsis shown to the right of each of the primary panels. Seven
catastrophicoutliers have beeneliminated, sincethey contained strong emissionlines
(Xu et al. 2007),which are not accounted for in the stellar population synthesismod-
els. While the broadband data alone can yield good redshift estimates, with the
low-resolution grism spectra we further re�ne the redshifts to � 0:5� 1:5 = 0:046. Since
thesedata constitute the extremecaseof the best possibledata (ultra-deep ACS and
NICMOS imaging), the redshift re�nement is only marginal. However, we expect a
more substantial improvement in the more generalcaseof shallower imaging without
available broad spectral coverage.This �gure is reproducedfrom Ryan et al. (2007).
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NASA missions,namely the Wide Field Camera3 upgradeto HST and the planned

JamesWebb SpaceTelescope (JWST).



CHAPTER 3

The B-band Galaxy Luminosity Function at z ' 1

3.1. Introduction

The luminosity function (LF) of galaxiesrepresents the distribution of galaxy

luminosities in a given redshift interval. Sincethe LF canbe usedto constrain galaxy

formation models, it hasbeenwell studied at both high and low redshifts. While the

LF can be computedat any wavelength, it is often studied in the restframeB-band.

At z ' 1 accuratedeterminations of the B-band LF requireslarge, deepsurveys (eg.

Chen et al. 2003;Abraham et al. 2004;Crosset al. 2004;Zuccaet al. 2006). In this

Chapter, we complement thesestudiesby goingnearly two magnitudesfainter in M B ,

and accuratelydeterminethe shapeof the galaxy LF, particularly the faint-end slope.

At the redshifts of interest (z ' 1), the typical ground-basedspectroscopicand

photometric surveysare only completeto M B � � 20 mag and � 18 mag, repsectively.

Thereforeit is necessaryto assumea valuefor the faint-end slope in order to determine

the characteristic luminosity (eg. Willmer et al. 2006). In the local Universe,where

typical surveys can probe to M B & � 18 mag, the faint-end slope may depend on

the density environment (eg. Trentham 1998) and galaxy colors, spectral type, or

morphology (eg. Wolf et al. 2003; Croton et al. 2005; Liu et al. 2008). For the

low-luminosity or correspondingly low-massgalaxies, supernovae-driven winds will

expel gaswhich regulatesthe evolution of the faint-end slope (eg. Dekel & Silk 1986;

Khochfar et al. 2007). Futhermore at very high redshifts (z& 6), the faint-end slope

will be critical in determining the sourceof cosmicreionization (eg. Madau, Haardt,

& Rees1999;Yan & Windhorst 2004a).
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3.2. Determination of the Luminosity Functions

We calculate the LF using the Vmax method (Schmidt 1968;Willmer 1997) in

1.0 mag wide bins from absolute magnitudesmeasuredfrom HyperZ by convolving

the best-�t spectrum with the restframe B-bandpass. We construct three redshift

intervals: z = 1:0 � 0:2 which has the best statistics, z = 0:9 � 0:1, and z = 1:1 � 0:1

for direct comparisonto previous studies. The di�erential LF is then computed by

�( M )dM = N (M )dM=� V (zmax), where N (M )dM is the number of galaxieswith

absolutemagnitudesbetweenM and M + dM , and

� V(zmax ) =


4�

Z zmax

zmin

C(z; M )
dV
dz

dz; (3.1)

where 
 is the solid angle of the GRAPES survey, zmax is the maximum redshift

at which a galaxy with an absolute magnitude of M B would have beendetected in

the survey, and C(z; M B ) is the survey completenessfunction. The uncertainties on

�( M )dM are computedassumingPoissonnoisein the galaxy counts (eg. Wolf et al.

2003).

To estimatethe completenessin each absolutemagnitude bin, we usea Monte

Carlo simulation (Wolf et al. 2003;Budav�ari et al. 2005). First, we generaterandom

redshifts from a Gaussiandistribution of width 0:046, as expected from Figure 5.

Next, we count the number of deviateswith apparent magnitudesbrighter than the

survey limit, and take the ratio of the number recovered to the number simulated as

the completenessvalue. This correction is typically lessthan a factor of 10 for the

absolutemagnitudespresented.
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Fig. 6. The two B-band luminosity functions for z= 0:8� 1:0 (bottom) and z= 1:0� 1:2
(top) with the corresponding � � 2

� contours in the (� � M � ) plane. The o�set and
scatter in Figure 5 will only alter the absolute magnitudes by � M ' 0:1 mag at
theseredshifts. Due to the faint 
ux limit of the GRAPES survey (z0= 27:2 mag),
we can directly constrain the Schechter parametersin this critical redshift interval
for galaxy evolution. While these data can determine M � = � 22:4 � 0:3 and � =
� 1:32 � 0:07 (for z = 1:0� 0:2), the normalization (� � ) is less certain, since the
object selectionand contamination in grism spectroscopy posessigni�cant challenges.
Therefore, the union of completeground-basedsurveyswith thesedeepspace-based
grism observations providesthe most thorough results. This �gure is reproducedfrom
Ryan et al. (2007).
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TABLE 3
Best Fit Schechter Parameters

z Ngal � � M �
B �

(10� 4 Mpc� 3 mag� 1) (mag)
0.90� 0.10 36 35.9� 0.2 {21.7� 0.9 {1.32� 0.19
1.10� 0.10 36 25.8� 0.1 {22.8� 0.5 {1.28� 0.10
1.00� 0.20 72 26.1� 0.1 {22.4� 0.3 {1.32� 0.07

In Figure 6, we show the LFs for z = 0:90� 0:10 (bottom) and z = 1:10� 0:10

(top). We model these LFs with a standard Schechter function (Schechter 1976),

which is parameterizedby the normalization (� � ), characteristic absolutemagnitude

(M � ), and the faint-end slope (� ). Additionally in Figure 6, we show the contours for

� � 2
� =1, 4, and 9 in the (� � M � ) plane as insets. While the total number of galaxies

in theseredshift bandsmay be low (� 10 galaxiesper absolutemagnitude bin), the

GRAPES dataset provides excellent constraints of the Schechter parameters,as in

Table3. Previousstudiesat theseredshiftsoften useground-basedspectroscopicsur-

veys,which are inherently limited to M B � � 19 mag (eg. Chen et al. 2003;Abraham

et al. 2004;Crosset al. 2004;Zuccaet al. 2006). Consequently, it has beencustom-

ary in such studiesto assumea faint-end slope of � ' � 1:3 (eg. Willmer et al. 2006).

However, the GRAPES observations provide a meansto measure the faint-end slope

of � = � 1:32� 0:07 at z= 1:0� 0:2. It is reassuringthat the assumptionof � ' � 1:3

at theseredshifts was indeedcorrect.
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3.3. Redshift Evolution of the Faint-end LF Slope

The hierarchical formation scenarioassertsthat many dwarf galaxiesat high

redshift will mergeover cosmictime. This e�ect shouldresult in an increasednumber

of dwarf galaxies at higher redshift and may be observed as a steepening of the

faint-end slope. In Figure 7, we show the redshift dependenceof the faint-end slope

compiled from numerousstudies. Thesestudies include, but are not limited to, the

largest ground-basedredshift surveys (eg. Norberg et al. 2002;Blanton et al. 2003),

the deepest HST surveys(eg. Beckwith et al. 2006),and nearby GALEX surveys(eg.

Budav�ari et al. 2005; Wyder et al. 2005). While each survey has unique selection

e�ects and observational biases,many problems can be mitigated by requiring two

criteria of the dataset: a su�cien t amount of data fainter than M � , and a minimal

relianceon k-corrections. Ilbert et al. (2004) emphasizethat only surveys for which

(1 + zobs) � � S=� REF , where zobs is the redshift of the LF, and � S and � REF are the

wavelengthsat which the galaxiesare selectedand the LF is computed,respectively,

can reliably infer the faint-end slope. When the Ilbert et al. (2004) condition is met,

the k-correction is minimized. For uniformit y, we only show valuesof � which meet

theserequirements. In Figure 7, the red and blue open circles indicate the faint-end

slopesmeasuredin the restframe B-band and far UV (FUV ' 1700 �A), respectively.

Our GRAPES observation is indicated as the �lled red circle at z= 1:0� 0:2.

From Figure 7, the faint-end slope clearly dependson redshift in the manner

suggestedin the hierarchical scenario,wheremany low-massgalaxiesat high redshift

mergethroughout cosmictime into the massive galaxiesof today. We parameterize
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Fig. 7. Weshow 23publishedslopesfrom 18sources,including this work. While there
are many more valueswhich could have beenshown, we require each survey to have
measuredthe LF � 2 mag fainter than M � , and optimally selectedtheir galaxiesto
minimize the k-correction(Ilb ert et al. 2004)to ensureuniform and reliable estimates
of the faint-end LF slope. The open red points indicate measurements made in the
restframeB-band (Lin et al. 1997;Sawicki, Lin, & Yee1997;Marzke et al. 1998;Fried
et al. 2001;Norberget al. 2002;Blanton et al. 2003;Driver & dePropris 2003;Wolf et
al. 2003;Marchesini et al. 2007). The open blue points represent the restframeFUV
(Steidel et al. 1999;Iwata et al. 2003;Yan & Windhorst 2004b;Budav�ari et al. 2005;
Wyder et al. 2005;Bouwenset al. 2006;Sawicki & Thompson 2006). The �lled red
point at z= 1:0� 0:2 is the result of this work. This suggeststhat dwarf galaxieswere
morenumerousat higher redshift aspredicted in the hierarchical formation paradigm.
This �gure is reproducedfrom Ryan et al. (2007).
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the redshift dependenceof the faint-end slope as � (z) = a + bz, and give the best

�t models for the entire dataset and the FUV as black and blue lines, respectively

(seeFigure 7). While the two �ts are mutually consistent, the signi�cant scatter

warrants further study. There aremany e�ects which could contribute to this scatter:

di�erencesin the restframebandpass,type-dependent evolution, galaxyclusteringand

large-scalestructure, and non-uniform sampleselections.

3.4. Implications for Galaxy Evolution

This steepening of the faint-end slope (� ) with increasingredshift hasa num-

ber of consequencesfor our understanding of galaxy formation and evolution. To

explore someof the possiblee�ects, Khochfar et al. (2007) develop a semi-analytic

model of galaxy formation with a standard merger tree for the dark matter haloes

(Somerville & Kolatt 1999). Sincetheir focus was to study the faint-end of the lu-

minosity function, physical processeswhich solelya�ect the bright-end wereomitted,

such asAGN feedback (eg.Bower et al. 2006)or environmental dependences(Khoch-

far, Silk, Windhorst, & Ryan 2007). To incorporate the stellar populations, they

adopt standard prescriptionsfor the star formation as the global Schmidt-Kennicutt

law (Kennicutt 1998), the reheating from the associated supernovae (Dekel & Silk

1986),and the stellar population modelsof Bruzual & Charlot (2003).

With this simulation, they con�rm early results that the 
attening of the faint-

endslope with respect to the dark matter massfunction can be well explainedby the

supernovae reheating of the cold gas (eg. Khochfar & Burkert 2001). Futhermore,

they �nd that faint-end slope steepensat high redshift due to evolution of underlying



38

dark matter massfunction (Khochfar et al. 2007). In Figure 8, I show Figure 2 taken

from Khochfar et al. (2007)which plots the samedata and linear �t (now two dashed

lines) asin Figure 7. The shadedregionshows rangeof linear �ts obtainedby varying

the star formation and supernovaee�ciencies (a� and � SN, respectively). They argue

that at z � z� ' 2, the faint-end slope is dominated by galaxieswhich end up in

present day galaxy clusters. This transition redshift is somewhatdependent on � 8,

the normalization of the power spectrum at 8 h� 1 Mpc.

3.5. Summary

Since the HST-ACS grism observations (Chapter 2) allow for signi�cantly

deeper spectral observations, we are able to probe the faint-end of the B-band lu-

minosity function at redshifts that are not easily probed from the ground. Owing

to this enhanceddepth, we are able to accurately constrain the faint-end slope by

reaching as faint as M B ' � 18 mag at z = 1:0 � 0:2, nearly two magnitudesfainter

than previous studies at comparableredshifts. At this redshift, we determine that

the faint-end LF slope is � = � 1:32� 0:07.

In the hierarchical formation scenario,galaxiesare expected to evolve by suc-

cessive mergersthroughout cosmictime. Therefore, we na•�vely expect to �nd fewer

dwarf galaxiesat lower redshifts, which can be directly measuredin terms of the red-

shift evolution of the Schechter parameters,particularly its faint-end slope. The data

presented here provide a measurement of the faint-end slope in the critical redshift

range of 0:5 � z � 1:5, where the cosmicstar formation rate density is substantially

changing(eg.Hopkins& Beacom2006). Whenour measurement of the faint-end slope
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Fig. 8. The �lled circles show the simulation results for � SN = 0:6 and a� = 0:02
and the best-�t model to the simulated data as a solid line (taken from Khochfar,
Silk, Windhorst, & Ryan 2007). The stars show the data compiled in Figure 7
with additional data from Oesch et al. (2007, squares)and Bouwens et al. (2007,
downward triangles). The shadedregion shows the rangeof linear �ts for varied star
formation e�ciencies (a� ) and supernovae feedback (� SN). This �gure is reproduced
from Khochfar et al. (2007).
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is comparedto numerouspublished studies, we �nd strong evidencefor a redshift-

dependent faint-end slope. While previousauthorshavesuggesteda similar trend (eg.

Arnouts et al. 2005;Zuccaet al. 2006),this compilation of publishedresultsprovides

both increasedstatistics and a broader redshift range.

The redshift dependenceof the other two Schechter parameters(� � and M � )

hasbeendiscussedby variousauthors. Lin et al. (1999)study the redshift evolution of

the B-bandgalaxyluminosity function, andproposethe parameterizationsof M � (z) =

M �
0 � Qz and � (z) = � 0100:4P z, where � �

R
�( M )dM . If the faint-end slope is

constant with redshift (ie. � (z) = � 0), then � and � � are essentially equivalent. These

parameters (P; Q) provide a simple way of quantifying galaxy evolution, and can

be determined as a function of galaxy type. For q0 = 0:1, Lin et al. (1999) �nd

(P; Q) = (� 1:00 � 0:40; 1:72� 0:41) for the combination of early- and intermediate-

type galaxies. However, Fried et al. (2001) parameterize � � linearly on redshift:

� � (z) = a + b� (1 + z), wherethe coe�cien ts (a;b) have only a minimal dependence

on galaxy type. Nonetheless,an obvious trend basedon the observed evolution of the

Schechter parametersis emerging: the galaxy luminosity function is shallower, and

hasa brighter characteristic absolutemagnitude at low redshift.



CHAPTER 4

The Galaxy Major Merger Rate of Massive Galaxiesat z ' 1

4.1. Introduction

The hierarchical formation scenariosuggeststhat galaxy merging is the driv-

ing mechanism in galaxy formation (eg. White & Frenk 1991; Kau�mann, White,

& Guiderdoni 1993). Sincegalaxy merging has beenlinked to numerousastrophys-

ical processes,including star-formation and the fueling of a supermassive black hole

(SMBH), which triggers an active galactic nucleus (AGN), the merger history of

galaxiesis critical for a completeunderstandingof galaxy evolution.

The redshift evolution of the galaxy mergerfraction hasbeenwell studied for

z . 1, and is roughly proportional to (1 + z)m , wheretypically 1� m � 4 (Zepf & Koo

1989;Burkey et al. 1994;Carlberg, Pritchet, & Infante 1994;Yee& Ellingson 1995;

Neuschaeferet al. 1997;Patton et al. 1997;Le F�evre et al. 2000;Patton et al. 2002;

Lin et al. 2004;Xu, Sun, & He 2004;Bell et al. 2006;Kartaltep e et al. 2007). Toomre

(1977) predicted the galaxy pair fraction to be proportional to the matter space

density at low redshift. Carlberg (1991) re�ned this idea to show that the power-law

index shouldbe somewhatsensitive to the CosmologicalConstant. Basedon N -body

simulations, Berrier et al. (2006) argue that while the galaxy merger rate per halo

is increasing with redshift, the number of halos massive enough to host a galaxy

pair is decreasing. This balancewill result in a 
attening of the high redshift pair

counts, which is consistent with somehigh redshift observations (eg. Lin et al. 2004).

Fakhouri & Ma (2008)suggestthat this power-law form is a particular representation

of a universal merger rate which scalesas a power-law with the progenitor mass

ratio, and dependsonly weakly on the halo mass.Additionally , Conselice(2006) has
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suggestedthat the mergerfraction may peakat somecritical redshift. However, until

now there have beenvery few observational studiesfor z& 1 to constrain the redshift

of this possiblepeak, and hencethe detailed physics of the galaxy merging at high

redshift is still uncertain.

The standard hierarchical formation model has beenmodi�ed to incorporate

the feedback e�ects of a central SMBH (eg. Silk & Rees1998). Hydrodynamical

simulations havesuggestedthat asgalaxiesmerge,they evolve into a starburst system,

and a substantial amount of gas is eventually funneled onto their SMBHs. This

triggers a visible AGN typically 1{2 Gyr after the onsetof the merger(Springel, Di

Matteo, & Hernquist 2005a).While previousauthors have discussedan evolutionary

link betweenmergersand starburst galaxies(eg. Larson & Tinsley 1978;Sanders&

Mirabel 1996;Bell et al. 2005),this \dut y cycle" of merging, followed by a starburst,

followed by an AGN, has only recently beensuggested(Hopkins et al. 2006). This

formation schemeimplies that we shouldobserve similarities in the redshift evolution

of merging galaxies,their star-formation history (eg. Madau et al. 1996), the mass

assembly in galaxies(eg. Dickinson et al. 2003), their AGN activit y (eg. Ueda et al.

2003; Hasinger, Miyaji, & Schmidt 2005; Schneider et al. 2005), and the relevant

galaxy morphologies(eg.Driver et al. 1995b;Abraham et al. 1996). Sincetheseother

phenomenahave beenwell studied at z & 1, we desirecorresponding measurements

of galaxy merging at comparableredshifts, which is the focusof this Chapter.

While there may be someconvergenceon the theoretical front, there is little

consensusregardingthe observational connectionsbetweenmergingand active galax-
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ies. In general,AGN host galaxiesdo not exhibit strong merger-type morphologies

(eg.Bahcall et al. 1997;Cohenet al. 2006;Guyon, Sanders,& Stockton 2006)or show

enhancedimageasymmetry (Grogin et al. 2005). Conversely, Canalizo et al. (2007)

�nd evidencefor recent merger activit y in the quasar host galaxy MC2 1635+119,

which was previously classi�ed as an undisturbed elliptical galaxy. Some of this

disagreement may be resolved in the context of the above duty cycle, wherein the

morphological indications of the recent merger have subsidedby the time the AGN

is observationally identi�ed. This debatewill surely continue owing, in part, to the

di�culties interpreting morphological studies of faint galaxies(eg. de Propris et al.

2007).

This Chapter is organizedas follows: In x 4.2 we describe the dataset and

the massestimates,in x 4.3 we outline our mergerselection,in x 4.4 we measurethe

mergerfraction and number density, in x 4.5wecomparethis study to publishedwork,

and in x 4.6weconcludewith a generaldiscussionof the result in the context of galaxy

evolution. We adopt the three-year results from the Wilkinson MicrowaveAnisotropy

Probe (Spergelet al. 2007),where
 0 = 0:24, 
 � = 0:76, and H0 = 100h km s� 1 Mpc� 1

with h = 0:73. All magnitudesquoted herein are in the AB system (Oke & Gunn

1983).

4.2. Data

The deep �elds observed by the Hubble Space Telescope (HST) provide an

unprecedented view of the distant universe(z& 1), and arethereforethe idealdatasets

for studying the high redshift evolution of the galaxy mergerrate. The GRism ACS
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Program for Extragalactic Science(GRAPES; Pirzkal et al. 2004)hasprovided low-

resolution (R ' 100) spectroscopy of 1400objects with z0� 27:2 mag in the Hubble

Ultra DeepField (HUDF; Beckwith et al. 2006). From thesedata, Ryan et al. (2007,

Chapter 2) computedspectro-photometric redshifts for 1308galaxiesat z . 5. When

the Balmer or 4000�A break occurs in theseoptical ACS spectra (for 0:5� z � 1:5),

the standard deviation in (zphot � zspec)=(1 + zspec) is 0.037,and it is only 0.050for

z � 1:5, which make theseamongthe most accuratephotometric redshifts computed

to date, using the standard maximum-likelihood technique (Bolzonella, Miralles, &

Pell�o 2000).

Sincethe primary aim of this work is to measurethe high redshift evolution of

the galaxy merger rate, we require a set of criteria to selectour merger candidates.

While this has traditionally beenperformed using the restframe luminosity, we will

selectour systemsbasedon their mass.Wedesiretheir total gravitational mass,since

it is expectedto drive galaxy merging(eg.Khochfar & Burkert 2001). However, since

this massis exceedinglydi�cult to determinefor a large sampleof faint galaxies,we

will adopt the stellar massas our selectionquantit y.

To determine the required stellar massesof our sample,we �t the combina-

tion of GRAPES spectra and broadband observations in the B-, J -, and H -bands

with a grid of stellar population synthesis models (Bruzual & Charlot 2003, BC03

hereafter). The massesare determined by minimizing the reduced� 2 between the

spectrophotometry and thesemodels, following the method of Papovich, Dickinson,

& Ferguson(2001). By parameterizing the star-formation history of thesegalaxies
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as 	( t) = 	 0e� t=� , our model grid consistsof three parameters: the extinction in the

restframeV-band AV , the e-folding time in the star-formation history � , and stellar

population aget. If we assumea Salpeter initial massfunction (Salpeter 1955) and

solar metallicity, then this parameter spaceis populated by � 4 � 104 independent

models. By varying the valuesof the grid points, we estimate the uncertainty on the

stellar massesto be . 15%. In Figure 9, we show the stellar massasa function of red-

shift for thesegalaxies.The di�erent tracks show the massof a maximally old stellar

population for the various valuesof � listed in the lower-right corner. The shaded

region shows the massselectionfor the primary galaxies,which is � 95% complete

for z0< 27:2 mag. The darker area indicates the selectionregion for the lower mass

companiongalaxiesto be discussedbelow.

4.3. Identi�cation of Merging Galaxies

Sincewe have reasonableredshift information for the entire sampleof galaxies,

it is natural that we adopt the dynamically closepair method (eg.Carlberg,Pritchet,

& Infante 1994). However, since our redshift uncertainty is roughly a factor of 10

larger than that of a traditional spectroscopicsurvey, our approach will be somewhat

akin to the more common pair count analysis (eg. Zepf & Koo 1989). This tech-

nique hasseveral key virtues not present in other approaches: it hassimple and well

understood statistics to compute (Abraham 1999), and doesnot rely on calibration

datasets(de Propris et al. 2007). Patton et al. (2000,P2000hereafter) demonstrate

that the galaxy mergerrate (R mg) can be computed from the galaxy mergeror pair
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Fig. 9. We show the computedstellar massasa function of the spectro-photometric
redshift. The lightly shadedregion indicates the volume-limited, massselectionre-
gion for the primary galaxies,while the darker region shows the possibleselectionof
companiongalaxies. In total, � 95% of the galaxieswith z0� 27:2 mag identi�ed in
the HUDF by Beckwith et al. (2006) are represented here (seeFigure 10) with 230
of thesemeeting the selectioncriteria discussedin x 4.3. The various lines show the
massof a maximally old, passively-evolving stellar population with an e-folding time
in the star-formation rate given in the lower-right corner. This �gure is reproduced
from Ryan et al. (2008a).
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fraction (f ) and the galaxy number density (n) as R mg = f n� � 1
mg , where � mg is the

typical mergertimescale.

4.3.1. Pair Criteria

Using the redshift catalog of Ryan et al. (2007, Chapter 2), we require the

following four criteria to be satis�ed to identify a galaxy pair asa mergersystem: (1)

at least one neighboring galaxy � 20 h� 1 kpc away to ensurethat closegalaxy pairs

will merge(eg. de Propris et al. 2005;Bell et al. 2006)on a timescale� mg . 0:5 Gyr

(eg. Khochfar & Burkert 2001;Patton et al. 2002); (2) we require the massratio of

primary galaxy to any nearby companionto be � 4:1, which is consistent with a 
ux

ratio betweenthe galaxiesof . 1:5 mag assumingthat they have the samemass-to-

light ratio; (3) we require the stellar massof the primary galaxy to be M � � 1010 M � ;

and (4) we requirethe redshiftsof the primary and the companionto agreewithin the

95%con�dence interval of the spectro-photometric redshifts of Ryan et al. (2007).

4.3.2. Accounting for the Flux and MassLimit

Sincethe GRAPES survey is completeto very faint 
ux levels (seeFigure 10),

we may expect it to be volume-limited at high redshift and that no completeness

correctionsto the pair statistics are needed. Therefore to investigate this issue,we

show the absoluteB-bandmagnitudeasa function of the spectro-photometricredshift

in Figure 11, where the solid line shows our 
ux limit of z0 ' 27:2 mag for a 
at

spectrum in f � following Driver (1999). While this �gure shows the expectedvolume-

limited behavior (eg.dePropris et al. 2005),there is a moresubtle questionto address

as this is a mass-selectedsample: Is there a population of galaxieswhich are fainter
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Fig. 10. The GRAPES objects wereselectedfrom the HUDF to have z0� 27:2 mag,
and this diagram illustrates that the survey is � 95% completeat these
ux levels.
In the lower panel, we show the ratio of the number counts of the GRAPES survey
to all objects in the HUDF. This �gure is reproducedfrom Ryan et al. (2008a)

than our 
ux limit and more massivethan our mass limit? If such a population

exists, then our massselectionwould be incomplete for thesegalaxies(Dickinson et

al. 2003). At the redshifts of interest, such objects must have a relatively high stellar

mass-to-light ratio (� � ;B & 2 M � L � 1
� ), and would likely very red in the HST images.

To �nd similar dark, red galaxiesat 1:5 . z . 2:4, Daddi et al. (2004) have

developed a selectioncriteria basedon the observed (B � z0) and (z0 � K ) colors

(the BzK method). When this is applied to the HUDF, Daddi et al. (2005) identify
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Fig. 11. This �gure is shown only for comparisonand is not used in the merger
candidateselection.The solid line shows the contour of constant apparent magnitude
of z0 ' 27:2 mag following Driver (1999). The majorit y of our galaxieshave ages
. 500Myr, which implies their medianstellar mass-to-light ratio is � � ;B ' 0:5 M � L � 1

� .
Therefore,the masslimit of M � � 1010 M � roughly corresponds to M B � � 20:5 mag,
which is comparableto the luminosity limit imposedby various authors (eg. Patton
et al. 1997;Le F�evre et al. 2000) at lower redshifts. This �gure is reproduced from
Ryan et al. (2008a).
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only seven old, passively-evolving galaxieswith K < 23 mag. They argue that these

systemsmust have been formed in a relatively quick burst, since they emit little

restframe ultraviolet 
ux. While these objects would satisify the above mass-to-

light ratio criterion, they are brighter than our 
ux limit, and are henceincluded in

our redshift survey. Therefore, to estimate the number of galaxiesthat satisfy this

mass-to-light criterion that are fainter than our 
ux limit, we must perform a similar

analysison deeper data. However Daddi et al. (2005) analyzedthe deepest K -band

imaging of the HUDF available, and we must turn to a deeper dataset. We will adopt

the NICMOS imaging in the H -band of the HUDF (Thompson et al. 2005), which

is � 4 mag deeper than the K -band data usedby Daddi et al. (2005). To ensurea

comparablecolor selection,we will assumethat thesegalaxieshave a typical infrared

color of (H � K ) � 0:8 mag(F•orster Schreiber et al. 2004). In Figure 12, we show the

corresponding BzH color selectionfor the objects in NICMOS imaging with 
uxes

taken from Coe et al. (2006). The shadedpolygon shows the BzH selectionregion

de�ned by (z0� H ) � (B � z0) < � 0:2 � (H � K ) and (z0� H ) > 2:5 � (H � K ). The

opensquaresrepresent all objects satisfyingtheseBzH criteria, while the opencircles

show the �v e objects of Daddi et al. (2005) which are in this portion of the HUDF.

The various lines represent the BC03 stellar population models with exponentially

declining star-formation histories whosee-folding times (� ) are listed in the lower-

right. The BzH selection identi�es only nine galaxies, or 1% of all objects with

z . 28:5 mag, which are expected to have burst-type star-formation histories (� .

0:3 Gyr Daddi et al. 2005). Sincewe recover 4/5 objects from Daddi et al. (2005),we
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concludethat this is a viable method to identify maximally old, passively-evolving

galaxieswhich would satisfy the mass-to-light requirement. Furthermoregalaxieswith

� . 0:3 Gyr are rather rare, we will correct the pair statistics usingstellar populations

with � � 0:3 Gyr.

To correct the observedpair counts, wewill adopt the method of P2000,and for

brevity only highlight our modi�cations for the mass-selectionand give the essential

details. In the P2000method, one computesthe maximal k-correction from a set of

galaxySED templatesto derive the low-luminosity limit, whenselectingobjectsbased

on absolutemagnitudes(seeFigures1 and 2 from Patton et al. 2002). However, since

weselectcandidatesbasedon their stellar mass,wemust determinethe corresponding

maximal mass limit. While Patton et al. (2002) adopt the empirical templates of

Coleman,Wu, & Weedman(1980),we choosethe stellar population synthesismodels

of BC03. As in x 4.2, we parameterizethe star-formation rate as 	( t; � ) / e� t=� , and

restrict � � 0:3 Gyr, sinceobjects with � � 0:3 Gyr are extremely rare (as discussed

above). Since the aim is to generatea population of maximal stellar mass,we set

t = T(z), whereT(z) is the ageof the Universeat redshift z.

We de�ne the stellar masslimit to be the more massive between the �ducial

limit (M � ;0) and the maximal massmodel (M � (z; � )):

M lim
� (z) = max[M � ;0; M � (z; � )]: (4.1)

With this massselection,we compute the selectionfunction to correct the counts of

the 
ux-limited survey as:

SN (z) =

RM lim
� (z)

M � ;0
�( M � ; z)dM �

R1
M � ;0

�( M � ; z)dM �
; (4.2)
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Fig. 12. By assuming(H � K ) ' 0:8 mag (F•orster Schreiber et al. 2004),we perform
a similar analysisto Daddi et al. (2005)on the much deeper NICMOS imaging in the
HUDF, to estimatethe rangeof star-formation historiesapplicableto theseredshifts.
The shadedregion represents the BzH selectiondiscussedin x 4.3.2. As in Figure 9,
the di�erent lines represent maximally old, passively-evolving stellar populations,
denoted by the e-folding time in their star-formation rate in the lower-right. The
\bullseye" marks the birth of the populations at zform ! 1 . As discussedin x 4.3.2,
maximally old galaxieswith � � 0:3 Gyr are exceedinglyrare and would appear in
the shaded,BzH polygon. Therefore,when correcting our pair counts following the
P2000 method, we adopt BC03 models appropriate for our sample (� � 0:3 Gyr).
This �gure is reproducedfrom Ryan et al. (2008a).
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where �( M � ; z) is the galaxy massfunction (not to be confusedwith the luminosity

function). Elsner, Feulner, & Hopp (2008) show that the galaxy massfunction can

be well modeledas the Schechter function (Schechter 1976)with M �
� � 1011:5 M � and

� � � 1:36 for z . 5. Finally, the optimal weights to apply to the pair statistics will

be wN (z) / SN (z)� 1, where the various remaining terms (such as boundary e�ects

and spectroscopiccompleteness)are computed following Patton et al. (2002). Using

theseoptimal weights, the number of closecompanionsfor the i th primary galaxy is

computed as Nc;i =
P

j wN2 (zj ), where j runs over the companionswhich satisfy the

above merger criteria. Finally, the mean number of closecompanionsper primary

galaxy is found as

Nc =
P

i wN1 (zi )Nc;iP
i wN1 (zi )

; (4.3)

following the notation of Patton et al. (2002).

4.3.3. Error Budget

While it may beappropriate to assumePoissonuncertainties on the pair counts,

we requirea moredetailedanalysisto incorporate the e�ects of the redshift uncertain-

ties. Despitehaving spectrophotometric redshifts for each component of the merging

pair, the relatively large uncertainties on the proper distance (� dp . 500 Mpc) can

lead to false positives. To estimate the magnitude of this e�ect, we randomize the

redshifts and massesin such a manner to preserve the selectiondiscussedabove, and

recompute the resulting pair counts. In 103 realizations of the redshift catalog, we

estimate that . 1:5 pairs per redshift bin may arisefrom superpositions identi�ed by

erroneousredshiftsestimates.This approach allows us to bootstrap the uncertainties
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on the pair counts to include the e�ects of Poissonshot noise,chancesuperpositions,

and the spectrophotometric redshift uncertainties.

Since the HUDF covers ' 3:03� 3:03, the uncertainties resulting from cosmic

variancemust also be addressed.By assumingthat the spatial correlation function

of the galaxiesis � (r ) / (r =r0)� 
 , the relative cosmicvariance in the number counts

is given as � 2
v = 1:45(V=r3

0)� 
 =3 for cell volume V, correlation length r 0, and 
 = 1:8

(Somerville et al. 2004). For comparablesampledvolumes, Beckwith et al. (2006)

estimate the cosmicvarianceto be � v ' 0:17 for the HUDF cell geometry.

4.4. Redshift Evolution

In Figure 14, we show the resulting galaxy merger fraction as a function of

(1 + z) as �lled circleswith uncertainties that re
ect the contributions from chance

superpositions, cosmicvariance, redshift uncertainty, and Poissonshot noise. Since

thesegalaxiesaretypically very young(age. 500Myr asinferred from the SED�tting

described in x 4.2), their median stellar mass-to-light ratio in the restframeB-band

is � � ;B ' 0:5 M � L � 1
� (seeFigure 13), and thereforethe masslimit of M � ;0 � 1010 M �

roughly corresponds to M B . � 20:5 mag. Since this luminosity limit is similar to

that imposed by Patton et al. (1997) and Le F�evre et al. (2000), we show those

measurements for comparisonasopen triangles and diamonds,respectively. We show

the standard power-law parameterizationof f (z) = 0:02� (1 + z)3 as a dashedline.

While this model can �t the low redshift (z . 1) observations, it fails to reproduceour

higher redshift (z & 1) data. Therefore,we also show the empirical formed proposed
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by Conselice(2006) of

f (z) = a(1 + z)be� c(1+ z) ; (4.4)

as a solid line. Using a standard least-squarestechnique, we �nd a = 0:44 � 0:04,

b = 7:0 � 0:6, and c = 3:1 � 0:4 for � 2
� = 0:28. This model has a maximum at

zfrac = (b=c) � 1 = 1:3 � 0:4, when accounting for the correlated uncertainties on b

and c. In the inset, we show the 68%, 95%, and 99% con�dence intervals in the b-c

plane for the �t to thesedata. The peak in the fraction is likely a consequenceof

the strict masslimit and massratio imposedon our sample,and not a result of 
ux

incompleteness(seeFigure 9). Our observations can rule out the standard power-law

model at z& 1, which hasa reduced� 2
� = 7:8.

While the major merger fraction of massive galaxiesmay provide excellent

information on galaxy evolution, the merger number density is more relevant when

comparing to other extragalactic observations. From the merger fraction (f ), we

compute the mergernumber density as

nmg =
f (z)N (z)
Rz+� z

z� � z dV
; (4.5)

whereN (z) is the completenesscorrectedredshift distribution from the Ryan et al.

(2007) catalog. Then the merger rate is R mg = nmg� � 1
mg (P2000). In Figure 15, we

show the merger number density for the samedata discussedin Figure 14. As a

solid line, we show empirical model of Equation (4.4), converted to a number density

usingthe redshift distribution of equation(23) in Ben��tez (2000). Our mergernumber

density peaksat a zdens ' 1:2, which is a slightly lower redshift than the peak in the
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Fig. 13. In the main panel (lower-left), I show the B-band mass-to-light ratios
determinedfrom the stellar population synthesismodels. Along the vertical and hor-
izontal axes, I show the distribution of mass-to-light ratios and stellar population
ages, respectively. The median mass-to-light ratio for these GRAPES galaxies is
� � ;B ' 0:5 M � L � 1

� , which implies that for a stellar massof M � = 1010 M � roughly cor-
respondsto an absolutemagnitudeof M B ' � 20:5 mag(assumingM B ;� = +5:2 mag).
This suggeststhat the imposedmasslimit of M � � 1010 M � is consistent with the
luminosity limits imposedat z . 1 by various other authors.



57

Fig. 14. The results from this work are indicated by �lled circles,while the observa-
tions of Patton et al. (1997) and Le F�evre et al. (2000) are shown by open triangles
and diamonds, respectively. The dashedline shows the commonpower-law form of
f (z) = 0:02� (1 + z)3, which fails to �t our high redshift observations. However, the
model f (z) = a(1 + z)be� c(1+ z) , shown asthe solid line, can reproduceall the observa-
tions reasonablywell (� 2

� = 0:28). This peak in the mergerfraction at zfrac ' 1:3 � 0:4
may arisefrom the strict masslimit (M � � 1010 M � ) and massratio (� 4:1) imposed
on our sample. It is not due to 
ux incompleteness,given the unparalleled depth
of this survey (seeFigure 9) and the corrections applied in x 4.3.2. This �gure is
reproducedfrom Ryan et al. (2008a).
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mergerfraction. Finally, we tabulate our measuredgalaxy major mergerfraction and

number density in Table 4.

TABLE 4
Galaxy Mer ger Resul ts

z f (z) nmg
y

(10� 4 Mpc� 3)
0.75� 0.25 0.09� 0.03 6.31� 2.34
1.25� 0.25 0.11� 0.04 3.56� 1.52
2.00� 0.50 0.09� 0.06 2.04� 1.39

yComputed from the mergerfraction by Equation (4.5).
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Fig. 15. As in Figure 14, the results from this Chapter are indicated by �lled circles,
and the observations of Patton et al. (1997) and Le F�evre et al. (2000) are shown as
open triangles and diamonds,respectively. The dotted line shows the total density of
AGN with LX > 1042 erg s� 1 selectedin the soft (0.5{2 keV) X -ray band (Hasinger,
Miyaji, & Schmidt 2005). The number density of merginggalaxiespeakat zdens ' 1:2
while the AGN number density peaks at zAGN ' 0:65. This di�erence in redshift
corresponds to a cosmic time di�erence of ' 2:5 Gyr. A comparable time delay
betweenthe mergingand the AGN phasehasbeensuggestedby simulations (Springel,
Di Matteo, & Hernquist 2005a). Moreover, the ratio of the densitiesat their peaks
would suggestthat as much as � 20% of the major merging of massive galaxieswill
evolve into X -ray AGN with L X > 1042 erg s� 1 (eg. Daddi et al. 2007). This �gure is
reproducedfrom Ryan et al. (2008a).
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4.5. Comparisonto PreviousWork

For low to moderateredshifts (z . 1), there have beennumerousmeasurements

of the galaxy pair fraction. While many studiesdisagreeon the precisevaluesof the

pair fraction, they generallyagreethat the fraction risesfrom � 2% at z ' 0 to � 15%

at z ' 1 following a power-law in (1+ z). Whereour observations overlapwith previous

work, we �nd a mergerfraction of 15� 5% at z ' 1, which is in good agreement with

the previously publishedvalues(eg. Le F�evre et al. 2000;Lin et al. 2004;Kartaltep e

et al. 2007).

At higher redshift (z & 1), there are no other studies of merging using the

pair fraction, due to the di�cult y in acquiring su�cien tly deep redshift datasets.

However, if the redshift of the primary galaxy can be obtained, then a morphological

approach can be a viable method for determining the mergerstatus. Conseliceet al.

(2003b)hasshown a roughly power-law form to z ' 3 using the CAS (concentration,

asymmetry, clumpiness)morphologicalsystem(Bershady, Jangren,& Conselice2000;

Conselice2003a). When thesemeasurements are coupledwith restframe colors, the

re�ned mergerfraction is substantially higher than our observations (Conselice2006).

However, de Propris et al. (2007) discusssomeof the limitations of this systemand

caution that mergerstudiesusing imageasymmetry require careful interpretation.

Basedon the matchedTwo Micron All SkySurvey (2MASS)/Tw o-DegreeField

Galaxy Redshift Survey (2dFGRS; Cole et al. 2001),Xu, Sun, & He (2004) identify

38 merging systemswith similar closepair criteria at 0:01. z . 0:07. By adopting a

standard stellar mass-to-light ratio in the restframeK s-band (� � ;K s = 1:32 M � L � 1
� ),
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thesegalaxiesare selectedto have M � � 1010:25 M � . While they restricted their work

to a smaller range of massratios for their systems(� K s � 1 mag), they �nd a pair

fraction of 1:70� 0:32%, consistent with other low valuesat theselow redshifts (eg.

Patton et al. 1997).

4.6. Discussion

Using the deepest imaging and spectroscopicdata available, we show that the

fraction and number density of major mergersbetweenmassive galaxiespeak at rel-

atively low redshifts (z � 1). Thesepeaksare likely not an artifact of the data nor

the measurement process,given the careful attention to the mass limits, spectro-

photometric redshift accuracy, accounting of measurement uncertainties, unprece-

dented deep
ux limit, and the good agreement with published data in the redshift

rangeof overlap.

Since the high redshift portion of our observed major merger rate dramati-

cally di�ers from the extrapolated results by numerousauthors, it is interesting to

exploresomeof the consequenceswhich arise from this di�erence. In particular, one

implication of our mergerrate concernsthe fraction of galaxieswhich have undergone

a major merger, or the remnant fraction f rem. By assuminga merger fraction of

f (z) = 0:011� (1 + z)2:3 and a merger timescale� mg = 0:5 Gyr, Patton et al. (2002)

�nd that f rem ' 15%of galaxieswith � 21� M B � � 18 mag have experienceda major

mergersincez ' 1. This is in contrast with the semi-analytic models of De Lucia et

al. (2006), who arguethat � 50%of stars which compriseelliptical galaxiesassemble

into a single dark halo between 0 � z � 1 by major merging. When we apply this



62

analysis1 to our slightly larger and steeper merger rate, we �nd that f rem ' 42% of

galaxieswith M � � 1010 M � have beeninvolved in a major mergersincez= 1, which is

consistent with the De Lucia et al. (2006) fractions. Moreover, sinceour mergerrate

peaksat somecritical redshift, the fraction of massive galaxiesthat have undergone

a major merger tends to a limiting value at z ! 1 of f lim
rem ' 62%, whereasa strict

power-law form increasesto 100%. This suggeststhat (1 � f lim
rem) ' 38% of massive

galaxiesmay have never undergonea major merger in their lifetime, but does not

precludea seriesof minor mergersor steady infall.

The magnitude of physical processes,which are driven by galaxy merging,

should be proportional to the merging galaxy number density. Many phenomena

have beenlinked to galaxy merging,most notably, star formation, AGN activit y, and

galaxy morphologies. The cosmic star formation rate density, as traced by radio,

ultraviolet, far infrared, and/or various emissionline luminosities hasbeenmeasured

by numerousauthors at z . 7 (Lilly et al. 1996;Madau et al. 1996;Connolly et al.

1997; Steidel et al. 1999; Haarsma et al. 2000; Brinchmann et al. 2004; Wyder et

al. 2005;Bouwenset al. 2006;Hopkins & Beacom2006). While there is reasonable

consensusthat the star-formation rate density increasesfrom z ' 0 to z ' 1, the

high redshift portion can di�er greatly among the many authors. Nonetheless,the

peak in our merger number density is consistent with the peak in the cosmicstar-

formation rate density at z ' 1� 1:5. Moreover, the peak star-formation rate density

is � 10� 1 M � yr � 1 Mpc� 3 (eg. Hopkins & Beacom2006), which would require the

typical merger system to have a star-formation rate of � 100 M � yr � 1. This rate

1Our remnant fraction is found from equation (18) of Patton et al. (2002).



63

is considerablyhigher than what is expected for major mergers(Bell et al. 2005),

which suggeststhat major mergersare not the only sourceof star-formation at these

redshifts. However, minor merging is expected to be more frequent, and may be

responsiblefor triggering the remaining portion of the cosmicstar-formation density.

Many authors have addressedan evolutionary link betweenmerging galaxies

and AGN (Carlberg 1990a;Silk & Rees1998;Kau�mann & Haehnelt 2000;Croton

et al. 2006;Hopkins et al. 2006), and generally agreethat major merging can drive

AGN activit y. Therefore, it is natural to compareour mergernumber density to the

observed AGN density. The density of type-1 AGN selectedin soft (0.5{2.0 keV)

X -ray band with luminosities of LX = 1042 � 1046 erg s� 1 from Hasinger,Miyaji, &

Schmidt (2005)is shown in Figure 15asa dotted line. This sampletracesthe roughly

instantaneousAGN activit y unobscuredthrough any dust, and is similar to the results

in the hard X -rays (Ueda et al. 2003). This AGN density peaksat zAGN ' 0:65, or

a lookback time of ' 5:9 Gyr, whereasour observed mergernumber density peaksat

zdens ' 1:2, or ' 8:5 Gyr in lookback time. If a major mergerof two galaxiestriggers

an AGN, then we may expect on average � 2:6 Gyr between the time when the

galaxiesare observed asa pair on the sky, and when the remnant would be observed

as an AGN in the soft X -rays. Springel, Di Matteo, & Hernquist (2005a) have

suggestedthat major merging can trigger the fueling of the central black hole after

the mergeronset,and will be observed asa visible AGN � 1� 2 Gyr later. According

to thesesimulations, we expect the mergernumber density to peak � 2:5 Gyr earlier
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in cosmictime than the AGN density, which is similar to our observations to within

the uncertainties.

These measurements have exploited the excellent redshift accuracy, spatial

resolution, and depth of ACS grism observations. The Wide Field Camera3 for HST

will provide combined ultraviolet prism, infrared grism, and numerous ultraviolet,

optical, and near-infraredbroadbandobservations. With such a rich dataset,redshifts

of comparableaccuracyfrom 2 . z . 6 should becomestandard. This will be ideal

for re�ning this work, and determining the role of various e�ects, such as galaxy

environments and/or cosmicvarianceat z . 6.



CHAPTER 5

The Galaxy Major Merger Rate from BVi 0-band Dropouts

5.1. Introduction

In the hierarchical formation paradigm, galaxiesare expectedto evolve by re-

peated mergersand interactions (eg. Kau�mann, White, & Guiderdoni 1993) with

episodes of merger-driven star formation (eg. Larson & Tinsley 1978). When these

ideasareextendedto include the feedback of an active galacticnucleus(AGN; eg.Silk

& Rees1998), they begin to provide a self-consistent framework for understanding

galaxyevolution. Recent computersimulations havesuggestedthat asgalaxiesmerge,

they will trigger a modeststarburst in the constituent systems,which often continues

for � 1 � 2 Gyr until the central black hole triggers an AGN (Springel, Di Matteo,

& Hernquist 2005a). By suppressingthe present star formation, the feedback from

the AGN may be responsible for formation of the red sequenceof elliptical galaxies

(Springel, Di Matteo, & Hernquist 2005b)and may lead to galaxy downsizing(Scan-

napieco,Silk, & Bouwens2005). This formation scenarioindicatesthat galaxiesgrow

via a \dut y cycle" of merging, starbursts, and AGN (Hopkins et al. 2006). While

these ideasare quickly maturing, there remain many open observational questions.

In particular, the preciseform of the galaxy mergerrate will be a unique constraint,

sinceit servesas the central and driving mechanism in this formation model.

The duty cycleof merging,starburst, and AGN suggeststhat we may observe

correlationsbetweenthe galaxy mergerrate, galaxy massassembly (eg. Dickinson et

al. 2003), the cosmicstar formation rate density (eg. Madau et al. 1996;Hopkins &

Beacom2006), and the epoch-dependent AGN spacedensity (eg. Ueda et al. 2003;

Hasinger, Miyaji, & Schmidt 2005). However, there may be an additional classof
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secondaryphenomena,which may also be related galaxy merging. The observed

galaxy luminosity function evolvesover cosmictime, particularly the faint-end slope,

where there are signi�cantly more dwarf galaxiesat high redshift (eg. Bouwens et

al. 2007;Ryan et al. 2007). This evolution can be quantitativ ely and qualitativ ely

understood from a merger-basedsemi-analyticmodel, wherethe evolution of the dark

halo massfunction dictates the evolution of the galaxy luminosity function (Khochfar

et al. 2007). Observed at cosmologicaldistances,gamma-ray bursts (GRBs) are likely

the supernovae of very massive stars (M & 40 M � ; Staneket al. 2003;Mazzali et al.

2006), which must have formed in a recent starburst. Whether this starburst was

initiated by a galaxy mergeror in someother way re
ects the increasedcosmicstar

formation rate, the rise in the GRB rate at low redshift (eg. Kistler et al. 2008)or a

possiblepeak in the GRB fraction at z ' 1:4 (eg.Young& Fryer 2007)may be caused

by the redshift evolution of the galaxy mergernumber density.

Finally, the aggregationof stellar mass as implemented by galaxy merging

may alsobe responsiblefor the decreasein galaxy sizeswith redshift. Several authors

have found that the half-light radii of galaxiesare roughly proportional to H (z) � 


(eg. Fergusonet al. 2004; Trujillo et al. 2006;Hathi, Malhotra, & Rhoads 2008b),

where
 = 2=3 for a �xed galaxy massand 
 = 1 for a �xed circular velocity (eg. Mo,

Mao, & White 1999). The majorit y of observations generallyfavor the �xed circular

velocity model with 
 ' 1, which supports the hierarchical clustering model of disk

galaxy formation (eg. Fall & Efstathiou 1980). While many of thesephenomenahave

been well studied by various techniques for z . 6 (particularly the massassembly,
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cosmic star formation rate, and AGN density), there has been little observational

work on merginggalaxiesat comparableredshifts. In Ryan et al. (2008a,Chapter 4),

we presented someof the highest redshift measurements of the galaxy major merger

fraction and number density for 0:5� z � 2:5. The density of major mergersbetween

massive galaxiesincreasesfrom z ' 0 to z ' 1:3, and appears to decline at higher

redshifts. While this behavior is qualitativ ely similar to the cosmicstar formation

rate and the AGN number density, higher redshift (z & 3) observations of major

mergersare neededto further exploreand con�rm this possibletrend.

At low redshift (z . 1), the galaxy merger rate is derived from the merger

fraction, which is often parameterizedas proportional to (1 + z)m , where1. m . 4

(Zepf & Koo 1989; Burkey et al. 1994; Carlberg, Pritchet, & Infante 1994; Yee &

Ellingson 1995; Neuschaefer et al. 1997; Patton et al. 1997; Le F�evre et al. 2000;

Patton et al. 2002;Lin et al. 2004;Xu, Sun, & He 2004;Bell et al. 2006;Kartaltep e

et al. 2007;Hsiehet al. 2008). However, thereareindications that the strict power-law

form may fail at higher redshift (Conselice,Rajgor, & Myers2008;Ryan et al. 2008a),

and that the major mergerfraction is moresuitably �t by the empirical form proposed

by Conselice(2006): f (z) = a(1 + z)be� c(1+ z) , with a= 0:44� 0:04, b= 7:0 � 0:6, and

c= 3:1� 0:4 (Ryan et al. 2008a).Our intermediateredshift observations (0:5� z � 2:5)

suggesta possiblepeak in the major mergerrate at zfrac
max = (b=c) � 1= 1:3 � 0:4.

Current theoriesand numerical simulations have madegalaxymergersthe cen-

tral theme of galaxy formation and evolution. Moreover there are several indications

that the galaxy merger rate may be sensitive to the cosmologicalparameters. Carl-
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berg (1990b) suggestthat the galaxy merger rate may be sensitive to the matter

density (
 0), and later arguethat the power-law index (m) of the redshift-dependent

mergerrate strongly dependson the matter and dark energydensities(
 � ; Carlberg

1991). Governato et al. (1999) �nd that m = 2:5 � 0:4 and m = 3:1 � 0:2 for open

(
 0 = 0:3, h = 0:75, and � 8 = 1) and tilted (
 0 = 1, h = 0:5, and � 8 = 0:6) cos-

mology, respectively. With a semi-analytic model of galaxy formation, Khochfar &

Burkert (2001) investigate the e�ect of the equation of state parameter for the dark

energy(w) on the galaxy merger rate. By comparing to the available observations,

they �nd that the galaxy merger fraction doesnot strongly depend on the adopted

cosmology, namely quintessence(w = � 2=3) versus � (w = � 1) cold dark matter

(CDM) models. The preciserole of galaxy mergersin constraining the cosmological

model may becomeclearerasmore observations, both at higher redshifts and varied

mass/luminosity limits, becomeavailable. In this Chapter, we will extend our previ-

ous results at 0:5 � z � 2:5 to higher redshifts (z & 3), using observations of Lyman

break galaxies(LBGs; eg.Steidel et al. 1996)selectedas BVi 0-band dropouts.

This Chapter is organizedasfollows: x 5.2describesthe datasets,x 5.3outlines

our merginggalaxy samplewith correctionsfor the redshift reliabilit y, x 5.4 discusses

the redshift evolution of the galaxy merger rate, and x 5.5 is a general discussion

of theseresults in the context of galaxy formation. We quote all magnitudesin the

AB system (Oke & Gunn 1983). For the cosmologicalmodel, we adopt 
 0 = 0:24,


 � = 0:76, and H0 = 100h km s� 1 Mpc� 1 whereh= 0:73 (Spergelet al. 2007).
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5.2. Data

To identify andstudy galaxypairsat high redshift (z& 3), werequiredeephigh-

resolutionimaging in a variety of bandpasses.Therefore,only the deep�elds observed

by the Hubble SpaceTelescope (HST) will su�ce, in particular thoseobserved with

the Advanced Camera for Surveys (ACS) in the BVi 0z0-bands. Such observations

have proven quite successfulat identifying high redshift galaxiesusing the dropout

selection (Giavalisco et al. 2004b; Yan & Windhorst 2004b; Bouwens et al. 2006;

Beckwith et al. 2006;Hathi, Malhotra, & Rhoads2008b). Therefore,we will adopt a

similar color{color selectionfor three multiwavelength, deep�elds observed by HST.

The Great Observatories Origins DeepSurvey (GOODS) consistsof two 3 � 5 ACS

pointings, one in the north and one in the south, covering a total of 316 arcmin2

(Giavaliscoet al. 2004a). We usethe GOODS v2.0 imaging and catalogs,which are

generally � 0:3 mag deeper than the v1.0 dataset. The Hubble Ultra-Deep Field

(HUDF) is a single ACS pointing (3:03 � 3:03) of 400 orbits (Beckwith et al. 2006),

located in the GOODS-S �eld and is an additional � 2:5 mag deeper than either

GOODS �eld. In Figure 1, I show the approximate �eld geometryand layout for the

GOODS and HUDF surveys.

To identify our high redshift LBGs from the deepACS imaging, we use the

software packageSExtractor (Bertin & Arnouts 1996), and adopt the GOODS ex-

traction parameters(Giavaliscoet al. 2004a).Werequirethat each object hasat least

16 connectedpixels that are 0:6� brighter than the local sky. For object deblending,

we use32 sub-thresholdswith a minimum contrast of 0.03. Theseparametersfacil-
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itate identifying point sourceobjects, which is ideal for thesecompact LBGs. From

thesecatalogs,we determinethe approximate 50%completenesslimit in 
ux for each

�eld and bandpass,basedon a power-law �t to the observed number counts. To se-

lect the high redshift LBGs, we adopt the color-colorselectiondescribed by Bouwens

et al. (2007), with additional constraints on the signal-to-noise(S=N ) in the bands

immediately blueward and redward of the Lyman discontinuity: (S=N )blue � 2 and

(S=N )red � 5, respectively (eg. Giavaliscoet al. 2004b). In Figure 16, Figure 17, and

Figure 18, I show the color-colorselectionsfor the BVi 0-band dropouts, respectively.

I summarizeour dropout samplesby giving the limiting magnitudesand the object

counts in Table 5.
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Fig. 16. Each dot represents a single galaxy identi�ed in the HUDF, while the red
points indicate galaxieswhich satisfy the LBG color criteria of (B � V) > 1:1 and
(B � V) > 1:1 + (V � z0) and (V � z0) < 1:6 mag. By imposing signal-to-noise
limits on the bands blueward (S=N )blue < 2 and redward (S=N )red > 5 of the Lyman
limit (� rest = 912 �A), these dropout selectionrules can reliably identify galaxiesat
z ' 3:8 � 0:3.
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Fig. 17. As in Figure 16, the black symbols represent each galaxy in the HUDF,
while the red symbols show the galaxiessatisfying the V-band dropout selectionof
((V � i0) > 1:5+ 0:9(i 0� z0) or (V � i 0) > 2) and (V � i 0) � 1:2 and (i 0� z0) � 1:3 mag.
By imposing similar signal-to-noiselimits as for the B-band dropouts, thesecolor{
color criteria selectgalaxiesat z ' 5:0 � 0:4 from the Lyman forest (� rest < 1216�A).
Unlike the B-band dropouts, this selectionis subject to contamination of low redshift
elliptical galaxieswhose4000�A break masqueradesas the Lyman break. Vanzellaet
al. (2006)estimate that the reliabilit y of the V-band dropout selectionis & 90%(see
x 5.3.2 for additional discussion).
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TABLE 5
Dr opout Samples

Dropout Limit y NLBGs

(mag)
GOODS-Nz

B V � 27:9 1602
V i0� 27:7 579
i0 z0� 27:6 256

GOODS-Sz

B V � 27:7 1407
V i0� 27:5 412
i0 z0� 27:4 230

HUDF
B V � 29:8 700
V i0� 29:7 229
i0 z0� 29:8 73

yThe 50%completenesslimit derived from a power-law �t to the observed galaxy
counts.

zWe used the GOODS v2.0 imaging and catalogs
(http://arc hive.stsci.edu/pub/hlsp/goods/).
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Fig. 18. Like the previoustwo �gures (Figure 16 and Figure 17), I show each galaxy
from the HUDF as a solid black circle and those galaxiesselectedfrom as i 0-band
drops from (i 0 � z0) � 1:3 mag. Since the overwhelming majorit y of the galaxies
in this study do not have deep, high resolution J -band imaging, I cannot impose
an additional color criterion of (z0 � J ) . 1:3 mag, which is similar to the V-band
dropout selection. Without this additional (z0 � J ) color constraint, this i 0-band
dropout selectionwill systematically identify low mass,Galactic stars. In x 5.3.2, I
statistically correct the mergercounts for a L- & T-dwarf contribution, basedon the
estimate of the scaleheight of this population (Ryan et al. 2005,and Chapter 6).
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5.3. Analysis

5.3.1. Merger Selection

There have been a number of techniques developed to identify and measure

variouspropertiesof galaxiesin all statesof merging. A popular approach hasbeento

measurea seriesof morphologicalindicators,which areassumedto havebeentriggered

by the recent merger (eg. Conseliceet al. 2003b;Straughn et al. 2006; Lotz et al.

2008). While theseschemesdi�er in their execution,they are all critically dependent

on the angular resolution of the survey, and the sourcedeblendingalgorithms (eg.

de Propris et al. 2007). While HST imaging provides the best possibleresolution on

faint galaxies(Windhorst et al. 2008),a morphologicalapproach at z& 3 will be met

with two major challenges:

(1) At theseredshifts, the majorit y of galaxiesare observed to have half-light

radii of rhl . 0:003 (Fergusonet al. 2004; Bouwens et al. 2006; Hathi, Malhotra, &

Rhoads2008b)or r hl . 10 pixels. Overzier et al. (2008) �nd that the UV-luminous

galaxies (UVLGs) identi�ed with GALEX (Heckman et al. 2005) resemble high-

redshift LBGs at z & 4. They concludethat these galaxiesoften show qualitativ e

merger signatures(such as double nuclei, tidal tails, companions). However, many

of these featureswould be unresolved and/or too faint to be identi�ed in the HST

imaging of galaxiesat z& 3 (eg. Cohenet al. 2003).

(2) Sincethe morphologicalapproach requiresa calibration dataset, the rest-

framewavelengthin which the galaxiesareobservedbecomescritical. The optical/near-

infrared imaging (V i 0z0-bands) with HST-ACS samplesthe far-ultraviolet (� rest �



76

1300�A) continuum and/or possibleLy� line emissionin the restframeof the dropout

galaxies. However, most morphological indicators are calibrated with surveys con-

ducted in the restframeoptical (eg.Frei et al. 1996). Therefore,the blind useof these

indicators, without additional calibration for the UV restframewavelength sampled,

may lead to erroneousconclusionsowing to possiblewavelength-dependent galaxy

morphologies(eg. Teplitz et al. 1998;Windhorst et al. 2002;Papovich et al. 2003;

Cassataet al. 2005;Taylor-Mager et al. 2007).

Given these possible limitations of a morphological approach, we adopt the

\dynamically-closepair" method (eg. Carlberg, Pritchet, & Infante 1994),which is a

slight modi�cation of the traditional pair count (eg. Zepf & Koo 1989)by including

redshift measurements for both the primary and companiongalaxy. While the Ly-

man break technique can selectgalaxiesat a given redshift, the uncertainty on this

redshift can be � z � 0:3, which givesan unacceptablylarge uncertainty on the proper

distance. Therefore,our techniqueshouldbeconsideredasa compromisebetweenthe

dynamically-closepairs, wherethe velocity di�erence betweenthe primary and com-

panion galaxiescanbe measuredand considered,and the projected pair count, which

doesnot include redshift measurements in any way. We will addressand account for

the redshift uncertainties after de�ning our mergersamplesin x 5.3.3.

To construct our merger catalogs,we begin with the standard de�nition for

closegalaxypairs: (1) The separationof the pairsshouldbesu�cien tly small to ensure

that the pairs will merge in the typical merger timescaleof � mg . 1 Gyr. For this

projecteddistance,weadopt � r � 20h� 1 kpc; (2) The luminosity ratio of the primary-
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to-companiongalaxiesshouldbe � M B � 1:5 mag. If we assumethe two galaxieshave

the sameintrinsic mass-to-light ratio, then this luminosity ratio selectsmajor mergers

with a massratio of approximately � 4 : 1; (3) The merging pair should have the

sameredshift to within their 1� uncertainties, which will be discussedin more detail

below. As noted above, this redshift requirement is the primary di�erence between

the two aforementioned pair count methods; (4) The �nal criterion that is generally

adopted concernsthe luminosity of the primary galaxy. The varying 
ux limits of

these�elds and the luminosity dependenceon redshift complicatesa straightforward

luminosity threshold. Therefore,we adopt the techniquesdeveloped by Patton et al.

(2000) to consistently identify dynamically-closegalaxy pairs, while simultaneously

correcting a 
ux-limited survey to the comparablevolume-limited survey. In this

method, oneconstructs two optimal parameters,which measurethe mergerrate and

the massaccretion rate. We will brie
y outline the Patton et al. (2000) algorithm:

From the inherently 
ux-limited surveys, we desireall galaxy pairs that have

a primary galaxy in a given absolutemagnitude range: M br � MB � M f a. To select

such systems,Patton et al. (2000)determinea redshift-dependent absolutemagnitude

limit:

M lim (z) = min [M f a + � MB ; mlim � 5 logdL (z) � 25� kmax
m! B (z) � E(z)]; (5.1)

wheremlim represents the magnitude limit from the band immediately redward of the

Lyman break (seeTable5), dL (z) is the luminosity distancein megaparsecs,kmax
m! B (z)

is the maximum k-correction from the observed band immediately redward of the

Lyman discontinuity to the restframeB-band,andE(z) is the luminosity evolutionary
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correction. Patton et al. (2002) determine the maximum k-correction from the RC -

to the B-band at 0:12 � z � 0:55 for the empirical galaxy templates of Coleman,

Wu, & Weedman(1980). These templates may not be generally applicable to the

high redshift LBGs, instead we adopt the population synthesis models of Bruzual

& Charlot (2003), which have beensuccessfulin �tting the broadband observations

of LBGs at z � 3 (eg. Papovich, Dickinson, & Ferguson2001). While there are

somevariations in the stellar populations, theseLBGs generallyhave relatively low

dust content (AV . 1:2 mag) and young stellar populations (t � 200 Myr) with

exponential star formation histories (	( t) / e� t=� , where � . 2 Gyr). Therefore,

we use the k-corrections derived from these averagestellar populations, which are

kave
m! B (z) � � 2 mag. The luminosity evolution correction can be parameterizedas

E(z) = Qz, whereQ ' 1 for z . 1 (eg. Lin et al. 1999;Patton et al. 2002). However

the characteristic galaxy luminosity decreasesfor z & 1 (eg. Bouwens et al. 2007),

which would argueperhapsfor Q� � 0:5. Given the lack of any quanti�cation of Q at

the redshifts which are of interest here(z& 3), we will adopt no evolutionary correct

(ie. Q= 0). We did investigateQ= � 0:5, and �nd that our mergerstatistics slightly

increaseby a factor of . 2 at z ' 3:8 and a factor of . 3 at z ' 5:9. As will be shown

below, this factor will not a�ect our conclusionnor could it account for the overall

signi�cant declinein the major mergerfraction at z& 3.

We can now identify the sampleof primary galaxieswhich satisfy the above

four criteria. However, the 
ux-limited surveys will systematically miss companions

fainter than the completenesslimits. Patton et al. (2000) demonstratethat, with an



79

assumedgalaxy luminosity function (LF), one can correct the pair counts for these

missing companions. For the BVi 0-band dropouts, we adopt the LFs determined

by Bouwens et al. (2007), and give their Schechter function parametersin Table 6

(Schechter 1976). The selectionfunctions for the pair fraction and luminosity in the

companiongalaxiesare de�ned as:

SN (z) =

RM lim (z)� E (z)
M br � E (z) �( M ; z)dM
RM f a � E (z)

M br � E (z) �( M ; z)dM
; (5.2)

SL (z) =

RM lim (z)� E (z)
M br � E (z) �( M ; z)L(M )dM
RM f a � E (z)

M br � E (z) �( M ; z)L(M )dM
; (5.3)

respectively. We numerically evaluate these integrals, and generateour e�ectively

volume-limited samplefor M f a = � 20:5 mag and M br = � 25:0 mag, which are chosen

match lower redshift analyses.

TABLE 6
Pr oper ties of Dr opout Galaxies y

Dropout z M � �
(mag)

B 3:8 � 0:3 � 21:06� 0:10 � 1:76� 0:05
V 5:0 � 0:4 � 20:69� 0:13 � 1:69� 0:09
i0 5:9 � 0:3 � 20:29� 0:19 � 1:77� 0:16

yAll valuesare taken from Bouwenset al. (2007), and are tabulated here for com-
pleteness.
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The primary and companiongalaxiesare individually weighted as a function

of their brightnessesusing these selection functions. The optimal weights for this

proceduremust take into account a variety of selectionbiases.First, we considerthe

boundary e�ects. Following Patton et al. (2002), a primary galaxy near a �eld edge

of the survey must be given a lower weight, which we will take to be the ratio of

the e�ective surveyed area to the circular area,as de�ned by the search radius (� r )

and close-paircondition. Therefore,a primary galaxy that is a distance� b from an

assumedsurvey border will be assignedthe weight

wb =

8
>><

>>:

1
�

�
�

� b
� r

� q
1 �

�
� b
� r

� 2
� cos� 1

�
� b
� r

�
�

+ 1; � b � � r

1; � b > � r:

(5.4)

In general,this weight will contribute very little, sinceratio of selectionarea to the

total survey area is � 7:5 � 10� 5 and � 1:1 � 10� 3 at z = 3:8 for the GOODS �elds

and the HUDF, respectively. Finally, the optimal weights for the primary galaxies

for the number fraction and the luminosity of the closepairs will be:

wN ;1(zi ) = SN (zi )wb; (5.5)

wL; 1(zi ) = SL (zi )wb: (5.6)

Similarly, the optimal weights for the companiongalaxieswill be:

wN ;2(zi ) =
1

SN (zi )wb
; (5.7)

wL; 2(zi ) =
1

SL (zi )wb
: (5.8)

Wewill discussadditional weights which account for the redshift reliabilit y of the LBG

samplein x 5.3.2. The pair statistics (Nc and L c) are found from summationsover
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theseoptimal weights. For the i th primary galaxy, wecomputeNc;i =
P

j wN ;2(zj ) and

L c;i =
P

j wL; 2(zj )L j , whereeach summation runs over all companiongalaxieswhich

satisfy the above four mergercriteria. Then the optimally weighted pair statistics are

found from weighted averagesof Nc;i and L c;i :

Nc =
P

i wN ;1(zi )Nc;iP
i wN ;1(zi )

; (5.9)

L c =
P

i wL; 1(zi )L c;iP
i wL; 1(zi )

; (5.10)

wherethesesummationsrun over all the primary galaxiesin the LBG catalogs. For

a strictly volume-limited survey with no bordersand in which all mergersystemsare

binary pairs, Nc is identical to the galaxy pair fraction. Sinceall surveys will have

edge-e�ectsand a distribution in the number of closecompanions,Nc and L c areonly

directly proportional to the galaxymergerrate and the massaccretionrate (Patton et

al. 2000,2002). For the mergerrate, the constant of proportionalit y is 0.5 for binary

mergersand decreasescorrespondingly for higher order n-tuples. The massaccretion

rate also requiresthe mass-to-light ratio as an additional conversion factor (Patton

et al. 2000).

5.3.2. Sources of Contamination

While the dropout selectioncan be very e�ective at identifying high redshift

LBGs galaxies,it will can systematically selectother astronomicalobjects (eg. fore-

groundelliptical galaxiesor late-typeGalactic stars;Yan, Windhorst, & Cohen2003).

Therefore, it is critical to spectroscopicallycon�rm each putativ e LBG, to ensurea

reliable sampleof high redshift galaxies. For the typical numbers and brightnesses

of LBGs, this can be a daunting task, even for 10 m classtelescopes with multislit
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capabilities. Therefore,we can only attempt to correct our mergercounts in a statis-

tical fashion. From deepobservations with the VLT in the GOODS-S�eld, Vanzella

et al. (2006) determine that 100%, 90%, and 93% of the BVi 0-band dropouts are

indeed high redshift LBGs, respectively. In most cases,the interloping objects are

lower redshift galaxies,wherethe Balmer/4000 �A break is misidenti�ed asthe Lyman

break.

Like foregroundelliptical galaxies,late-type Galactic stars can be mistakingly

identi�ed as high redshift LBGs. While infrared observations (� obs & 1:0 � m) can

break this identi�cation degeneracy, they are generallynot available at our deep
ux

limits. Therefore without deep spectroscopy to verify the the object identi�cation

and redshift, we must again resort to a statistical correction. The most dominate

sourceof Galactic stars comesfrom M-, L-, and T-dwarfs (eg. Caballero,Burgasser,

& Klement 2008). Since the scaleheight for the population of Galactic L- and T-

dwarfs is zl ' 350 pc, we expect that 97% of the i 0-band dropouts are LBGs for

z0 . 29 mag and not foreground Galactic stars (Ryan et al. 2005, and Chapter 6

here).

Weadopt thesepublishedestimatesfor the reliabilit y of the BVi 0-banddropout

samplesas additional factors in de�ning the optimal weights for the primary (equa-

tion 5.5) and secondarygalaxies(equation 5.7). Thesecorrectionsare then 1.0, 0.9,

and 0.9 (= 0:93� 0:97 for the foregroundellipticals and late-type Galactic stars) for

the BVi 0-band dropouts, respectively.
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5.3.3. Error Budget

As mentioned above, the redshift uncertainty for the LBGs can be � z � 0:3,

which givesa typical uncertainty on the proper distanceof � dp � 200Mpc at redshifts

of interest. Therefore,weperform a simpleMonte Carlo simulation, wherethe redshift

of a given galaxy is drawn from a normal distribution with a mean and standard

deviation given in Table 6 (column 2). With this procedure, we can empirically

determinethe uncertainties on the mergercounts and their luminosities,which include

the e�ects of Poissonnoiseand chancesuperpositions, while preservingthe spatial

imprint of any clustering or large-scalestructures. In Figure 19 and Figure 20, we

show the resultsof 103 Monte Carlo realizationsfor the BVi 0-dropouts in the GOODS-

N, GOODS-S, and HUDF �elds for the merger fraction (Nc) and the fraction of

luminosity in mergingcomponents (L c). We show a Gaussian�t to each distribution

asa solid red line. Owing to the lower number counts, the distributions derived from

the HUDF are poorly sampledand yield mergerstatistics with larger uncertainties.

The e�ects of cosmicvariance can be easily visualized by comparing panels

arrangedin a given column. Somervilleet al. (2004)estimatethat the relative cosmic

varianceon the observed number counts for LBGs in the GOODS �elds will be � V �

0:15. Sinceour observed cosmicvariance (ie., the shifting of the distributions in a

givencolumnof Figure 19) is consistent with their estimatefor � V , we do not attempt

to include any additional sourceof cosmiccounting uncertainty.

We summarizeour merger statistics for the three �elds in Table 7. For each

dropout type (or redshift), we compute the averagesof the three �elds and take
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Fig. 19. Sincethe typical redshift uncertainty for the LBG selectionis � z � 0:3, some
galaxy pairs could be simply line-of-sight projections and corrupt the true merger
signal. Therefore,weusea Monte Carlo simulation, wherethe redshiftsof the galaxies
are drawn from a normal distribution with mean and standard deviation given in
Table 5. In the black histograms,we show the resultsof this Monte Carlo simulation
the Gaussian�t in red. Owing to the small samplesize,there areno i 0-band dropouts
in the HUDF which met all four closepair criteria discussedin x 5.3.1. This �gure is
reproducedfrom Ryan et al. (2008b).
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Fig. 20. Like the pair fraction, the luminosity of closecompanionsmust be computed
with a similar Monte Carlo analysis. As in Figure 19, we show the Monte Carlo
resultsasa black histogramand the Gaussian�t asa red line. Theseluminositiesare
derived from the restframefar-ultraviolet (� rest ' 1500�A), and are usedto compute
the comoving luminosity (seeequation 5.15) and star formation rate densities(see
Table 7). This �gure is reproducedfrom Ryan et al. (2008b).
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the 1� minimum and maximum deviations as the lower and upper uncertainties,

respectively. From Table 7, we �nd that the wider and shallower GOODS �elds

generallyprovide strongerconstraints on the mergerstatistics, sincewe selectsuper-

L � galaxies (MB � � 20:5 mag). However, the HUDF should be superior to the

GOODS�elds for determining the mergerrate of lessluminousor lower masssystems

(sub-L � galaxies),which can dominate the total mergerrate (Patton & At�eld 2008).

TABLE 7
Dr opout Mer ger Resul ts

Dropout Nc n logLUV
c log�

(10� 4 Mpc� 3) (erg s� 1 Hz� 1) (M � yr � 1 Mpc� 3)
B 0:0099� 0:0011 0:387� 0:046 28:40� 0:05 � 1:911� 0:05
V 0:0047� 0:0007 0:128� 0:021 28:26� 0:07 � 2:199� 0:07
i0 0:0016� 0:0002 0:041� 0:007 28:02� 0:08 � 2:478� 0:08

GOODS-S
B 0:0072� 0:0012 0:238� 0:041 28:21� 0:06 � 2:174� 0:07
V 0:0042� 0:0006 0:101� 0:016 28:33� 0:07 � 2:192� 0:08
i0 0:0038� 0:0003 0:094� 0:009 28:57� 0:04 � 1:937� 0:05

HUDF
B 0:0131� 0:0017 0:198� 0:067 28:31� 0:07 � 2:418� 0:15
V 0:0057� 0:0006 0:133� 0:034 28:28� 0:10 � 2:258� 0:14
i0 ... ... ... ...

Averagey

B 0:0101+0 :0047
� 0:0040 0:274+0 :159

� 0:144 28:31+0 :14
� 0:16 � 2:168+0 :40

� 0:40
V 0:0049+0 :0014

� 0:0012 0:121+0 :046
� 0:035 28:29+0 :11

� 0:12 � 2:216+0 :19
� 0:19

i0 0:0027+0 :0014
� 0:0014 0:068+0 :036

� 0:034 28:30+0 :31
� 0:35 � 2:208+0 :35

� 0:35

yThese values are computed as averagesand min/max rangesfrom above three
�elds (seeFigure 19 and Figure 20).
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5.4. Evolution of the Galaxy Merger Rate

5.4.1. The Galaxy Merger Fraction

The galaxy mergerrate is proportional to the ratio of the mergerfraction and

assumedmergertimescale(eg.Patton et al. 2000). In general,the mergertimescaleis

assumedto be constant with redshift at � mg � 1 Gyr, although it may slightly depend

on the adopted massor luminosity limits (Kitzbic hler & White 2008). In order to

compareto a seriesof observations at lower redshifts (z . 3), we will only discussthe

mergerfraction. For our intermediateredshift mergerstudy (0:5� z � 2:5; Ryan et al.

2008a),we selectedpairs basedon their stellar massof M � � 1010 M � asderived from

stellar population �ts to the HUDF grismobservations (Pirzkal et al. 2004;Ryan et al.

2007). The medianstellar mass-to-light ratio for thesegalaxieswas� � ;B ' 0:5 M � L � 1
�

(seex 4.4), which implies an absolutemagnitude selectionof M B � � 20:5 mag (for

MB ;� = +5:2 mag). Therefore, our merger pairs identi�ed in this work are directly

comparableto a number of lower redshift studies,which wereselectedbasedon their

B-band luminosities. In Figure 21, we show the merger fractions from Patton et al.

(1997) (open triangles), Le F�evre et al. (2000) (open diamonds), Ryan et al. (2008a)

(�l led circles) and this work (open squares). As we noted in Ryan et al. (2008a),the

merger fraction can only be well-represented by a power-law in (1 + z) for redshifts

z . 1, and likely peaksat someredshift (zfrac
max ). Therefore,we �t the observed merger

fraction with the empirical model of Conselice(2006):

f (z) = a(1 + z)be� c(1+ z) : (5.11)
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In Figure 21, we show the best-�t model with a= 0:21� 0:02, b= 5:54� 0:26, and c=

2:34� 0:10with min(� 2)=d:o:f := 7:7=7 asa solid line, andshow the con�denceintervals

in the (b� c) plane asan inset. When accounting for the correlateduncertainties on

b and c, we �nd that this peak redshift can be reasonablywell constrained: zfrac
max =

(b=c) � 1= 1:37� 0:10.

To investigate the cumulative e�ect of major merging on galaxy populations,

we compute the major merger remnant fraction, which is de�ned as the fraction of

galaxiesthat have experienceda major mergerbetween today and a given redshift.

Following Patton et al. (2002, their equation (18)), the merger remnant fraction

critically dependson the mergertimescaleand the functional form of the pair fraction.

Therefore, in Figure 22 we show the remnant fraction for various merger timescales

ranging from � mg = 0:25 � 1:5 Gyr, as indicated in the lower-right. In addition, we

plot the remnant fraction for the traditional power-law form of the pair fraction,

f (z) = 0:02� (1 + z)3 asblue lines, and our results from Equation (5.11) as red lines.

Sinceour derived pair fractions exponentially decline for z & 1, the merger remnant

fraction tends to approach a limiting value of f lim
rem ' 53% and 78% for � mg = 0:5 Gyr

and 0.25Gyr, respectively.

5.4.2. The Galaxy Merger Number Density

In the hierarchical formation paradigm, galaxy merging plays a lead role in

galaxy assembly. Therefore, the number density of galaxy mergerswill be a key

quantit y in setting the rate or the magnitudeof a variety of e�ects which are triggered

by merging. We convert our mergerfraction estimates(Nc) into the number density
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Fig. 21. We show the fraction of major mergersfrom Patton et al. (1997) (open
triangles), Le F�evreet al. (2000) (open diamonds), Ryan et al. (2008a)(�l led circles),
and this work (open squares). While the merger fraction shows the usual power-
law increasefor z . 1, there is clear peak at zfrac

max = 1:37 � 0:10. Therefore, we
�t these observations with the empirical model given as Equation (5.11). We �nd
the best-�t model has a = 0:21 � 0:02, b = 5:54 � 0:26, and c = 2:34 � 0:10 with
min(� 2)=d:o:f : = 7:7=7. In the inset, we show the 68.3%,95%, and 99% con�dence
intervals in the (b� c) plane,which servesto highlight the correlation betweenband c.
While this �t is similar to thosefound by Ryan et al. (2008a)and Conselice,Rajgor,
& Myers (2008), our new z& 3 data points markedly decreasethe uncertainty on the
peak redshift. This �gure is reproducedfrom Ryan et al. (2008b).
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Fig. 22. The remnant fraction represents the fraction of galaxieswhich have experi-
enceda major mergerbetweena given redshift and today. They are computed from
equation (18) of Patton et al. (2002) for the merger timescales(� mg) in the lower-
right, the power-law pair fraction of f (z) = 0:02� (1+ z)3 (blue lines) and our derived
pair fraction Equation (5.11) (red lines). Sincethe power-law pair fraction increases
ad in�nitum with redshift, every galaxy will eventually experiencea major merger.
However, our derived pair fraction exponentially declinesfor z& 1, which implies that
somefraction of galaxies, (1 � f lim

rem) have never undergonea major merger in the
Hubble time. This �gure is reproducedfrom Ryan et al. (2008b).
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of merging systemsby:

nmg = Nc
NLBGs (M < M lim )R

dV(z)
; (5.12)

whereNLBGs (M < M lim ) is the number of LBGs that meet our absolutemagnitude

criterion and dV(z) is the cosmologicalvolumeelement. Sincethis criterion will only

selectgalaxiesbrighter than our 
ux limit transformed into an absolutemagnitude

limit (seeEquation 5.1), the incompletenessat the faint-end can be minimized. In

Figure 23, we show the number density of mergersfor the samefour surveys as in

Figure 21. We proposea newempirical �tting function for the number density, which

is similar to the luminosity-dependent density evolutionary model (LDDE) for X -ray

selectedAGN (eg. Uedaet al. 2003;Hasinger,Miyaji, & Schmidt 2005):

n(z) = n0
(1 + � )(1 + z) �

1 + � (1 + z) �
: (5.13)

We show the best-�t model as a dashedline with n0 = (7:88� 3:21) � 10� 6 Mpc� 3,

� = (1:17� 1:11)� 10� 3, � = 6:83� 1:41,and � = 10:4� 1:1 with min(� 2)=d:o:f := 11:5=6.

We must stress,this functional form is purely empirical, and is only motivated by the

observed power-law forms at z . 0:5 and z & 2. Like the Conselice(2006) model for

the mergerfraction, our form for the number density haspeakat a redshift, which is

given by

zdens
max =

�
�

� (� � � )

� 1=�

� 1: (5.14)

For our observations in Figure 23,we �nd zdens
max = 1:04� 0:10. Our proposedfunctional

form has the attractiv e property that for � ! 0 we recover a pure power-law increase

with slope � , while for � ! 1 there is a sharp power-law decreasewith slope (� � � ).

Since � and � are essentially determined by the observed slopes, � is a measureof
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the degreeto which the data require the two-component power-law. We note that for

�xed power-law slopes,the peak redshift is entirely set by � .

The Patton et al. (2000) method optimally weights primary and companion

galaxiesas a function of their brightnessesto correct the mergercounts for 
ux in-

completeness.Therefore,we do not expect to signi�cantly underestimateour merger

fractions or densitiesat z & 3. However, there are two additional points worth men-

tioning: (1) If the galaxy mergertriggers a substantial starburst, then we may expect

that the galaxy pairs to have higher surfacebrightnessesthan �eld galaxiesat the

sameredshift. Therefore, such galaxy pairs will be proportionally easierto detect

and may be lessa�ected by 
ux incompleteness;(2) Sincethe merger fraction is es-

sentially the ratio of two quantities, any multiplicativ e completenesscorrectionwhich

a�ects the mergingand non-merginggalaxiesequally, will not have any e�ect on our

results.

5.4.3. Star Formation Rate Densities

The greatest strength of the Patton et al. (2000) selectionalgorithm is the

abilit y to correct the 
ux-limited merger counts. In addition to the merger counts,

this method alsodeterminesthe meanluminosity in close-companions.By computing

this luminosity at � rest ' 1500�A (which we denoteasLUV
c ), we are able to determine

the contribution of major mergersto the cosmicstar formation rate density at z& 3.

The luminosity density is

L (z) = LUV
c

NLBGs (M < M lim )R
dV(z)

; (5.15)
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Fig. 23. The data points represent the samesurveys shown Figure 21. While the
exponentially-decaying power-law was an appropriate �t for the merger fraction, it
requires a model of the evolution of the galaxy number density. To avoid this as-
sumption, we propose a di�erent empirically motivated �tting-function of a two-
component power-law in (1+ z), seeEquation (5.13). While this function wasinspired
by the LDDE model for X -ray selectedAGN (Ueda et al. 2003), it is only motivated
by the deep observations, not necessarilyby any physical insight. The best-�t to
thesedata points givesmin(� 2)=d:o:f : = 11:5=6 for n0 = (7:88� 3:21) � 10� 6 Mpc� 3,
� = 6:83� 1:41, � = (1:17� 1:11)� 10� 3, and � = 10:4� 1:1, which givesa peakredshift
of zdens

max = 1:04� 0:10. This �gure is reproducedfrom Ryan et al. (2008b).
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where LUV
c is the mean UV luminosity of the close companions in the units of

erg s� 1 Hz� 1. Finally, the dust-uncorrected star formation rate density, � (z), in the

units of M � yr � 1 Mpc� 3 is � (z) = 1:25 � 10� 28L (z) (Bouwenset al. 2007),which we

give in Table 7. Sincedetermining the extinction for a given galaxy requiresmany

multiwavelength observations (eg. Meurer et al. 1997), we can only apply crude ex-

tinction corrections to the star formation rates. Following Bouwens et al. (2007),

the dust-correctedstar formation rates for the BVi 0-band dropouts are generally a

factor of 2.7, 2.0, and 1.5 times higher than the uncorrectedrates, respectively. How-

ever, high resolutionobservations at longerwavelengthscancon�rm thesecorrections,

which will be a major focus for the JamesWebb SpaceTelescope (JWST).

5.5. Discussion

Sinceits inception, the dropout technique hasbeenemployed by a number of

authors to selectand study high redshift galaxiesin detail. Yan & Windhorst (2004b)

identi�ed 108 i 0-band dropouts in the HUDF, and they noted that only nine of these

sourcesappear to be in multiple systemsseparatedby � r . 8 kpc. Sincethe multiple

components in a given systemhave roughly comparablebrightnesses,they are likely

major mergers. However theseparticular systemswere not identi�ed in this work,

since they are individually fainter than our absolute magnitude limits. Similarly,

Rhoadset al. (2005) suggestthat the linear morphology of the object, UDF 5225,

at z � 5:4 may be causedby a recent galaxy merger. While the image asymmetry

corroboratesthis argument, the ambiguity in selectingthe centroid for the asymmetry

algorithm leavessomeroom for debate. While thesecase-studiessuggesta relatively
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high mergerfraction at z ' 6, roughly 50%of the BVi 0-band dropouts in the HUDF

are isolated and compact sources(Hathi et al. 2008a;Hathi, Malhotra, & Rhoads

2008b), indeedimplying a relatively low mergerfraction for luminous LBGs.

As discussedin x 5.1, the duty cycleof merging followed by starburst followed

by AGN provides a formation paradigm for most massive galaxies(Hopkins et al.

2006). Its most attractiv e feature is that it provides a triggering mechanism for the

AGN, whosefeedback is essential in terminating the merger-driven starburst, and

may ultimately causethe galaxy downsizing. Whether this negative feedback comes

in the form of energeticout
o ws (Scannapieco,Silk, & Bouwens2005)or the energy

deposition of hard X -rays (Daddi et al. 2007), it seemsessential in the formation of

massive galaxies. Therefore, we expect to observe an increasedstar-formation rate

for closepair galaxieswhen comparedto �eld galaxies.Basedon their restframeUV

luminosities,we �nd that the star-formation rate density of closepairs at z= 3:8� 0:3,

5:0 � 0:4, and 5:9 � 0:3 is 34%, 67%, and 97% of the totals found by Bouwens

et al. (2007) for our absolute magnitude limits, respectively. Theserelatively high

fractions suggestthat the star formation rate is signi�cantly enhancedfor closepairs,

asmay be expectedfor a merger-driven starburst and is qualitativ ely consistent with

observations at z � 0 (eg. Ellison et al. 2008).

This merger-inducedAGN model is complicatedby somewhatcon
icting ob-

servations. Some quasar (QSO) host galaxies have unmistakable merger features

(Bahcall et al. 1997), disturbed morphologies(Urrutia, Lacy, & Becker 2008), or

shell structures (Canalizo et al. 2007). Conversely, AGN with modest X -ray lumi-
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nosities at z . 1:3 generally do not show enhancedimage asymmetriesor increased

close-paircounts, but rather have generallyhigh central concentrations (Grogin et al.

2005). Furthermore, Silvermanet al. (2008)�nd highestfraction of luminousgalaxies

(MV < � 20:7 mag) which harbor AGN areblue ((U � V) < 0:7 mag), bulge-dominated

(S�ersicindex of n> 2:5) systemsat 0:4� z � 1:1. This arguesfor AGN that aresigni�-

cantly bulge-dominatedand without a mergerorigin. No matter what the connection

betweengalaxy mergersand AGN may be, our mergernumber density cano�er some

independent, but still circumstantial evidence. If a major merger of two massive

galaxiesis the dominant mechanism to trigger a QSO or luminous AGN, then these

two populations should have similar densitieswith redshift. Indeed their functional

forms are similar, however the galaxy mergerspeak at a somewhathigher redshift.

The redshift o�set of � z � 0:3 between the major mergerand AGN spacedensities

corresponds to a cosmictime di�erence of � t � 2 Gyr, which suggeststhat luminous

AGN activit y is maximized � 2 Gyr after a major merger (eg. Ryan et al. 2008a).

This time delay is consistent with the hydrodynamical and semi-analytic models of

Springel,Di Matteo, & Hernquist (2005a),where� 1� 2 Gyr is required to expel the

circumnuclear dust and observe the merger remnant as a QSO or AGN. Moreover,

this delay is seenin the stellar population agesof many classicalQSOs,which often

show tracesof major star formation episodes� 1 � 2 Gyr in their past (Canalizo et

al. 2006).

Sinceour derived mergerfraction clearly peaksat f (zf r ac
max ) ' 10%, the fraction

of galaxies which have experienceda major merger within the Hubble time (the
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remnant fraction) is roughly f lim
rem � 53% (for a merger timescaleof � mg = 0:5 Gyr).

Therefore,a non-negligiblefraction of local galaxies,(1 � f lim
rem) � 47%,may not have

undergonea major merger,however this doesnot excludethe possibility of a series

of minor mergers. Thesegalaxieswould most likely have formed in a \monolithic"

collapse(Eggen, Lynden-Bell, & Sandage1962) followed by secularevolution with

possibleminor infall, where the majorit y of their massmust have been assembled

at early epochs. We speculate that such systemsmay be progenitors of somelocal

elliptical galaxies,which often exhibit properties pointing to a monolithic formation,

such as their short star formation timescales(eg. Papovich et al. 2006), the small

scatter in color-magnitudediagrams(eg. Bower, Lucey, & Ellis 1992), or structural

properties of the fundamental plane (eg. Bender, Burstein, & Faber 1992). This

conjecturemay be supported by the existenceof massive and evolved galaxiesat very

high redshifts (eg. Eyles et al. 2005;Mobasheret al. 2005;Wiklind et al. 2008).



CHAPTER 6

The Distribution of L- & T-Dwarfs in the Galaxy

6.1. Introduction

The method of counting stars to infer the shape and sizeof the Galaxy is as

old asastronomy itself. Earliest e�orts using this technique were
a wed asthey often

reliedon insu�cien t data, or incorrectassumptions(eg.Herschel 1785;Kapteyn 1922).

Aided by advancedtechnology, Bahcall & Soneira(B&S; 1980,1981) demonstrated

that the true power of star counts is realizedwhen they are comparedto simulations

of the fundamental equationof stellar statistics (von Seeliger1898). The B&S method

relies heavily on the assumedstellar luminosity functions and density distributions,

and hasbeena standard method for many subsequent studies.

The Galaxy is traditionally characterizedby having a Population I disk and

a Population I I spheroid. In a seriesof studies of the Galactic exponential disk,

Gilmore & Reid (1983) and Gilmore (1984) establishedthe need for a thick and

thin disk, whosescaleheights are inverselyproportional to the massesof the studied

stars (seeTable 1 in Siegelet al. 2002). The standard description of the Galactic

halo is a de Vaucouleursor power-law pro�le, while a Besan�con 
attened spheroid

with c=a� 0:5 � 0:8 (Bahcall & Soneira1984;Robin, Reyl�e, & Cr�ez�e 2000;Larsen&

Humphreys2003;Robin et al. 2003)represents the currently favoredshape. Thorough

discussionsof star counts and their relevanceto Galactic structure are given in the

Annual Reviewsby Bahcall (1986),Gilmore, Wyse, & Kuijk en (1989),and Majewski

(1993).

Many of the Galactic models and the majorit y of the literature examineonly

relatively luminous dwarf and/or giant stars, and rarely addresssub-stellar objects.
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The discovery of the �rst extra-solar, sub-stellar object, Gliese229B (Nakajima et

al. 1995;Oppenheimeret al. 1995) motivated the creation of the L and T spectral

classes.With surfacetemperatures ranging from 750{2200K (Burgasser1999), the

L- & T-dwarfs can contaminate searches for i 0-band dropout objects at z ' 6 by

mimicking the extremely red broadbandcolors(Yan & Windhorst 2004b;Caballero,

Burgasser,& Klement 2008). This e�ect has remained largely unquanti�ed due to

insu�cien t knowledgeof the L- & T-dwarf IMF, Galactic distribution, and their local

number density. Previous work on their IMF and local number density (Reid et al.

1999;Chabrier 2001,2002;Liu et al. 2002)hassu�ered from limited statistics. With

the deepimaging of 15 Hubble SpaceTelescope (HST) AdvancedCamerafor Surveys

(ACS) parallel �elds, the current study increasesthe number of faint dwarfs by adding

28 new such candidatesto the growing list. Little work hasbeendoneon the vertical

scaleheight of L- & T-dwarfs | Liu et al. (2002)and Pirzkal et al. (2005)estimated

100{400pc as basedon a single object or a 3{4 objects in a single �eld. Therefore,

the primary goalof this Chapter is to moreaccuratelyestimatethe scaleheight of the

L- & T-dwarf population by comparing the surfacedensitiesfrom the ACS parallel

�elds to the Galactic structure models.

This Chapter is organizedasfollows: in x 6.2wedescribethe HST/A CSparallel

observations, in x 6.3 we construct our Monte Carlo model of the Milky Way, in x 6.4

we analyzeour models, in x 6.5 we outline several sourcesof contamination to our

L- & T-dwarf counts, and x 6.6 we discussour results in the context of photometric
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surveys for high redshift (z ' 6) galaxies. We adopt the AB magnitude system

throughout (Oke & Gunn 1983).

6.2. Observations

The L- & T-dwarf candidateswere selectedfrom 15 HST/A CS parallel �elds,

covering a broad range in Galactic latitudes and longitudes (seeTable 8). All ACS

�elds have at least three independent exposuresin F775W (SDSS-i 0) and F850LP

(SDSS-z0) with a total exposuretime of 2{10 ks per bandpass.All �elds are & 90%

completeat z0' 26:0 mag (Yan & Windhorst 2004a).

After combining the individual ACSframesinto �nal stacks using the PyRAF-

basedscript multidrizzle (Koekemoer et al. 2002),the SExtractor package(Bertin

& Arnouts 1996) was used in double-input mode to perform the matched-aperture

photometry. The F850LP stack was used to de�ne the optimal apertures for the


ux measurements in both stacks. For sourcedetection, we used a 5� 5 Gaussian

smoothing kernel with a FWHM of 2.0 pixels, which has approximately the same

width as the FWHM of the ACS point-spread function (PSF) on both imagestacks.

We usedtotal magnitudes(corresponding to the MAGAUTOoption in SExtractor) for

the photometry, and adopted the zero points published in HST ACS Instrument

ScienceReport (De Marchi et al. 2004).

As a cursory selectionof the L- & T-dwarfs, all objects with (i 0� z0) > 1:3 mag

and z0 < 26:0 mag were considered. Figure 24 is the color-magnitude diagram for

all point sourcesdetected in all 15 �elds. Dashedlines indicate the imposedcolor-

magnitude limits, and the large �lled stars represent the candidate L- & T-dwarfs.
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For the �v e �elds for which the F475W (SDSS-g0) band was available, we required

candidatesto also have (g0 � i0) > 0 mag. Objects near the detector edgeswere not

considered,yielding an e�ective areaof � 9 arcmin2 per ACS �eld. Extended objects

were eliminated from the analysisby using the FWHM parameterof SExtractor. In

Figure 25, we plot the FWHM asa function of apparent magnitudefor each object in

Field 1 assmall dots. The locusof points at FWHM � 0:0013and z0< 26mag(hereafter

the \stellar locus") arethe unresolvedobjectswith the minimum possibleFWHM and

are represented as asterisksin Figure 25. In addition to the above color-magnitude

criterion, we required all L- & T-dwarf candidatesto lie within this locus. Sourcesof

contamination to thesecriteria are discussedin x 6.5.
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Fig. 24. The small dots represent all objects that met the stellar morphologyclassi-
�cation. The solid stars mark the 28 L- & T-dwarf candidates,and the dashedlines
represent the imposedcolor-magnitude limits. Many point sourcesassociated with
di�raction spikes,�eld edges,and spuriousdetections| ie., objects smaller than the
PSF, likely residualcosmicrays | brighter than z0= 26 magweremanually removed.
The similar points fainter than z0= 26 mag were not removed from this �gure, since
the entire sample is incomplete for z0& 26 mag. The sampleof stellar candidates,
becomesincomplete for z0 � 25 mag. This �gure is reproduced from Ryan et al.
(2005).
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Fig. 25. The small dots represent all sourcesin �eld 1, while the asterisksmark
objects which are point sourcesin the HST/A CS imaging, which de�ne the \stellar
locus." The large�lled starsrepresent thosepoint sourcesthat meetthe colorcriterion
of (i0 � z0) > 1:3 mag and are taken to be L- & T-dwarfs. This �gure is reproduced
from Ryan et al. (2005).
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TABLE 8
L- & T-D warf Number Counts

Field l I I bI I Number
No. (deg) (deg) (per 9 arcmin2)
1 115.018 +46.681 2
2 164.056 � 75.750 1
3 169.188 � 59.664 0
4 279.934 � 19.990 3
5 165.876 +36.396 0
6 280.782 +68.293 0
7 113.107 +28.548 2
8 293.996 � 41.466 0
9 316.829 � 40.490 1
10 105.103 +7.075 11
11 298.138 � 13.885 6
12 92.666 +46.378 1
13 70.106 +62.876 0
14 251.327 � 41.444 0
15 216.142 +54.561 1
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Typically Galactic structure studiesexaminethe star counts from oneor many

shallow �elds with large surveyed areas(eg. Siegelet al. 2002;Larsen& Humphreys

2003). Thus the data of the 2MASS(Burgasser1999;Kirkpatric k et al. 1999),DENIS

(Delfosse1999),and/or SDSS(Strausset al. 1999;Tsvetanov et al. 2000;Hawley et

al. 2002)are natural choicesto study the Galactic distribution of the L- & T-dwarfs.

Thesesurveyshave signi�cantly moredetectionareathan our HST dataset,and their

L- & T-dwarfs are typically closerto the Sun than � 300pc or � 1 disk scaleheight.

Therefore, to avoid extrapolating the vertical scaleheight beyond this distance, we

chie
y analyzedthe HST dataset,whereall samplestars are likely more distant than

about onee-folding length.

6.3. The Simple Galactic Model

The Galactic structure modelsweremadeby distributing 1010 points according

to an exponential disk that was motivated by the light pro�les of edge-ongalaxies

(de Grijs, Peletier, & van der Kruit 1997):

n(r; � ; z) = n0 exp
�

R0 � r
r l

�
exp

�
Z0 � z

zh

�
; (6.1)

wherer l = 2100pc is the radial scalelength found by Porcelet al (1998),n0 = 0:12pc� 3

is the local spacedensity L- & T-dwarfs taken from Chabrier (2002), and R0 = 8 kpc

and Z0 = 15 pc (Yamagata & Yoshii 1992) are the solar orbital radius and height

above the disk, respectively. The vertical scaleheight (zh) is the free parameterand

wasfound by minimizing the squareddi�erence betweenthe number counts from the

model and the HST data. Altering the assumedcoordinates of the Sun, and the

radial scalelength have little e�ect on the vertical scaleheight estimate. To generate
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absolutemagnitudes,weadoptedthe J -band luminosity function of Cruz et al. (2003)

and the (z0� J ) colorsof Hawley et al. (2002)over the appropriate rangeof spectral

type.

The e�ects of interstellar extinction were included into the model using the

COBE dust mapsof Schlegelet al. (1998) in two ways. First, we assumedthat each

point was located beyond the dust, establishinga lower bound on the model counts.

Alternativ ely, an upper bound is reached by assumingthat the Galaxy has no dust

whatsoever. Sincean overwhelmingmajorit y of the dust is localizedto jbI I j . 15� (see

Figure 26) and only two of our observed ACS �elds are in this range,either approach

yielded the sameresult within the uncertainties. Therefore we adopted the third

method for simplicity. Figure 26 is a representativ e realization the model with a scale

height of 350pc, wherethe locationsof the 15 observed ACS �elds are indicated with

plus signs.

The canonicaldisk/spheroid Galaxy likely hasadditional components (Bahcall

1986). However, the models used here did not contain any contribution from the

Galactic bulge or a two-component disk (Gilmore & Reid 1983; Gilmore 1984) for

the following reasons.First, a bulge distribution was not modeledsinceits radius is

� 1� 2 kpc or � 7� � 14� asobserved from Earth, and every �eld is moredistant than

14� of the Galactic center. Hence,we do not requirea bulgecomponent in the model.

Second,this samplecontains only 28 L- & T-dwarfs, which are likely only � 1 kpc

from the Sun, given their observed brightnessesand typical luminosities. Sincethe

thick disk has a scaleheight of & 1 kpc, we expect the star counts to be dominated
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Fig. 26. The over-plotted plusseswith numbers represent the observed HST/A CS
�elds in Table 8. The e�ects of the Schlegel et al. (1998) dust maps are readily
apparent, when comparing the upper (no extinction) and lower (extinction) panels.
This realization has a vertical scaleheight of zh = 350 pc. This �gure is reproduced
from Ryan et al. (2005).
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by a single disk population. Moreover, with only 28 L- & T-dwarf candidates,the

modelsand analysesmust remain simple and straightforward.

6.4. Analysis

Despite this work utilizing the largestdatasetof L- & T-dwarfs compiledfrom

HST observations, the resulting star counts remain low and require a simple analysis

scheme. Using the grid of Monte Carlo modelsdescribed in x 6.3, we found the scale

height value that minimizesthe squareddi�erence betweenthe integrated star counts

of the model and thosefrom the HST/A CS dataset. For the �elds whereno L- & T-

dwarf candidateswerefound, we assumedthat an upper limit of oneobject (per �eld)

could have beendetected. We perform this minimization technique simultaneously

on all 15 �elds. This procedureyielded a vertical scaleheight of 350� 50 pc. In the

upper panelof Figure 27, we plot the modeledsurfacedensity averagedover Galactic

longitude asa function of Galactic latitude for a scaleheight of 350pc. The HST star

counts from Table 8 are indicated for direct comparison. The residualsin the lower

panel clearly demonstratethat the model with a scaleheight of 350 pc reproduces

the HST star counts for
�
�bI I

�
� � 15� , wheredust extinction is minimal.

6.5. Sourcesof Contamination

While all L- & T-dwarf candidateswere systematically found by color and

FWHM criteria, each was visually con�rmed as a point source. However, the color-

magnitude rules outlined in x 6.2 potentially �nd three classesof contaminates:

(1) The primary motivation of this study is to reliably correct the i 0-band

dropout galaxy surveys for interloping L- & T-dwarfs (Yan et al. 2002;Yan, Wind-
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Fig. 27. Top panel: model surfacedensity as a function of Galactic latitude. Here
we have averagedover all longitudeswith a 2.5� -clipping to better handle the sparse
statistics at high latitudes. The dotted and full drawn lines indicate modelswith and
without extinction corrections,respectively. The data from the 15 ACS parallel �elds
are plotted for comparisonas �lled circles, and as downward arrows an upper limit
when either zero or one object was detected. Bottom panel: the residuals from
the upper panel as a function of Galactic latitude. Clearly the data where the dust
correctionsare large (ie. jbI I j . 15� ) are the most deviant. The model used in both
panelshasa vertical scaleheight of 350pc. The two �elds outlying �elds at jbI I j . 15�

are discussedin x 6.5. This �gure is reproducedfrom Ryan et al. (2005).
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horst, & Cohen2003;Yan & Windhorst 2004a,b).Sinceour method is similar to the

i0-band dropout technique, we expect possiblecontamination to the L- & T-dwarf

star counts from the z ' 6 galaxies.In a recent study of the Hubble Ultra-Deep Field

(HUDF), Yan & Windhorst (2004b) �nd 108 i 0-band dropouts to i 0� 29 mag using

the (i0� z0) > 1:3 mag color selection.Their samplehasa medianz0-band magnitude

of 28.5mag, and contains only three objects brighter than our limit of z0= 26:0 mag.

Each of thesethree objects is considerablyextendedand could not be mistaken for a

point-source. Sincethe majorit y of unresolved z ' 6 galaxieswill be � 2:5 magfainter,

we concludetheir contamination to our L- & T-dwarf samplemust be negligible.

(2) Another known sourceof possiblecontaminatescomesfrom dusty, elliptical

galaxieswith redshifts 1:0� z � 1:5, whose4000�A break occursbetweenthe i 0 and z0

bands(Yan, Windhorst, & Cohen2003). With a typical color of (i 0 � z0) � 1:0 mag,

many of these objects would appear too blue in the absenceof extreme internal

reddening. Moreover the visual identi�cation con�rms that only point-lik e objects

populate the \stellar locus" in the lower left of Figure 25. Hence,extendedelliptical

galaxiesat z ' 1 could not grosslycorrupt our sample.

(3) In addition to the above extragalactic sources,we anticipated contami-

nation from galactic M-dwarfs for two di�erent reasons. First, the color criterion

of (i0 � z0) > 1:3 mag was primarily motivated by the z ' 6 galaxy surveys, and is

� 0:5 mag too blue (Hawley et al. 2002)to have included only L- & T-dwarfs. When

we repeated the above analysis for (i 0 � z0) � 1:8 mag (Hawley et al. 2002) the star

counts werereducedby � 50%,and the inferred vertical scaleheight was300� 100pc.
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While there is a signi�cant contribution from late M-dwarfs, the vertical scaleheight

was una�ected by the 0.5 mag di�erence in the color selection.Second,an apprecia-

bly reddenedM-dwarf could have an (i 0 � z0) color of an unreddenedL- or T-dwarf.

This scenariorequiresconsiderablereddening,but only the two �elds with jbI I j . 15�

have E(i 0 � z0) & 0:1 mag. This e�ect could explain why these �elds lie more than

1� above the best-�t line in Figure 27, although we cannot be certain without more

broadband �lters and/or spectroscopy. We investigated the contribution from this

e�ect by removing the two low-latitude �elds and repeated the analysis. While this

procedurereducedthe observed star counts by � 50%, it resulted in a vertical scale

height of 360� 180 pc. Without further observations, it is di�cult to de�nitiv ely

remove highly reddenedM-dwarfs. However their contribution should not grossly

a�ect our main goal.

6.6. Discussion

Using a suite of Monte Carlo simulations and 15 HST/A CS parallel �elds, we

�nd a vertical scaleheight of 350� 50 pc for the L- & T-dwarf population basedon 28

faint candidates. This estimated scaleheight is consistent with the known trend of

increasingscaleheight with decreasingstellar mass,independent of reddening,color

selections,and other Galactic parameters.Futhermore,our scaleheight measurement

is consistent with the publishedresultsof Liu et al. (2002);Pirzkal et al. (2005). Using

our value of the scaleheight, and the parametersand model discussedin x 6.3, we

predict a total of � 1011 L- & T-dwarfs and a total L- & T-dwarf massof . 109 M �

in the Milky Way.
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This improved understanding of the L- & T-dwarf Galactic distribution will

aidehigh-redshift surveysin better estimating the contamination of L- & T-dwarfs in

such samples.In the recent HUDF pointed at (� ; � ) = (3h32m39:s0; � 27� 47029:001) with

a depth of z0� 29:5 mag, we predict & 2 L- & T-dwarfs in its � 11 arcmin2 �eld of

view, which has beencon�rmed by Pirzkal et al. (2005), who have spectroscopically

identi�ed three L- & T-dwarfs. We con�rm that Galactic L- & T-dwarfs cannot

signi�cantly corrupt the z ' 6 surveysin high-latitude �elds (the HUDF for example).

However low-latitude �elds will �nd a modest number of interloping L- & T-dwarfs.

With only 28 candidates from 15 �elds, our statistics remain sparse,and ideally

require further observations.



CHAPTER 7

Conclusions

7.1. Summary

Using the deep,multiwavelength imaging and spectroscopicdata in the HUDF

and two GOODS �elds, I have investigatedprimarily two topics in galaxy evolution:

(1) I derive a catalogof spectro-photometric redshifts from the combination of

grismspectrawith broadbandimaging(Chapter 2). From this catalog,I construct the

B-band galaxy luminosity function and probe nearly � 2 mag deeper than previous

studiesat the sameredshift (Chapter 3). Therefore,I am able measure the faint-end

slope in a redshift range,whereit is customaryto assumea faint-end slopeof � � � 1:3

(eg. Willmer et al. 2006). By comparing to a suite of comparablemeasurements for

z . 6, I �nd evidencethat the faint-end slope steepens with redshift according to

� (z) ' � 1:12� 0:12z, which suggeststhat thereareproportionally moredwarf galaxies

in the faint-end of the LF at high redshift.

(2) I compute the fraction and number density for massive paired galaxies

(Chapter 4) and luminous galaxies(Chapter 5) at z . 6, which is a generallyaccepted

proxy for major mergers. The number density of major merger can be suitably �t

by an empirically derived function which is similar in form to the LDDE model for

X -ray selectedQSOs(eg. Ueda et al. 2003). While the redshift evolution of major

mergersand QSOs is qualitativ ely similar, the density of major mergerspeaks at

zdens
max = 1:04 � 0:10, which is � 2 Gyr earlier in cosmicthan the QSOs. This would

suggestthat if a major mergercan trigger the feedingof a SMBH and a visible QSO,

then it may take up to � 2 Gyr to e�cien tly fuel the SMBH sothat it is observable in

the X -rays. Furthermore, sincethe fraction of major mergerspeaksat someredshift
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(zfrac
max = 1:37� 0:10), only f lim

rem � 53%of massive galaxieswill have undergonea merger

in the history of the Universe. This suggeststhat (1 � f lim
rem) � 47% of galaxiesform

monolithically or without major mergers,although this doesnot excludea seriesof

minor mergersand/or steadygasinfall.

7.2. Current Work

In the galaxy formation duty cycle, two or more galaxiesmergeand trigger a

starburst in the remaining system(s). This star-formation continuesfor � 1 � 2 Gyr

until the negative feedback from an actively accreting supermassive blackhole ter-

minates the current star-formation. Therefore, we may expect the host galaxiesof

AGN to systematicallycontain a stellar population of � 1 � 2 Gyr in age. To investi-

gate this possibility, I am in the processof a stellar population study of & 60 bright,

well-resolved galaxies in the HUDF. In particular, I will be �tting the broadband

photometry in the BVi 0z0JH -bandson a pixel-to-pixel basisin each galaxy.

In Figure 28, I show the stellar populations for an elliptical galaxy at z= 0:62

which is a known X -ray source(Rosati et al. 2002) as a preliminary result. The

extremely large reduced� 2 valuesin the nucleusof the galaxy (upper-right panel of

Figure 28) suggeststhat the simplestellar populationsarea poor model of the optical

and near-infrared
uxes. Sincethis galaxy is a bright X -ray source,I assertthat these

� 2 valuesare indicative of an active galactic nucleus. Furthermore, the distribution

of agesis strongly bimodal (note: the agesof . 107 Gyr are associated with the

neighboring galaxy to the East). The pixels best-modeled with an ageof 1010 Gyr

arepredominatelylocatedin the nucleusof the galaxy, which for the reasonsdescribed
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above are likely unreliable. Therefore, the majorit y of the pixels in this galaxy are

� 109 Gyr old, which is consistent with the agesof many classicalQSO hosts (eg.

Canalizo et al. 2006) and the merger-driven, AGN-fueling model (eg. Springel, Di

Matteo, & Hernquist 2005a,b;Hopkins et al. 2006). In a coming work, I will extend

this analysisto many other galaxiesin the HUDF to investigatea number of similar

issues.

7.3. Future Work

The Early ReleaseScience(ERS) survey with the Wide Field Camera 3 will

add three ultraviolet (F225W, F275W, F336W) and three infrared (F098M, F125W,

F160W) bandpasseswith signi�cantly higher sensitivitiesover a 5� 10 arcmin2 strip

of GOODS-South(seeFigure 1 for rough layout). Theseadditional wavelengthswill

greatly improve the wavelength rangeof an already rich dataset.

While U-band observations werepossiblewith the Wide Field Planetary Cam-

era 2 (WFPC2), its �eld-of-view and sensitivity madedeepobservations very costly.

With a nearly 30-fold increasein discovery e�ciency , the ultraviolet observations

for the ERS with WFC3 will be essentially a new probe of faint galaxies. The three

plannedultraviolet �lters will provide a meansof identifying LBGs at z � 1:7, 2.3,and

2.8 from F225W, F275W, and F336W-dropouts, respectively. TheseLBGs will pop-

ulate part of the redshift desert, a redshift rangewhereno familiar spectral features

can be observed by ground-basedfacilities. In addition to improving the photometric

redshift catalogs,theseLBGs can be usedto further many of the topics studied in

this dissertation.
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Fig. 28. A representativ e exampleof the pixel-to-pixel stellar population modeling,
shown as a preliminary result. This elliptical galaxy at z = 0:62 was identi�ed as an
X -ray sourcein the 1 Ms Chandra observation (Rosati et al. 2002). The stellar pop-
ulations are determinedby a least-squares�t betweenthe Bruzual & Charlot (2003)
modelsand the BVi 0z0JH -band photometry from ACS and NICMOS. In a clockwise
fashion starting in the upper left, I show the HUDF i 0-band image, the reduced� 2,
the distribution of population ages,and the spatial distribution of ages.Each pixel in
theseimagessubtends� 600pc in the restframeof this galaxy. Sincethe stellar pop-
ulation modelsdo not account for 
ux from the active nucleus,the � 2 is anomalously
high in the central regions. While there is clearly a broad rangeof possibleages,the
majorit y of the pixels are �t by agesof either � 109 Gyr or � 1010 Gyr (NOTE: most
of the pixels with ages. 107 Gyr are associated with the neighboring galaxy to the
East). From the lower-left panel, the stellar populations in the nucleusare generally
older than thosetoward the edgeof the galaxy. This is qualitativ ely consistent with
the size-luminosity evolution model (Roche et al. 1998),in which star-formation pro-
gressesoutward from the nucleus. This �gure is reproducedfrom Ryan et al. (2009).
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(1) In Figure 7, I show the redshift evolution of the faint-end slopeof the galaxy

luminosity function. The apparent steepening of the faint-end slope is strongest for

the luminosity functions measuredin the restframe ultraviolet (blue points). Since

the data at z & 3 were all obtained from the study of LBGs, it would be ideal to

collect a similar sampleat 1:5. z . 3;

(2) In Chapter 5, I derive the galaxy pair fraction from LBGs selectedas

BVi0-band dropouts in the HUDF and GOODS�elds. While thesemeasurements are

consistent with the resultsof Chapter 4, there is a void of observations at 2:5. z . 3:5.

Therefore,the U-band dropouts will ideally complement my existing work at modest

redshift at 0:5 � z � 2:5 (Chapter 4) and 3:8 . z . 6 (Chapter 5). On a related

note, three independent teams(G. Illingworth PID: 11563,M. Trenti PID: 11700,and

H. Yan PID: 11702)have recently beenawarded(HST Cycle17) infrared observations

to discover z0- or Y-band dropouts (the choiceof the Y-band slightly di�ers between

the teams: Illingworth et al. will observe in F105W while Trenti et al. and Yan et

al. will useF098M). Sincethesedata will be immediately available, they can be used

to push the major mergerstudiesfor z . 9.

The useof stellar population synthesis models (eg. Bruzual & Charlot 2003)

hasbecomea standard approach to estimatestellar masses,population age,and star-

formation rates (eg. Papovich, Dickinson, & Ferguson2001). While this approach is

somewhatdependent on the suiteof models,it is a fairly robust method of determining

the physical properties of distant (z & 0:5), faint galaxies(AB & 27 mag). However,

whenusingthis technique,a critical assumptionmust typically bemade: the observed
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stellar population has a single, well-de�ned agewith an easily parameterizablestar

formation history. While this scenariomay betrue for somemassiveellipticals (Eggen,

Lynden-Bell, & Sandage1962;Larson & Tinsley 1978), the majorit y of galaxiesare

expectedto have a spectrum of agesand a signi�cantly more complexstar formation

history (eg. Cid Fernandeset al. 2005). This complication is most pronouncedin

merging systems,where two separategalaxies, each with its own stellar systems,

combine and possibly trigger a starburst of a substantially younger age. Therefore,

we may expect at least two distinct stellar populations in the resulting galaxy, and

henceadditional care must be taken when modeling such systems(Canalizo et al.

2007).

In addition to the six broadband�lters in the ultraviolet and infrared, the ERS

programwill observe two pointings with the infrared grisms(G102L and G141L) over

the PEARS (PID: 10530;PI: S. Malhotra) footprint. When combined with the three

ultraviolet �lters, B-band, and the existing optical grism spectra, the �nal spectra

will cover 2200�A . � obs . 1:7 � m, albeit with a variety of spectral resolutions. These

data can be usedto decomposethe spectrum of a galaxy into its constituent stellar

populations of varying ages,extinctions, and star-formation rates (Cid Fernandeset

al. 2005;Papovich et al. 2006;Brammer, van Dokkum, & Coppi 2008). By applying

this method to a sampleof merging galaxies,I can separatethe young population

(which waspresumablytriggeredby the merging) from the underlying old population

(which must have beenpresent prior to the merging). It will then bepossibleto study

the merger-driven starburst activit y.
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