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Abstract

This thesis presents detailed observational studies eXtemded distributions of gas, galaxies, and dark mat-
ter around hyperluminous quasars (HLQSOSs) at high redsfaken together, these works aim to coherently
describe the relationships between these massive, aagh#tick holes and their environments: the nature of
the regions that give rise to such massive black holes, fieetedf HLQSO radiation on their surrounding
galaxies and gas, and the ability of both galaxies and bladshto shed new light on the formation and
evolution of the other.

Chapter 2 focuses on the continuum-color-selected galakavn from the Keck Baryonic Structure Sur-
vey (KBSS, Rudie et al. 2012). The KBSS is a uniquely deeptspsaopic survey of star-forming galaxies
in the same volumes of space as 15 HLQSOs &2z < 2.9. The three-dimensional distribution of these
galaxies among themselves and the nearby HLQSOs is usetktahie extent to which these black holes
are associated with overdense peaks in the dark matter daxcygdistribution as quantified by clustering
statistics. In conjunction with recent dark-matter sintiolas, these data provide the first estimates of the
host dark-matter halo masses for HLQSOSs, providing nevginisnto the formation and evolution of the
most massive black holes at high redshift.

Chapter 3 describes the first results from a new survey (KB&g8-conducted for this thesis. The KBSS-
Ly« survey uses narrowband imaging to identifyal-gmitters (LAES) in the-Mpc regions around eight of
the KBSS HLQSOs. Many of these LAEs show the effect of repgsed HLQSO radiation in their emission
through the process known asd.fluorescence. In Chapter 3, these fluorescent LAEs are ugghtrate a
coarse map of the average HLQSO ionizing emission on Mpesctiereby setting the first direct constraints
of the lifetime and angular distribution of activity for aguaation of these uniquely luminous black holes.

Chapter 4 contains a more detailed description of the KBgS-4urvey itself and the detailed prop-
erties of the star-forming and fluorescent objects selettteckin. Using imaging and spectroscopic data
covering rest-frame UV and optical wavelengths, includépgctra from the new near-infrared spectrome-
ter MOSFIRE, we characterize this population of nascerdxges$ in terms of their kinematics, enrichment,
gas properties, and luminosity distribution while compgrand constrasting them with previously-studied
populations of continuum-selected galaxies and LAEs fanfthe effects of HLQSO emission.

At the conclusion of this thesis, | briefly present futureediions for the continuation of this research. In
Appendix A, | provide background information on the instemtation used in this thesis, including my own
contributions to MOSFIRE.
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Chapter 1

Introduction

Let us begin, as always, with the universe.

Soort after the Big Bang, the universe was filled with two primarynpmnents: dark matter and gas.
Gravity caused dark matter to form over-dense clumps, iagéte first structures and directing gas to flow
into these regions. The gas in these proto-galaxies eMgnbegame dense enough to form the first stars, and
the deaths of these stars likely created the first black hélethis point, however, galaxy formation became
much more complicated as the emergence of the first stardackllimles severely disrupted the smooth flow
of gas into the nascent galaxies.

This complexity arises because the processes of turningngastars and accreting gas into black holes
release colossal amounts of energy. Once this phase ofyggtiewth begins, the inflowing gas is subjected to
blasts of ionizing radiation and outflowing winds that exga$ from galaxies and can violently terminate the
growth of black holes and formation of new stars. The remaird the evolution of these galaxies remains
a puzzle, but it must be determined by a complex interplawéen dark matter, stars, black holes, and gas
that eventually yields the array of galaxies seen in the mmeday universe.

This thesis addresses the primary participants in thisplag. The work described here uses measure-
ments of different types of galaxies around some of the nagstlly-accreting black holes in the universe to
determine the types of environments where black holes grost effectively and the effect of these black
holes on their local neighborhood. Using these bright blaales (called QSOs) as subjects of study, trac-
ers of galaxy density, and illuminators of their surroumdgalaxies and gas, this thesis provides a new and

unique step forward in solving the puzzle of galaxy forma@émd growth.

1.1 Galaxy Formation and “Feedback”

A simple picture of galaxy formation was presented abovehirctv gas flows into dense, bound clumps of
dark matter (“dark matter halos”), eventually condensirgggravity into stars. In fact, however, most of the

gas never ends up in stars at all. Galaxies are remarkalficiaet machines for converting gas into stars:

1“Soon” is a notoriously subjective term, here refering to gqukof roughly 370 million years.
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Figure 1.1: The stellar and dark-matter mass functions of galaxiesclBfmints are measurements of the
stellar mass function from the Sloan Digital Sky Survey (Sp8y Panter et al. (2007). The black dashed
line is the mass function of dark matter halos produced by dodly (gravity-only) dark matter simulation
using the concordanceCDM cosmology; the curve has been scaled down by a multiptegactor of 0.05.

If all gas in galaxies was converted into stars, the two caiveuld be parallel, with an offset given by the
universal baryon-to-dark-matter fraction@.2). Instead, star formation is highly suppressed, paetity at
low and high masses. Figure from Moster et al. (2010).

despite the fact that the dark matter mass, gas mass, alad steks of galaxies are seen to grow over cosmic
time, only a small fraction of the gas coming in feeds new-&iemation, regardless of galaxy age, type, or
mass (e.g. Schmidt 1959; Kennicutt 1998).

This ineffiency may be parameterized as the fraction of b@cymatter (i.e. non-dark matter) that has
entered a galaxy halo that is now in the form of stars. Whernieiiciency is studied as a function of galaxy
mass, a clear trend emerges: despite the universally-kiasinass fractions, star formation is most efficient
in halos 0fMpao ~ 10'?M, from z~ 8 to the present day (Moster et al. 2010; Behroozi et al. 2Ga8ing
off sharply at higher and lower dark matter halo masses (Fi.

Both the global suppression of star formation and the degrer®lon mass suggest that galaxy growth
is highly regulated by one or more mass-dependent proce$bese regulatory processes are described as
“feedback” effects, so-called because it seems that tleetsfthat suppress star formation seem to be driven
by the very growth of galaxies themselves.

What aspect of galaxy growth could counteract the powerfavigational pull toward cooling, conden-
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Figure 1.2: Hydrodynamical simulations of stellar feedback in galaxig Hopkins et al.. Each row consists
of edge-on simulated images of a different galaxy modeljesdach column displays the results of turning
various stellar feedback modes on or off. The left colummshall feedback modes enabled, while the
middle column shows thermal feedback via supernovaeasteihds, and photoionization turned off. The
right column shows heating turned on, but short- and lomgeaadiation pressure turned off. Color encodes
gas temperature frofi < 1000 K (blue) toT ~ 10*-10° K (pink) to T > 10° K (yellow). The stellar
feedback modes counteract the effects of gravitationdhjesé by heating gas, driving material out of dense
regions (creating dark bubbles in these images), and biptih gas out into the intergalactic medium in the
form of galaxy winds. Figure from Hopkins et al. (2012), wihme panels omitted for brevity.

sation, and ignition? The energy released by young stars@b@ious possibility. Young stellar populations

include massive hot stars utterly unlike our peaceful Sarnthé course of their short lives, the most massive
stars emit ionizing photons, stellar winds, and long-raregkation pressure, only to die in yet another blast
of thermal and kinetic energy. Simulations such as Hopkired.e(2012; see Fig. 1.2) suggest that stellar
feedback involves all of these processes in degrees thavargyith stellar mass and other galaxy proper-
ties. Not only do these simulations quench and modulatdatawation, but they can also produce the strong
outflowing winds that are observed in nearly all samples gifitvedshift galaxies. Because the scales of indi-
vidual stars and star clusters driving this feedback areestlved in galaxy simulations, however, much of
the physics of these effects must be estimated and impoythdrd; it remains a challenge to physically con-
nect simulations of stellar feedback and star formatiomiemtirely self-consistent and physically-motivated

manner.

Therefore, while simulations are making swift progresshiis arena, there is still substantial mystery
surrounding the interactions of galaxies with their intielfar gas, as well as the gas in the intergalactic
medium (IGM) and circumgalactic medium (CGNM ~ 0.3-2 Mpc). Of particular import is the fact that

hydrodynamical galaxy simulations typically predict ams amounts of inflowing neutral Hydrogen (H
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gas along anistropic filaments (e.g. Keres et al. 2005), egsothat is argued to be necessary to produce the
observed cosmic star formation and its evolution (van detvetoal. 2011).

However, observational evidence for these “cold flows” kilag: surveyed galaxy populations seem
to be uniformly dominated by signatures of outflowing, metatiched gas, with little or no evidence for
inflowing streams of pristine H Even the predictions for observables associated with ftolds remain
unclear. Furthermore, there is still a gap between the ldyaramical treatment of inflows and stellar feed-
back; it remains to be seen how observationally-consistentels of feedback will effect simulations of gas
accretion.

On the observational side, progress must come from cortimeasurements of galaxies and their sur-
rounding gas. The observable signatures of stellar feddivarst be extended to a larger range of galaxy
properties (including low stellar mass, continuum-faiopplations) to see how these effects scale. Particular
attention should be attended to populations where gas infimit be expected to dominate over outflows,
such as those where star-formation has only recently begun.

Finally, a complete understanding of galaxy feedback megunore than just the interactions of their stars
and gas. At the high-mass end of the galaxy mass function IFiy even the most powerful stellar-feedback
prescriptions seem unable to overcome the deep gravitdtatential of the most massive halos. For these
systems, another form of feedback has been proposed (@tpnt al. 2006) that further modulates galaxy
growth through the colossal power associated with aceraiito supermassive black holes (SMBHs). A

description of these objects, the history of their studyg #eir role in galaxy formation follows below.

1.2 QSRS, QSOs, and SMBHSs: A History

One hurdle to understanding the field of supermassive blatk fesearch is the decades of nomenclature
that have persisted even after the paradigms that definedlthee fallen away. The first detections of ob-
jects that would motivate the study of supermassive bladishaccurred in the 1960’s, when Allan Sandage,
Maarten Schmidt, Thomas Matthews, and Jesse Greensteanfpothers associated with Caltech and the
nearby Mt. Wilson and Palomar Observatories) began idengjfoptical counterparts to radio sources of
unknown origin and distance. The point-like optical sosreehibited spectra with unrecognized broad emis-
sion lines, which along with their radio emission led to theniker “Quasi-Stellar Radio Sources” (QSRS or
QSSs).

In 1963, Maarten Schmidt famous$lidentified the Balmer series of Hydrogen and the IM§2797 line
redshifted by 16% in the spectrum of QSO 3C 273. Potentiadjal sources of such redshifted emission
(high radial velocity stars, strong gravitational redghifere soon ruled out, and the existence of a popula-

tion of compact, extragalactic, radio-loud sources waaldished. Shields (1999) suggests that the “radio”

2A fascinating review of the history of QSO science was wnitty Shields (1999). Much of the background given here is an
all-too-brief summary of that paper.
3in astrophysical circles, at the very least, but see alstidreh 11, 1966 cover of TIME magazine.
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Figure 1.3: A composite spectrum of 65 QSOs and similar objects (Seffglaxies). The spectrum is
shifted to the rest frame to account for the redshift of therses. The broad emission lines and strong UV
(A < 3000A) continuum emission are typical of QSOs. Note in patér the strong, broad Balmer lines
(Ha, H3, etc.) and MdI A2797 line seen in emission: these lines were used by Maactemifit to measure
the large redshift of QSO 3C 273. This first QSO redshift mesment quickly established the extragalactic
origin and extreme luminosities of these “quasi-stellabjeats. Figure from Meusinger & Brunzendorf

(2001).

requirement was dropped when Sandage (1965) reported aopmuagion of extra-galactic objects without
radio detections but which matched the optical propertiedi(ding strong UV continua) of QSRS; these ob-
jects were soon dubbed Quasi-Stellar Galaxies (QSGs) @& Blellar Objects (BSOs). By 1967 the related
term Quasi-Stellar Objects (QSOs) was established enauifteta book by Geoffrey Burbidg&though the
name was used as early as 1964 on a leaflet from the Astronoomgtssof the PacificQSO's, the Brightest
Thingsin the Universe.® The title of this leaflet captures a primary feature of QSQbtharir analogues: even
with an over-estimated rate of Hubble expansion, the medswdshifts of these objects were quickly seen
to imply huge distances and thus unprecedented absolutedaities for compact sources.

The widespread association of QSOs and other Active Gallktclei (AGN) with supermassive black
holes (SMBHSs) did not occur until decades later. Lynden-Be&169) suggested that “collapsed bodies” (i.e.
black holes) at the centers of local galaxies could be thenasts of QSOs and could explain other AGN-
associated phenomena. However, a broader focus on SMBHig &gines of QSO emission awaited the
development of accretion-disk theory and the determinatiat other compact sources of nuclear emission

(star clusters, supermassive stars) would eventually fdatk holes as their eventual endpoint, as described

4Quasi-stellar Objects, Burbidge, A Series of Books in Astronomy and Astrophysi@s) Srancisco: W.H.Freeman, 1967

5This leaflet, available as a scanned digital document thragfSAO/NASA Astrophysics Data System, contains a faseigati
summary of a conference in December 1963 centered on the qugohlying field of QSO research featuring the latest resutimf
Sandage, Matthews, Schmidt, Greenstein, Margaret Burbalge others. The idea of massive energy being released thgrag-
itational collapse to “within the Schwarzchild radius” is mtiened, though only in the context of a number of other “ratideas”
proposed at the conference.
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in a review by Rees (1984). While the details and evolutiorheke powerful objects remains the focus of
substantial research, SMBH accretion in the nuclei of gatalias been the generally-accepted model for the
broad range of AGN activity since that time.

Many features of QSOs identified before the SMBH paradigmaierequally relevant today. Schmidt
(1965) presented the first detection ofdlin a QSO spectrum, noting the irregular, double-peakedIlprofi
the emission line. Matthews et al. (1964) identified ovesitéas of galaxies around luminous radio galaxies,
another type of QSO analogue. While the study of QSOs has eddasignificantly since that time, the as-
sociation of scattered kyemission (McCarthy et al. 1987; Trainor & Steidel 2013) aathgy overdensities
(Venemans et al. 2007; Trainor & Steidel 2012) with brightM@main areas of active research and are a

substantial part of this thesis.

1.3 QSO Environments and Galaxy Evolution

While black holes may be fascinationg objects in isolatitieythave become even more compelling as it
has become clear that they play a strong role in galaxy dwvolts well. Observed correlations among
properties of galaxies and the masses of their central blalds (e.g. Magorrian et al. 1998; Gebhardt et al.
2000; Ferrarese & Merritt 2000) suggest a strict relatignbletween the nuclear activity that accompanies
black hole growth and the gas accretion and cooling thatesastar formation. As mentioned in Sec. 1.1,
models such as Croton et al. (2006) also demonstrate that@dtior black hole accretion to explain the
extremely low efficiency of star formation in the most masdinalos. However, the mechanisms that govern
these interactions remain unclear; loosely termed “AGNilieek”, they must somehow efficiently couple
the energetics of AGN and star formation over orders of ntadeiin spatial scale. Adding to this complex
picture, SMBH-driven emission must be highly anisotropioider to unify the vastly different categories of
AGN selected at wavelengths from the radio to hard x-rayd this anisotropy may diminish the solid angle
over which AGN activity can effectively couple to galactiopm-stellar gas.

This unified model, in which AGN are obscured by dusty toniiggests that inclination determines the
observed properties of AGN to first order, but essentialsgarrder modifications to this successful paradigm
are now coming to light. The obscuration of AGN seems to be+ileapendent and to correlate with galaxy
properties, at least in the low-redshift universe; obsgt k&N may tend to live in galaxies with extreme
star-formation rates (e.g. Sanders et al. 1988), whilecaliyi-bright QSOs are more common in passive
ellipticals (e.g. Dunlop et al. 2003). This correlation gagts a track in galaxy evolution whereby AGN may
guench star formation as they disrupt their obscuring gdslast (e.g. Hopkins et al. 2008), but such a model
requires that AGN obscuration vary with the age of a blaclelsajrowth phase in addition to its inclination.
Relationships persist to larger scales as well: Hickox.€Pal11) and Donoso et al. (2013) find that obscured
QSOs are more biased than unobscured QS@s-dt, suggesting a dependence on halo mass, while radio-

loud QSOs are known to inhabit overdense environments (idat et al. 1964; Best et al. 2005; Venemans
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et al. 2007). Clearly, the evolution of black holes and thbitity to modulate galaxy growth depend on many
factors, including the anisotropy of their emission, tlietlime of their obscured and unobscured phases, and
the halo and large-scale environments that they inhabit.

As discussed in Chapters 2 and 3, this thesis places newraimsbn these QSO properties by leveraging
two unique surveys of faint galaxies around hyperlumino89©Q@at 25 < z< 3. In addition to advancing our
understanding of QSO-galaxy interactions, the large nurobaint galaxies (particularly low-stellar-mass
Ly emitters) in these surveys provides a unique oppportuaisittdy the properties of faint galaxies at high
redshift, including the role of feedback and their surrdngdyas in guiding their evolution. These results are

discussed in Chapter 4.



Chapter 2

The Halo Masses and Galaxy
Environments of Hyperluminous QSOs
at Z ~ 2.7 in the Keck Baryonic
Structure Survey

This chapter was previously published as Trainor & Stei@dl2 ApJ, 752, 39.



Abstract

We present an analysis of the galaxy distribution surraupndb of the most luminous(10* L ; M50~
—-30) QSOs in the sky witlz~ 2.7. Our data are drawn from the Keck Baryonic Structure Su(¥@sS),
which has been optimized to examine the small-scale irdgipdtween galaxies and the intergalactic medium
(IGM) during the peak of the galaxy formation erazat 2-3. In this work, we use the positions and spec-
troscopic redshifts of 1558 galaxies that lie withir8’ (4.2h™* comoving Mpc; cMpc) of the hyperlumi-
nous QSO (HLQSO) sightline in one of 15 independent survdgsfigogether with new measurements of
the HLQSO systemic redshifts. By combining the spatial aus$hift distributions, we measure the galaxy-
HLQSO cross-correlation function, the galaxy-galaxy aaoteelation function, and the characteristic scale of
galaxy overdensities surrounding the sites of exceediragly, extremely rapid, black hole accretion. On aver-
age, the HLQSOs lie within significant galaxy overdensjt@mracterized by a velocity dispersien~ 200

km s and a transverse angular scale~d5” (~200 physical kpc). We argue that such scales are expected
for small groups with log(M/M) ~ 13. The galaxy-HLQSO cross-correlation function has a-besbr-
relation IengtrroGQ = (7.3+1.3)n* cMpc, while the galaxy autocorrelation measured from treespscopic
galaxy sample in the same fields S = (6.0+0.5)h™* cMpc. Based on a comparison with simulations eval-
uated az ~ 2.6, these values imply that a typical galaxy lives in a hosb hdth log(Mn/Mg) = 11.9+0.1,
while HLQSOs inhabit host halos of logidM ) = 12.3+0.5. In spite of the extremely large black hole
masses implied by their observed luminosities [log(M ) = 9.7], it appears that HLQSOs do not require
environments very different from their much less luminous@counterparts. Evidently, the exceedingly
low space density of HLQSOS(10° cMpc®) results from a one-in-a-million event on scalesl Mpc,

and not from being hosted by rare dark matter halos.
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2.1 Introduction

The study of galaxies with supermassive black holes haseedaopic of considerable interest, particularly
since the discovery that properties of these black holestewagly correlated with those of their host galaxies
(e.g. Magorrian et al. 1998; Gebhardt et al. 2000; Ferratdgkerritt 2000). The processes of supermassive
black hole accretion and growth can produce spectaculaniyrious QSOs, allowing their study over vast
cosmological volumes (& z < 7). The details of these accretion processes, howeverpasealed not only
by distance, but also by our lack of knowledge concerningltitg cycle of AGN and the environments that

drive and sustain their growth.

Because the brightest QSOs are extreme, ultra-luminoestshjt is often assumed that they must inhabit
comparably rare environments. In particular, the rarityhefse objects could arise because they require the
highest mass dark matter halos, which are highly biased nggpect to the overall matter distribution, or
because of other, finely-tuned environmental factors tifaidence the availability of gas and the propensity
for the black hole to accrete. As such, the masses and sgatidabution of the dark matter halos that host
QSOs are of considerable interest, and detailed statstichese quantities have become available through
large-scale surveys, primarily through studies of QSOtehirsg using the two-point correlation function.
Recent surveys have covered wide regions of the sky anddanges of redshift, e.g., the Sloan Digital Sky
Survey (SDSS; York et al. 2000; Eisenstein et al. 2011), tfe QSO Redshift Survey (2QZ; Croom et al.
2004), and the DEEP2 Redshift Survey (Davis et al. 2003).

Because these surveys include QSOs with a wide range of asities and redshifts, the QSO autocor-
relation function has been frequently used to constrain @8€&tering out to high redshifts using the SDSS
samples (e.g. Myers et al. 2006, 2007; Shen et al. 2007, i€} et al. 2009), 2QZ samples (e.g. Porciani
et al. 2004; Porciani & Norberg 2006; Croom et al. 2005), amahlzined 2dF-SDSS LRG and QSO survey
(2SLAQ; survey description in Croom et al. 2009, clusteriesults in da Angela et al. 2008). The results of
these analyses are in broad agreement that QSOs inhabiddrtistnatter halos of mass log(,)~12.5
at redshiftez < 3. Due to the low space density of QSOs at all redshifts, thasgcorrelation measurements
have generally been confined to large scales, but complanyemeasurements have also been obtained:
Hennawi et al. (2006) and Shen et al. (2010) conducted ssifegyclose QSO pairs; the galaxy-QSO cross-
correlation function was measured by Adelberger & Steid@D6b), in the DEEP2 survey at- 1 by Caoill
et al. (2007), and in a low redshift £ 0.6) SDSS QSO sample by Padmanabhan et al. (2009). Thesesstudie
generally agree with the QSO autocorrelation results, aedass scale log(MM)~12.5 seems fairly

well-established for the general population of QSO gt3.

However, studies which divide the population of QSOs intecé#fic subsamples reveal a more compli-
cated picture of the dependence of QSO properties on hale. namsv-redshift studies display a possible
relation between obscuration and host halo mass (Hickok @0a1), which may be significant at higher

redshifts, where the population of obscured QSOs is relgtiunconstrained. Shen et al. (2010) find that
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radio-loud QSOs are more strongly clustered than radietd@50s matched in redshift and optical lumi-
nosity. In addition, there is an expected dependence of @8thbsity on host halo mass because the QSO
luminosity depends on black hole mass, which in turn exbithie aforementioned association with the mass
of the host halo. In practice, however, QSO luminositiesethelin detail on the availability of matter to ac-
crete and the physical processes governing the efficierttywtiich this accretion occurs. Thus, it is perhaps
not surprising that the clustering of QSOs shows little esdimn with QSO luminosity in observations near
z~ 2 (e.g. Adelberger & Steidel 2005b; Croom et al. 2005; da Amgeal. 2008, and in simulations by Lidz
et al. 2006); however, Shen et al. (2010) detect strongstatiimg among the most luminous QSOs in their
sample ar > 2.9, and Krumpe et al. (2010) find that SDSS QSOz-at0.25 cluster more strongly with in-
creasing X-ray luminosity. Finally, the survey of close Qf&irs by Hennawi et al. (2006) reveals an excess
at the smallest scales, which the authors attribute topditise interaction events that trigger QSO activity in
rich environments. In short, the properties of QSOs ardadl their host halo masses in a complex manner,

and it is clear that other environmental factors are at play.

In this chapter we study the environments of hyperlumino@&©O (HLQSOs; defined here by a lumi-
nosity log¢’L,/L-)>14 at a rest-frame wavelength of 1450 A) & Z z < 3 by measuring the magnitude
and scale of overdensities in the galaxy distribution atls(fe3’) projected distances using data from the
Keck Baryonic Structure Survey (KBSS). This approach cemgnts existing studies in numerous ways:
targeting narrow fields allows us to study the local envirenta of these extremely rare HLQSOs, including
the galaxies at comparable redshifts that lie far below tinelfinits of the typical wide-field QSO surveys.
In this way we are able to constrain the properties of theivelg unexplored environments of the highest-
luminosity QSOs. Focusing on the brightest QSOs shouldatavieether host halo mass plays a significant
role in determining QSO properties, while sensitivity te tlocal environment may demonstrate whether
these HLQSOs are associated with the types of environmdmsaenmergers and dissipative interaction are

expected to be most common.

This chapter is organized as follows: in §2.2 we discuss isekvations used in this study; 8§2.3 describes
the techniques used to construct an unbiased measure dlthey glistribution around the HLQSOs and our
estimates of the magnitude and scale of the surroundingogaleerdensities. In §2.4, we describe and
implement a method for estimating the small-scale galak®BHO correlation function and galaxy-galaxy
autocorrelation function from our data along with the iredligalaxy and HLQSO host halo masses. In §2.5
we present evidence that the HLQSOs inhabit group-sizealizied structures conducive to merger events;
a summary is given in 82.6. Throughout this chapter, we vg#iume2,, = 0.3,Q, = 0.7, anch = H,/(100
km s1). We have left all comoving length scales in termshdbr ease of comparison to previous studies,
but we quote physical scales, luminosities, and halo masssmsninch = 0.7. For further clarity, we denote

comoving distance scales in units of cMpc (comoving Mpc) pingsical scales as pkpc (physical kpc).
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Table 2.1. HLQSO Redshifts and Corrections

QSO NIR Spectra Sourge Znew? Zo1d® Az Av (km s1)
Q0100+13 (PHL957) Keck II/NIRSPEC .221+0.003 2.681 -0.040 -3214
HS0105+1619 P200/TSPEC .65240.003 2.640 -0.012 -983
Q0142-10 (UM673a) Keck II/NIRSPEC 243+ 0.003 2.731 -0.012 -943
Q0207003 (UM402) P200/TSPEC .87240.003 2.850 -0.022 -1699
Q0449-1645 P200/TSPEC .884+0.003 2.600 -0.084 -6818
Q0821+3107 (NVSS) P200/TSPEC .626+0.003 2.624 +0.008 +686
Q1009+29 (CSO 38) Keck II/NIRSPEC .65240.003 2.620 -0.032 -2620
SBS1217+490 P200/TSPEC .794+0.003 2.698 -0.006 -484
HS1442+2931 P200/TSPEC .65040.003 2.638 -0.022 -1797
HS1549+1919 Keck II/NIRSPEC .243+0.003 2.830 -0.013 -1011
HS1603+3820 P200/TSPEC .5514+0.003 2510 -0.041 —-3452
Q1623+268 (KP7H) Keck INNIRSPEC ~ 25353+0.0005 2.518 -0.018 -1489
HS1700+6416 Keck II/NIRSPEC .2514+0.003 2.736 -0.015 -1220
Q2206-199 (LBQS) Keck II/NIRSPEC B573+0.003 2.558 -0.015 -1255
Q2343+12 (also SDSS) Keck IIINIRSPEC ~ .523+0.003 2515 -0.058 -4854

aRefers to the instrument used to measure the near-IR QSO apectredshift. NIRSPEC is used on the
Keck Il telescope, while P200 is the Palomar Hale 200-inastpe, used with the TripleSpec instrument.

bz ew refers to the redshift used in this analysis.

€z|q refers to the previous published redshift value.

4The redshift for Q1623+268 (KP77) is more tightly constraibecause of the presence of narrom[Q)
lines at the presumed systemic redshift of the QSO.

2.2 Data

The data used in this study form part of the Keck Baryonic @tne Survey (KBSS; Steidel et al. 2012), a
large sample (jh = 2298) of high-redshift star-forming galaxies§k z < 3.6) close to the lines-of-sight of

15 HLQSOs at redshifts 2<&7<2.9. Because we have observed fields of differing solid aaglend each

of these HLQSOs, we standardized the fields for the purpdabsscstudy by including only those galaxies
within 6 ~ 3’ (4.2n™* cMpc at the HLQSO redshifts) of the line-of-sight of the HLQ® each, an area that

is well-sampled for all 15 fields. This subset of the total KB&ataset contains 1558 galaxies and comprises

the entire sample used in this chapter.

2.2.1 HLQSO Redshifts

An important prerequisite to establishing the galaxy emvinent of the HLQSOs is an accurate measurement
of the HLQSO systemic redshifts. Redshifts for QSOs in tiges2< Zoso < 3 are typically measured from
the peaks or centroids of broad emission lines of relatibé ionization species in the rest-frame far-Uv
(e.g., NV 21240, CIv \1549, Silv 21399, CIll] A1909). These lines are known to yield redshifts that
differ significantly from systemic, and tend to be blue-thifby several hundred to several thousand km
s (see e.g. Mcintosh et al. 1999; Richards et al. 2002; Goreadt al. 2008). These velocity offsets also
tend to increase with QSO luminosity, thus making the presample of hyperluminous QSOs particularly

susceptible to this issue. In view of the importance of m®cedshifts to locate the HLQSO environments
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Table 2.2. Galaxy Samples and HLQSO Properties

Field 25s0° L1asd® MeH® Nex Nwp Ncpw Nt Nisod
(108L,)  (10°Mp)

Q0100+13 2.721 6.4 2.0 68 12 15 95 7
HS0105+1619  2.652 45 1.4 74 6 23 103 7
Q0142-1C¢ 2.743 <6.4 <2.0 75 13 16 104 1
Q0207003 2.872 6.1 1.9 54 12 27 93 7
Q0449-1645 2.684 4.0 1.3 68 12 31 111 9
Q0821+310%  2.616 4.1 1.3 64 7 21 92 4
Q1009+29 2.652 10.9 3.4 54 19 43 116 8
SBS1217+490  2.704 5.1 1.6 67 14 11 92 3
Q1442+2931 2.660 4.9 1.5 71 25 22 118 3
HS1549+1919  2.843 14.9 46 54 14 39 107 23
HS1603+3820 2.551 11.0 3.4 80 15 14 109 10
Q1623-KP77  2.5353 3.2 1.0 82 9 12 103 7
HS1700+6416  2.751 13.6 43 69 16 16 101 6
Q2206-199 2573 45 1.4 78 11 20 109 0
Q2343+12 2.573 3.8 1.2 71 9 25 105 6

azQsorefers to the systemic redshift of the field defined by the HL({S%2 Table 2.1 and §2.2.1).

BL 1450 refers to the estimated luminosity,, near a rest-frame wavelengiest~ 1450, extrapolated
from theg’ andr’ magnitudes from the SDSS (Eisenstein et al. 2011) database awhailable, and other-
wise from our own measurements. We have assume€.7.

®Mpy is the minimum black hole mass capable of producing a QSO withrlasity L; 450 assuming
Eddington-limited accretion (82.4.6).

9N 1500 = N(|dv| < 1500 km st is the number of galaxies in the field that have spectrosaepishifts
within 1500 km s of their corresponding HLQSO.

€Q0142-10 (UM673a) is known to be gravitationally lensedr{gjiet al. 1987) and has an unknown
magnification; the estimated luminosity and mass are therefigperdimits.

fQ0821+3107 and Q162&P77 are the only HLQSOs in our sample with radio detectior@822 has a
flux f, =162 mJy at 4830 MHz (Langston et al. 1990); KP77 has aflux 6.4 mJy at 1.4 GHz (Condon

etal. 1998).
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within the survey volume, we obtained near-IR spectra ofetiire sample using NIRSPEC on the Keck I
10m telescope, TripleSpec on the Palomar 200-inch (5m9defee, and in some cases, both (see Table 2.1).
Among the 15 HLQSOs in the sample, narrow forbidden linesI[[OA5007) were detected for only 2
of them (Q1623+268, Q2343+12), either because no suchwees present in the spectra (common at the
highest luminosities), or because the HLQSO redshift wah #luat the strongest transitions fell in regions
between the near-IR atmospheric bands. However, in alsaasavere able to measure one or more hydrogen

Balmer lines and the Mg 2798 line, which were mutually consistent and are known telbser to the
true systemic redshift than the high ionization lines in thé (Mcintosh et al. 1999; Richards et al. 2002).
The redshifts obtained from the Balmer/Mdines (which agree well with that given by [D] in the two
cases where all were measured) were then subjected to lsek@sa-checks, including the wavelength at
the onset of the Lyman- forest measured from the high resolution HLQSO spectra@ddimit on the
systemic redshift, but one which agrees to witlliz ~ 0.001 of the Balmer line redshift in all but two
cases); the redshift of narrow HeA1640 in intermediate resolution optical spectra of the HO@Sand,
in several cases, regions exhibiting narronhLgmission were discovered with small angular separations
from the HLQSO, and we have found that such nebulae lie v&secto the systemic redshift of the nearby
HLQSO. In two cases (HS1603+3820 and Q1009+29) this lasdrimn led to a significant modification
(Az ~ +0.01, or~ 800 km s?) of the redshift suggested by the near-IR spectroscopy. dbptaa HLQSO
redshift uncertaintyr, = 270 km s* (for those HLQSOs without measured [} redshifts) based on the
measured dispersion of the Mgline with respect to [Qll] by Richards et al. (2002); the broad agreement
among our many redshift criteria suggest that this is a qoatiee estimate of the redshift uncertainties.
Table 2.1 summarizes the adopted redshifts for all 15 HLQI®38d on these considerations; also given
(column 4;z,4) is the published redshift for each and the redshift andoisl@rror that would result from
adopting the published valuedf= z,4—zZ.av). As expected, all but one of the old redshifts are systeralhfi
too low (the median shift is- —1500 km s, and the mean- —2100 km §%). Failure to account for these
large velocity errors would severely compromise our mezsents. As we show below, the measuzgeh
values must be quite accurate given the very tight redshéice correlation between the HLQSOs and the

spectroscopically measured, continuum-selected galadarby.

2.2.2 Galaxy Redshifts

Galaxy redshifts were measured using low-resolutioBX), rest-frame UV spectra obtained with the LRIS
multi-object spectrograph on the Keck | telescope (Oke.et385; Steidel et al. 2004). Candidate galaxies
were color-selected using the Lyman-break technique ané ws@rted as BX4~ 2.2), MD (z~ 2.6), or
CDM (z ~ 3) galaxies based on the color criteria discussed in Steidal. (2003) and Adelberger et al.
(2004); the data collection and reduction procedures ageriteed therein. All galaxies in the spectroscopic
sample haveR < 255 [whereR = mag(6830A)], which corresponds to M(1700A) < -19.9 atz~ 2.7
(about 1 magnitude fainter than Mat this redshift; see Reddy et al. 2008). Redshifts wereriahirted by
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a combination of Lyx emission or absorption and far-UV interstellar (1S) abforp Since Lyv emission
tends to be redshifted with respect to the systemic redshithe host galaxy, and interstellar absorption
tends to be blueshifted (see e.g. Shapley et al. 2003; Adgdbet al. 2003; Steidel et al. 2010), we estimate
each galaxy’s systemic redshift via the method proposediiglderger et al. (2005a) and updated by Steidel
et al. (2010). In this method, the averagerlgmission and IS absorption offsets are calculated baseakeon t
redshift of the kv nebular line (NIR spectroscopy is available for a subsdt@ffalaxy sample), which traces
ionized gas in star-forming regions of the galaxy, and is tamore accurate estimate of the systemic redshift.
Rakic et al. (2011) derive similar corrections for the samlaxy sample using the expected symmetry of IGM

absorption about the systemic redshift of the galaxy.

We estimate the systemic galaxy redshiftg] based on a combination of the above results. A more
detailed discussion of our correction formulae can be fdoriRudie et al. (2011; in prep.), but the formulae
are reproduced below. For galaxies with NIR spectra (e.@ Hh line), the NIR redshift is used with
no correction. For galaxies with measuredoLgmission but without interstellar absorption, we use the

following estimate:

AVLy «@

Zgal = Zya + (1+zya) , (2.1)

wherezy,, is the redshift of the measuredd.emission and\viy, =-300 km st is the velocity shift needed

to transform the Ly redshift to the systemic valugy,.

For galaxies with interstellar absorption, we use an es#rbased on the absorption redshift whether or

not Lya emission is present:

Ay,
Zga|EZ|S+TIS(1+Z|s) ) (2.2)

wherezg is the redshift of the measured interstellar absorptionang, = 160 km sl is the velocity shift

needed to transform the absorption redshift to the systeatie.

For galaxies with both interstellar absorption andvlgmission, we verify that the corrected absorption
redshift does not exceed the measured redshift of theling; that is, we verify thatis < zga < 2y, Where
Zgal is calculated using Eq. 2.2 above. If this condition is ndis§iad, we recompute the galaxy systemic

redshift as the average of the absorption and emissionifesdsh

— Z|S+ZLyor

Zgal > (2.3)

The residual redshift errors (calculated from the galaiiethe NIR sample) have a standard deviation

overr = 125 km s, which we adopt as the uncertainty in our galaxy redshiftsneaments.
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Figure 2.1: Velocity distribution of galaxies with respect to their nest HLQSOs, stacked for all 15 HLQSO
fields. The velocityjv is given by Eq. 2.4, wherév = 0 for a galaxy at the redshift of its corresponding
HLQSO. The yellow shaded area corresponds to the seleatimtion, constructed as described in 82.3.1.
The dashed curve is a gaussian profile fit to the overdenstty s = 350 km S*. After removing the effect
of ouroyer ~ 125 km st (270 km s?) galaxy (HLQSO) redshift errors, we estimate a peculianei¢y scale

of oypec> 200 km s for the galaxies associated with the overdensity, with dseofév) = 106+54 km s?
from the HLQSO redshifts.

2.3 Redshift Overdensity

In order to consider the positions of the galaxies relativéheir corresponding HLQSOs in redshift space
while accounting for the differences in the HLQSO redshiftsween fields, the redshift of each galaxy was
transformed into a velocity relative to its associated HIGREor a galaxy with indexin a field with index

j, this velocity difference is given by

C

M= 1+25s0,

(Zgalj — Zs0j) - (2.4)

Once transformed to units of velocity, the distributiongafaxies relative to their HLQSOs were stacked
to reveal the average environment of HLQSOs in terms of it lpalaxy number density (per unit velocity)—
this distribution is shown in Fig. 2.1. The distribution slwa well-defined peak neav = 0, indicating the
presence of significant clustering of the galaxies arourdHbhQSO redshifts. We attribute the slight offset

of the overdensity from the HLQSO redshifts (fit/) = 106+54 km s?) to a residual systematic offset in our
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determination of the HLQSO redshifts.
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Figure 2.2: Redshift distributions for BX, MD, and CDM color-selectedlgxy types. Red histograms
display the measured distributions of all such galaxieathesample, while the yellow region represents the
fit spline function specific to the color-selected sampke (Mgx (2), Mvp (2), andNepwm(2)). The blue hashed
region is the overall redshift selection function for allaatypes.

2.3.1 Building the Selection Function

Clustering measurements can be grossly misinterpreted tigerelevant selection functions are not well-
understood (Adelberger 2005). While the criteria for séhecgalaxies for follow-up spectroscopy were
identical for all 15 of the KBSS fields, small differencesiimage depth and seeing, as well as slight changes
in the algorithms used for assigning relative weights ingrecess of designing slit masks, can lead to field-
to-field variations in the redshift selection functions. dbleast partially mitigate such variations in the
redshift-space sampling between fields, we used the nunitsrcoessfully observed BX, MD, and CDM
galaxies in each field to estimate the form of our field-spesiéilection functionsVj(z). These estimates of
the selection functions were constructed as follows.

First, the redshift distributions of all BX, MD, and CDM galas in our sample were arranged in a coarse
histogram with bins of widtlAz=0.2. A spline fit was then performed to estimate the smoothidigion

functions of each galaxy type—the histograms and splineditedch type are displayed in Fig. 2.2.
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For each field, we built a field-specific selection functiorchynbining these galaxy redshift distributions
for each color criterion according to the number of thosexjak successfully observed in the field. Thus for

a field with indexj, the redshift selection function is given by Eq. 2.5:

Ni(@ = Nex;jNex(9+
Nwip,j Mvip (2) +

Ncom,j Neom(2) (2.5)

whereNgx; corresponds to the number of BX-selected galaxies in field/sx is the selection function

for BX-selected galaxies over all fields, and other varialaee defined similarly. We then transform these
redshift-space selection functions into units of velocélative to their corresponding bright HLQSOs using
Eqg. 2.4. Finally, we combined this set of field-specific vitipspace selection functions (already weighted

by the number of galaxies in each field) into a single stackedtfon:

15
NW =D NW). (2.6)
j=1
The resulting selection function is fairly flat over the randv| < 20000 km s! with a slight negative
slope (yellow shading in Fig. 2.1), indicating our slighabtoward detecting objects “in front" of the HLQSO
(that is, at lower redshifts) compared to galaxies slighbighind” the HLQSO in each field. The selection
function is thus a prediction for the observed distributidigalaxies in relative-velocity space in the absence

of clustering.

2.3.2 Bias in Field Selection

We previously knew one KBSS field (HS1549+1919) to have eelangerdensity in the galaxy distribution
very close to the redshift of the central HLQSO. The variatiooverdensity among fields can be estimated
by Nis00 in Table 2.2, which is the number of galaxies within 1500 Krhaf the HLQSO redshift for that
field. In order to ensure that our clustering results are ratdbdominated by a single field, we repeated our
analysis on subsamples of the data consisting of 14 of theeldsfiremoving a different field each time. In
each case the magnitude and scale of the overdensity waisteosvith that observed when all 15 fields
were included in the analysis, indicating that the obsemeagnitude and scale of the overdensity are not

determined by any single field.
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Figure 2.3: The relative overdensity,,, (EQ. 2.7) as a function of velocity relative to the central@%Os
over a wide velocity range. The overdensity is measuredria bf 500 km s, as this Hubble flow velocity
roughly corresponds to the same physical scale as our gesesfield of view (5™ cMpc ~ 500 km §2).
See 82.3.1 for details on the selection function.

2.3.3 Redshift Clustering Results

Fig. 2.1 shows the observed galaxy distribution in unitsedbeity along with the selection function estimate
from 82.3.1. The peak in the galaxy distribution near the I3 redshifts is clearly visible. Fitting a Gaus-
sian function to the histogram in Fig. 2.1 gives a velocitglthioy 5 = 35050 km s, which includes the
effect ouroy e ~ 125 km §* galaxy redshift errors and the random residual errors iSO redshifts,
assumed to bey e ~ 270 km S, After subtracting the redshift errors in quadrature, we fam intrinsic
velocity width of oy, pec =~ 200 km s? for the galaxy overdensity, which we attribute to peculiatoeities.
Note that the residual HLQSO redshift errors are uncertadhliely to be largely systematic (see §2.2.1), so
our estimated velocity dispersion is an upper limit on thve weculiar velocity scale if the random component
of the HLQSO redshift error is larger than we have assumed.

We also consider the relative overdensity at the HLQSO iiftidsh comparing the observed density to

that predicted by our selection function. The distributi®plotted as a relative overdensity

four = (Nobs— Npred)/Npred (2.7)

in Fig. 2.3, whereNgps is the number of galaxies observed in a given velocity bin ldpdy is the number
predicted for that bin by our selection function. The reltbverdensity is measured in bins wiv = 500
km s%; this scale was chosen to correspond roughly to the tragssmale of our field, since a Hubble-flow
velocity of 500 km 5 ~ 5h™ cMpc at these redshifts. Fig. 2.3 shows that the HLQSOs a@ciged (on

average) with @n/n ~ 7 overdensity of galaxies when considered onts Mpc scale of our field, with
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no features of comparable amplitude over a wide range ohiftsl$40000 km 3! corresponds ta\z~ 0.5

atz~2.7).
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Figure 2.4: For each projected circular annulus, the relative ovelite(&,,; Eq. 2.7) of galaxies within
1500 km st of the HLQSO with respect to the redshift selection functon angular selection function. The
overdensity of galaxies is localized for the most part taaverse scalg < 0.5h™* cMpc.

Repeating this analysis after dividing the galaxies inthabannuli, we find that the redshift association
is most pronounced for those galaxies withir 2& the HLQSO line of sight{200 pkpc), though a lower
level of redshift clustering does extend to larger projdatestances (see Fig. 2.4). If this distance is taken
as an isotropic spatial scale of the galaxy overdensity the line-of-sight velocity dispersion due to the
Hubble flow would be only~65 km s!. However, a less-significant overdensity does extend tretaradii,
and thus likely includes many galaxies that are clusteredrat the HLQSO but move with the Hubble flow.
In order to ensure that the measured velocity width is ncateél by these non-virialized galaxies, we directly
measure the velocity dispersion among the 15 galaxiesmi500 km 5! and 0.5h7 cMpc (200 pkpc) of the
HLQSOs; as discussed in §2.5, these galaxies are likely wiriaéized and associated with the HLQSO, and
our selection functions predict only 1.5 galaxies in thikmaee in the absence of clustering. These 15 galaxy
velocities have a sample standard deviation of 335 Kpcensistent with the velocity width measured for the
entire overdensity. The observed velocity spread is thesymably set by peculiar velocities @fpec ~ 200
km s! among the HLQSO-associated galaxies.

A comparison of Figs. 2.3 & 2.4 demonstrates that the radadiverdensity is highly scale-dependent. If
we assume that the width of the overdensity in velocity sjmeatirely due to peculiar velocities, and hence
that all 15 of the galaxies observed wix 0.5h™ cMpc and|év| < 500 km s are physically located within
a three-dimensional distance: 0.5h™ cMpc from their nearest HLQSO, then the number of galaxidkig

composite volume is-50x the number predicted by our redshift and angular seledtinctions (described
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in 82.3.1 & 82.4.1.1, respectively).

2.4 Correlation Function Estimates

2.4.1 Galaxy-HLQSO Cross-Correlation Function

Much of the recent work on QSO clustering relies on largdesweo-point correlation functions, particularly
the QSO autocorrelation function (see, e.g., Shen et al)2dhe galaxy-HLQSO cross-correlation function
&g can provide a complementary estimate of HLQSO host halo.mass

The correlation function is defined as the excess conditipredability of finding a galaxy in a volume
dV at a distance = |r; —r|, given that there is a HLQSO at point, such thaP(r,|r1)dV = Py[1+£(r)]dV,
wherePydV is the probability of finding a galaxy at an average placeénuhiverse. Here we assume a power-
law form for the correlation functiorégq = (r/rgQ)‘V, wherey is the slope parameter anglcorresponds to
the comoving distance at which the local number density &ixjes is twice that of an average place in the
universe.

Many recent analyses of the two-point correlation functiame dispensed with power-law fits in favor of
directly modeling the halo-occupation distribution (HOE2e, e.g., Seljak 2000; Berlind & Weinberg 2002;
Zehavi et al. 2004) based on the theory of Press & SchecHi@djland a statistical method of populating
dark matter (DM) halos with galaxies. A general feature estHOD models is a deviation from a single
power law at distances neah® cMpc due to a transition from the single-halo regime (thesigting of
galaxies/QSOs within a single dark-matter halo) to the tatw lregime (the clustering of galaxies/QSOs
hosted by distinct halos).

In this chapter we implement the simpler power-law fittinghieique for the following reasons. First,
our smaller sample (with respect to the large surveys at émshift) does not allow us to detect a deviation
from a power-law fit with any significance, particularly ftwetgalaxy-HLQSO cross-correlation. Second, our
choice to fix the power-law slope (see below) desensitizes our result to the precise shape cbtrelation
function, leaving the clustering IengtﬁQ to primarily reflect the integrated pair-probability exsewer the
range of projected distances in our sample.

In practice, the three-dimensional correlation funct{gn) is not directly measurable: line-of-sight ve-
locities are an imperfect proxy for radial distance due toutiar velocities and redshift errors. As such, itis
more useful to consider the reduced angular correlationtiom, wy(R|AZ) by integrating over a redshift or

velocity window:

P(RAQ = PydQ [1+wp(R)] = d2 / P(r)dz, (2.8)
Az

whereR = Da(2)6(1+2) is the projected comoving distance from the HLQSO, Brab) is the angular diam-

eter distance to the HLQSO. In the linddiz — oo, and assuming a power-law form of the three-dimensional



22

correlation function, it can be shown that the reduced argedrrelation function has an equally simple

power-law form:

Wp(R) = AR (2.9)

with n =~ -1. However, we would like to restrict our analysis to smatigieift/velocity scales, choosing a
value of Azthat includes the entire clustering signal while elimingtthe noise contribution of uncorrelated
structure at large line-of-sight separations from the HOQ&nd this priority precludes the assumption of
Az — oo. Inthe case of a truncated redshift range, the reduced ancirelation function does not simplify
to a power-law, and instead takes the form of a Gaussian ggperetric function, denoted aB;(a, b;c; 2).

In our particular case, the reduced angular cross-coimalalnctionwg‘Q is expressed by the following:

W3 (R)

[Censorae= [ WR2 g
—2 —2

GQ\ 7
fo” 1738 -%
( = ) 2F1(2, 55 R (2.10)

wherez, is the half-width of the redshift window over which we comgtite clustering strength. We choose

a valuezy = 1500 km st ~ 14h™* cMpc in order to encompass the entire observed overderssigyRig. 2.1)
and the range of projected distances we are able to pRke4(2h™ cMpc) without including excess noise.
We then fit the reduced angular correlation funcmﬁP(Rth, ~) to the data by variation of the correlation
IengthrgQ. We fix v = 1.5 for simplicity in matching our data to halo populationsg§2.4.3); this value of
was chosen as itis a reasonably good fit to both the galaxgawdation function and galaxy-HLQSO cross-
correlation function, as well as the correlation functi@msong the simulated halo populations. Increasing
the value ofy causes the best-fit value IQCJfQ to decrease, but the corresponding halo mass is very itisensi
to the choice ofy, so long as the same value is used for both the galaxy andrthiaded halo populations.

In order to estimate/SQ(R) from our data, we separate our fields into projected ciraauli of varying
widths, constructed so that each annulus has a roughlyasisitjnal-to-noise ratio, and with our largest
annulus having its outer edge200’ from the HLQSO, a projected distanceRE 4.2h™ cMpc. As noted
above, we wish to restrict our analysis to those galaxiesattgaclosely associated with a HLQSO in redshift
as well as projected position, so we also separate our gaample into two velocity groups: one with
|6v| < 1500 km st and one withdv| > 1500 km s. In this way, we definél,(Rq) as the number of velocity-
associated galaxies in th& lannular bin andNo(R,) as the number of non-associated galaxies in thé bin.
The solid angle covered by thé'lannular bin is given byAx = m(R2; i~ Roner0; thus we likewise define
the area densities of galaxi&s o(R«) = Nyo(R«)/ A«

2In this chapter, we will use the subscript or supersoipd denote velocity-associated galaxies, and 0 to denoteassociated
galaxies.
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We then used the selection function constructed in §2.3€stionate the expected number of galaxies
in each velocity group [i.eM, = N (|dv| < 1500) andNy = NV (Jév] > 1500)], which we convert to expected
average area densities for each velocity groﬁﬁg(E Nyo/ Asiel). Finally, we divide the measured area
densities by the average predicted value to define thewelatierdensity of each annulus. If the overdensity
Su(R)/E0®% is purely due to the clustering signal, then the reduced langmoss-correlation function is
given bywS? = £°3 (R /¢ eq— 1; however, this assumption is invalid if the angular sanpbf the field

is not uniform, which we explore below.

2.4.1.1 Angular Selection Function

The use of the redshift selection functionNig.eq ensures that large-scale variations and sampling biases in
redshift are taken into account in our analysis. Selectiasds can also occur in the plane of the sky; because
our fields are centered on their HLQSOs, any bias that varittsdistance from the center of the field will
mimic a change in the correlation function. To account fés &ffect, we recall that galaxies witiv| > 1500

km s* show no association with the HLQSO (see Fig. 2.1), and thegeshould be uniformly distributed on
average. Therefore, if the functidiy(R) is not a constant, it must describe a non-uniform anguli@cten
function, which encapsulates variations in optical séacsensitivity (e.g. due to non-uniform extinction or
field coverage) as well as any biases in slit positions on @sks We assume these bhiases are independent of
redshift, and that they produce the same fractional exdegalaxy counts in all velocity bins. Therefore, the
measured values &,(R)/%5" correspond to the the true reduced correlation functiemJ(R) multiplied

by a transverse (angular) selection function, which werest byX>q(Ry).

EV(Rk) _ EO(R)

Zered ESred

[1+wWy(RY)] - (2.11)

We found that the measured valuesi{Ry) are well-matched by a power-law i) and therefore, rather

than using Eq. 2.11 directly to estimarg(Ry), we found best-fit parametesisand3 for the following model:

Yo(R) _
Zpred -
0

aRf. (2.12)

The best-fit parameters for this model are 1.59, 3 =-0.58 withRin h™* cMpc; the fit selection function
is displayed in Fig. 2.5. Combining Egs. 2.10, 2.11, & 2.12,axrive at an explicit model fat,(R) in terms

of the galaxy-HLQSO cross-correlation lengthand correlation slope:

SR _ s fo\7 1+.3-3
et =R [1+(R) oF1 <2’2’2’R2ﬂ (2.13)

wherez, = (1500 km s1)Hy1(1+2)7t is the half-width of the redshift window in physical unitsicaagaina
and g are set by fittingzo(R) to Xo(R¢). We then adjust the free parametgrcorresponding to the cross-

correlation function to fit the measured valuesSRH{Ry).
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The fit to ¥, was performed via a simplg?-minimization using an error vector constructed assuming
Poisson uncertainties in the galaxy counts. The binnedaater a range of projected distance®®-3.57h™*
cMpc.

Our empirical estimate fow,(R) obtained via the above methods is displayed in Fig. 2.6. Wékdibest-
fit correlation lengthrg = (7.3+ 1.3)h™ Mpc after fixingy = 1.5, where the error is a’luncertainty computed
via a bootstrap estimate. This procedure consisted of tiegahe entire analysis 100 times (computation of
selection functions, counting of pairs, agéHitting of wy) using a random bootstrap sample of 15 of the 15
independent fields selected with replacement. The quoteertainty is the standard deviation of parameter
values derived from these 100 bootstrap samples. The sesiuthis procedure were consistent with the
results of jackknifing estimates performed using 14 of thédl8s (i.e., am—1 jackknife estimate) or using
8 of the 15 fields (i.e., an approximatelyn/2 jackknife estimate). The? value for the fitis 3.7 on 4 degrees
of freedom.

As noted in 81, Adelberger & Steidel (2005b) performed a &mmmrelation measurement with a similar
sample of color-selected galaxies to compare black holgyalaky masses over a large range of AGN lumi-
nosities (-20> Mag (1350A) > -30) at a similar range of redshifts to our galaxy sample 1< 3.6). That
study separated the AGN sample into two bins of black-holssnabtaining galaxy-AGN cross-correlation
lengthsro =5.27"132 h™ cMpc for AGNs with 18 < Mgy/M¢ < 108 andro =5.2071% h™* cMpc for AGNs
with 10° < Mgy /M, < 10%5, These measurements are fairly consistent with our own uneent of o for
the galaxy-HLQSO cross-correlation, given the size of theestainties, and Adelberger & Steidel (2005b)
assume a correlation function slope of 1.6, rather thanltpeof 1.5 used in this study. As noted above,
the best-fit value ofy varies inversely with the chosen slope for the range of sdjosrs our measurements

include, and this effect likely accounts for the slight déggancy between these two estimates.

2.4.2 Comparison to Galaxy-Galaxy Clustering

The strength of the clustering signal corresponds to thesreeale of the HLQSO-host halos, which we
are interested in comparing to the average halo mass scalenséctive galaxies. As such, the relative
strengths of the galaxy-galaxy (GG) and galaxy-HLQSO (Gl@3tering reveal the relative mass scales of
their respective host halos, and therefore illuminate ahy-mass requirements for the formation of HLQSOs
atz~2.7.

Our estimate of the galaxy-galaxy correlation function &sdd on the same technique as our galaxy-
HLQSO estimates but is modified by centering on each galatyrim rather than on the HLQSO. In addition,
we restrict our GG analysis to those galaxies at redshjffs> 2.25 so that the GG autocorrelation function
probes a similar redshift range to that of the GQ cross-tatiom; the 909 galaxies witk > 2.25 have a
median redshifzé“&ﬁd: 2.63, while the median HLQSO redshift#§¢%, = 2.66. For each galaxy in our sample,
we consider the number density (per unit solid angle) obgesaas a function of projected distance from our

fiducial galaxy, separating between redshift-associasgalxges (those within 1500 knmi’sand in the same
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Figure 2.5: The ratiox°P/x:P®dfor the galaxy-QSO clustering (GQ; top) and galaxy-galdgiering (GG;
bottom). In each panel, the red diamonds denzf€/ x5, while the black crosses dendtgs/s:b. The

error bars are from Poisson uncertainties. The dashed liteeds the fit tox:3Ps/ 30" and defines the angular
selection function; the functional form is a power-law foetGQ selection function (§2.4.1.1) and linear for
the GG case (82.4.2).

field as the fiducial galaxy) and non-associated galaxieséloutside the velocity range or in a different
field). We then integrate over the redshift selection funt(§2.3.1) to find the expected number of galaxies
in each interval, from which we can define an angular corigianction for each interval (by analogy to
Eq. 2.11):

SedR) _ X5endR

GG - GG
Zv,pred EO,pred

[1+WSC(R)] (2.14)

where again thg subscript denotes quantities corresponding to the raels$sbciated sample, and the 0 sub-
script denotes those corresponding to the non-associatepls. The non-associated sample is not expected
to cluster about the arbitrary line of sight defined by theitpms of our fiducial galaxy, so we interpret the
quantity Xops dR)/ Zpred,dR) s an estimate of the relative completeness of our angaitapling. We found
the completeness (i.e., the angular selection functiom@fgalaxy-galaxy pairs) of our sample to be well-
described by a linear model Rwith negative slopeX = aR+b. This shape reflects the fact that we are able
to measure the power on small scales for essentially alkgeawhile we can see the maximum separation
~ 2Rnax Only for the small fraction of galaxies at the edge of our fgland even then we see only the subset
of pairs that lie entirely within the field). The best-fit parater values for the GG angular selection function
area=-0.160,b=1.04 withRin h™ cMpc (Fig. 2.5).

As in the case of the GQ cross-correlation function, we thiea fnodel toxS€ that is a combination

of the underlying clustering signal described\bgG(R) and the selection function described B§®. The
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Figure 2.6: Estimate of the reduced galaxy-HLQSO (red) and galaxyxyafblack) correlation functions
wp(R) for those galaxies closer than 1500 km fom the HLQSO (or fiducial galaxy) redshiftv, is the
excess probability of a galaxy appearing at a projected gorgseparatiomR from the HLQSO line of sight,
as compared to predicted galaxy number counts determindkebrsedshift selection function (82.3.1) and
angular selection function (82.4.1.1). Solid curves aretéitthe best-matched MultiDark halo populations
(82.4.3), which imply a galaxy halo mass log{j4/M¢) = 11.9+-0.1 (see §2.4.4) and a HLQSO halo mass
log(Mn,osdMg) = 12.3£0.5.

combined model is given by Eq. 2.15:
Ev (I a) — I’O 1 .3. Z{;
\[}red = (aR+ b) 1+ — 2F1 5551 D2 .

Fitting this model to the measured valuessiff®(R;), we find the best-fit galaxy autocorrelation length

N2

to ber§® = (6.04 0.5)h™* Mpc, again fixing the slope = 1.5. In this case, the errors BEC cannot be
considered Poissonian because each galaxy is counteddrabpairs and the galaxy counts are correlated
between bins. However, the 15 HLQSO fields each provide agpedent estimate 6I°®, and the error
used for they2-fitting is based on the scaled scatter among these valuesqddted error on$© is the 1r
uncertainty from the same bootstrap and jackknife proasidescribed fargQ (82.4.1.1). The(? value for

the fit is 9.3 on 5 degrees of freedom.

This autocorrelation length is significantly larger thamattfiound by Adelberger et al. (2005h),[=
(4.0+£0.6)h™ cMpc atz = 2.9], despite both studies relying on a similarly-selectedo$egalaxies. How-
ever, this study is restricted to the spectroscopicallyeoted galaxies, which have a higher mean luminos-
ity than the galaxies in the photometric sample used in Aatgier et al. (2005b), and are more compara-
ble to the higher-luminosity sub-sample of galaxies usethat chapter, for which the authors estimated
ro = (5.240.6)h7 cMpc. In addition, the much larger set of spectroscopichitisused in our sample al-

lows us to characterize the redshift selection functiormwituch greater accuracy, as well as to restrict our
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analysis to those galaxies associated with the HLQSOs @ettlimensional space. For example, an injudi-
cious choice of; in Eqg. 2.10 would lower the estimated cross-correlatiomtileneither by failing to count
HLQSO-associated galaxieg (< 1500 km st) or by diluting the clustering signal by the inclusion of the
voids adjacent to the HLQSO in redshift spaze> 1500 km §1).

2.4.3 Estimate of Halo Mass

The measured clustering of the galaxies in our sample isguiiyruseful in its connection to the mass scale
of the galaxy host halos. Because the clustering strengtlarf matter halos is a function of halo mass, we
can invert this relation to obtain the halo mass for a poparatf objects with a given autocorrelation length.
In practice, we perform this inversion numerically, findithg population of simulated halos (for which the
mass is known) that match the clustering strength of ouxgadample.

Using halo catalogs from the MultiDark MDR1 simulation (Bazet al. 2011; accessed via the MultiDark
Database of Riebe et al. 2011), we measured the correlamitrg as a function of minimum halo mass
My, using the Landy-Szalay estimator (Landy & Szalay 1993) astiming the same power-law slope<
1.5) used in our fit to the galaxy autocorrelation function. Therelation function was measured for halo
populations of differing masses by varying the minimurm ikl steps of 0.05 dex; the correlation lengths for
a subset of the halo samples are listed in Table 2.3. A poaverebrrelation function is a poor fit to the
halo clustering at small scales due to the effect of halousiah; therefore, we restricted our fit to pairs with
separations ¥ d/(h™* Mpc) < 5, a range that avoids the halo-exclusion zone while stisely matching
the range of projected distances in our observed sampléidmtanner, we find that our galaxy sample is
most consistent with having a minimum halo mass log(#.)>11.7+0.1, the fit to which is displayed in
Fig. 2.6. The halos in this mass range have a median mass{ag@y = 11.9+0.1. The statistical error in
the mass estimate is entirely due to the propagated errbeiautocorrelation function, as the uncertainty in
the autocorrelation function among simulated halos isigixg by comparison.

In addition to matching clustering strengths, we can alsengit to match the abundances of observed
galaxies and simulated halos. Although our spectroscapitpte of galaxies is incomplete, we can com-
pare this halo population to the galaxy luminosity funct{@LF) of Reddy et al. (2008), which corrects
for incompleteness in both the spectroscopic and photdretmples. Luminosity functions are measured
separately for galaxies with4d < z< 2.7 and 27 < z < 3.4, while our sample straddles these two redshift
intervals, but the GLF evolves very little over this redshéinge, and the predictions of either model are quite
similar. Using the Schechter (1976) GLF parameters listethble 7 of Reddy et al. (2008), and taking our
magnitude limitR < 25.5 to correspond to g (1700A)< -19.9 atz~ 2.7, the Reddy et al. models predict a
galaxy number densitygs = 2.4—-7.0 x 10°3h®Mpc~3 (including the & limits on¢*). The number density of
log(Mh/M)>11.7 halos in the MultiDark MDR1 simulation i&;m = 4.4 x 10-3h®*Mpc 3, entirely consistent
with the measured value .

Taking the population of log(MM )>11.7 halos to represent the host halos of the galaxies iremopke,
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Table 2.3. Clustering Properties of Simulated Halos

Minimum ACFrg? XCFroP
log() (" Mpe) (™ Mpc)

11.50 5.1 5.6
11.60 5.6 59
11.70 6.1 6.1
11.80 6.7 6.3
11.90 7.1 6.8
12.00 7.8 6.8
12.10 8.6 7.2
12.20 9.6 7.6
12.30 10.5 7.8
12.40 11.6 7.9
12.50 12.8 8.4
12.60 14.6 8.6
12.70 16.3 9.0
12.80 18.6 9.1

aHalo autocorrelation length (compare
to r$¢ = (6.0+:0.5)™* cMpc)

bCross-correlation length with halos
of mass log(M/Mg)>11.7 (compare to
rg@ = (7.3+1.3h™ cMpc)

we then estimate the mass of the HLQSO hosts by finding thelatpu of simulated halos whose cross-
correlation with the representative galaxy halos is equaur measured galaxy-HLQSO cross-correlation
function. Again varying the minimum WM (of fiducial HLQSO hosts) in 0.05 dex increments, and us-
ing a Landy-Szalay variant for a cross-correlation witks 1.5, we find that a HLQSO host halo mass
log(Mn/M)>12.1+0.5 (a median halo mass of logfi¥ ) = 12.3+0.5) is most consistent with our galaxy-
HLQSO cross-correlation measurement. The error in the isahise to the error on bouffQ and the prop-
agated error on the galaxy host halo mass, since the strefgfie cross-correlation function depends on
the mass of both the HLQSO-host and galaxy-host halo papaokat The fit to the corresponding simulated
cross-correlation function is shown in Fig. 2.6. The Mu#iR halos of log(M/M)>12.1+0.5 have an au-
tocorrelation length of 615 h™ cMpc, which we consider to be an estimate of the HLQSO autetziion
length, and such halos have an abundafge= (0.17-5.9) x 10°3h3Mpc~3 at z~2.5 in the simulation.

2.4.4 Dependence on Simulation Cosmology

The MultiDark suite of simulations used cosmological pasters based on the WMAP 5-year results,
{Qm,Q4,08,n} ={0.27,0.73,0.82,0.70}, which are consistent with thesheecent WMAP 7-year results from
Larson etal. (2011): {0.2760.029,0.734-0.029,0.8010.030,0.716-0.025}. In comparison, the older (and
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widely-utilized) Millennium simulation (Springel et al.0B5) used cosmological parameters based on the
WMAP 1-year results, @m,Q24,08,h} = {0.25,0.75,0.9,0.73}. We here consider how such a variain these
cosmological parameters affects the halo-matching psoeemloyed in this study.

The parameter®,, andog both affect halo abundances, and thus affect the halo bihshenmapping
from clustering strengths to halo masses. Zehavi et al.1(p6dnduct an HOD analysis on a large sample
of galaxies and find that varying the matter density over #mge 025 < O, < 0.3 produces only a-2%
variation in their clustering measurements, which is gsiitell compared to the statistical uncertainty in our
measurements.

However, the amplitude of the linear dark-matter fluctuadiosg, is tied to the clustering in a more pro-
nounced and complicated manner. The clustering of galamiéieaear theory is given by the galaxy bias
and the dark-matter clusteringsg(M) = b?(M)épm. Decreasingrs decreases the value 66y but also
greatly decreases the number density of high-mass halashwhuses the bias at a given halo m@dd)
to increase. For high-mass halos, the overall effect is ¢toeamse the clustering strength at a given mass
whenog is decreased, which suggests that mapping halo massesteriig strengths using the Millennium
simulation would result in a shift toward larger halo masd$espeating our halo-matching analysis on Mil-
lennium halo catalogs, we find that the best-matched halalptipn of galaxies has a minimum halo mass
log(Mn mit/Mg)>12.0+£0.1 and a median mass loggMii/M¢)=12.2£0.1 in that simulation. The discrep-
ancy between the two simulations+3x the statistical uncertainty in the galaxy halo mass nremsents,

confirming that the clustering of these massive halos ieqdhsitive to the chosen cosmological parameters.

2.4.5 Relative Abundances of Galaxy-Host and HLQSO-Host Habk

The mass scales of the host halos for galaxies and HLQSOsoeghat abundances, as described in §2.4.3.
A galaxy host halo abundance 6fim 117= 4.4 x 10°h*Mpc (the MultiDark Simulation abundance of
halos with log(M/M)>11.7) and a HLQSO host halo abundancegf, 121= 1.2 x 10°h3Mpc2 suggest
that halos massive enough to host a HLQSO are edly less abundant than those massive enough to host
the average galaxy in our sample; the fact that far fewer thras quarter of the galaxies in our sample
host a HLQSO is a strong constraint on the duty cycle of thégects. However, the precise value of the
HLQSO duty cycle depends on the number density of HLQSOswihiturn depends on the choice of QSO
population.

All of our HLQSOs have luminosities at rest-frame 1450A af(eL, /L )~14, or an absolute magnitude
M(1450A) ~ =303 This is brighter than the luminosity range for which largenple statistics are available in
surveys such as SDSS and SLAQ [see, e.g., Croom et al. 2008} (z=2) is comparable to M(1450A)],
but we can obtain an estimate of the 2.7 quasar luminosity function (QLF) by extrapolating theulesof

the highest redshift bins of Croom et al. (2009) to slightighter redshifts and luminosities; in this way we

3This criterion may not be satisfied for the gravitationallyded object Q0142-10, and it is possible that other QSOsrisample
are also lensed. However, we regard it as unlikely that 8ggmit lensing has remained undetected in these well-stutigtts, so the
rest-frame luminosities quoted here are assumed to be accurate
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roughly estimate the number density of M(1450A)30 QSOs to begso~ 107%5h® Mpc. Integrating this
density over the total comoving volume between redshifts 2< 3 predicts~25 QSOs in this luminosity
range over the entire sky, suggesting that a large fractidheocomparably bright QSOs at these redshifts
are already in our sample.

Given this number density, we can extract the duty cycle of@9Ds from the rati@qgso/ ¢sim,12.12
10%-107, defining the duty cycle as the fraction of halos massive ghda host a hyperluminous QSO
[log(L/L »)=14] that actually do host such a QSO. This extreme rarity véifipect to the number of potential
host halos indicates that the formation of the HLQSO mugtaala correspondingly rare event occurring on
scales much smaller than those probed by our analysis, perkéated to an extremely atypical merger or

galaxy interaction scenario.

2.4.6 Black Hole Mass vs. Halo Mass

It is interesting to compare the host halo masses of the HLQ®@he minimum black hole (BH) masses
allowed by their luminosities under the assumption of Edtin-limited accretion; we will refer to this
minimum mass as k. The minimum BH masses for each HLQSO are listed in Table\®&calculate the

value of Mgy directly from Lisso (the value ofvL,, at a rest-frame wavelength of 1450A):

otl14s50 -5 ( L1aso
=_———=31x10 —— | Mg. 2.15
4rGmyC % ( Lo > © (2.15)

We use Li450in place of the bolometric luminosityyk, in order to avoid the additional uncertainty in the
bolometric correction. The true bolometric correctiorikgly to be small: Nemmen & Brotherton (2010) use
a thin accretion disc model to predict a correction fact@y/L 1450 ~ 3, which is consistent with the empirical
correction estimated by Netzer & Trakhtenbrot (2007) fergband scaled by thedyoo/L 1450 relationship of
Netzer et al. (2007). However, there is substantial scattdrese corrections, and it may be expected that
Lpol/L1450 @pproaches unity for QSOs selected by the most extrem&kéatminosities, so kasois a useful
estimate (and likely a lower limit) onge.

The HLQSOs in our sample span a range-®k in Mgy (with the possible exception of Q0142-10), and
it is notable that the field (HS1549+1919) with the largestieaf Mgy is also associated with the largest
redshift overdensity in the galaxy distribution (see caluNisgg in Table 2.2). However, there is no clear
relation betweemN;500 and Msy among the other fields, and our galaxy samples are not largegénto
comment on the variation of M, with halo mass.

The median value of W for our sample is log(Mu/M ) ~ 9.7. This indicates that the HLQSO host DM
halos are only~300-2000x more massive than their associated supermdidiseeven assuming accretion
at the Eddington limit. The relationship between BH mass @Ml halo mass is uncertain even at- 0
(compare, e.g., Ferrarese 2002, Booth & Schaye 2010, antidfmty & Bender 2011), but these BHs lie

well above the predictions of the g¢¥-o or Mgy-V, relations for any reasonable mapping of the DM halo
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mass to the bulge velocity dispersioror circular velocityv., as demonstrated below.

Three such mappings are considered in Ferrarese (2002hialwhe halo virial velocity, is related
to the circular velocity by considering = v. (a zeroth-order approximationy; = 1.8w,;; (based on obser-
vational constraints on DM halo mass profiles by Seljak 2002y./w given by a function of halo mass
extracted from the N-body simulations of Bullock et al. (2D0These three different assumptions predict
BH masses of log(My4/M) = 7.0, 8.4, and 7.5, respectively, for a halo of mass lagfi4) = 12.3, cor-
responding to Mu/Mgy ~ 2 x 10°, 8 x 10%, and 6x 10*. In any of these cases, the minimum BH masses
for the HLQSOs in our sample are 1-2 orders of magnitude hitren the predictions of the low-redshift
associations, implying that the host halos must “catch uiph whe BHs in order to fall on the established
relations byz~ 0.

Though estimates of BH masses at high redshift are highlgmaio, as are the stellar masses of their
host galaxies, this result agrees qualitatively with savebservational studies that find BH host galaxies
at high redshift (1< z < 4) of a given stellar mass have systematically higher BH es#isan in the local
universe (e.g. Peng et al. 2006; Decarli et al. 2010; Mesddal. 2010; Greene et al. 2010); Booth & Schaye
(2010, 2011) describe an interpretation of this evolutioterms of the compactness of DM halos, which are
more tightly bound at high redshifts. These studies gelydiatl a smaller deviation from the~ O relations
than is present in our sample, but the extreme luminosifiélseoHLQSOSs in our sample force us to probe
the highest-mass end of the BH mass distribution, so ouruneaments are very sensitive to the scatter in the
Mp—Mgy relation as well as to evolution in the mean.

If we consider the possibility that the dynamical mass dised in §2.5 includes matter external to the
HLQSO host halo az ~ 2.7, which may merge into a single more massive halozhy 0, we can cal-
culate where such a halo would fall in the,MMgy relations of Ferrarese (2002). Taking a halo mass
log(Mn/Mg) = 13, the above prescriptions predict BH masses of lgg(M) = 8.3, 9.6 and 8.7, respec-
tively, which lie much closer to the range of BH masses se@uirsample. However, it seems clear that the
extremely high BH masses indicate that the HLQSOs are atlypidth respect to the general population of

QSOs) at the smallest scales.

2.5 Group-Sized HLQSO Environments

In addition to the properties of the HLQSO host halos thewesglit is interesting to consider the type of larger
environment these hyperluminous objects inhabit. Theiapatale of the galaxy overdensities occupied by
the HLQSOs in our sample is0.5h™* cMpc (Fig. 2.4;~200 pkpc), and the peculiar velocity scale of the
composite overdensity isypec ~ 200 km §* after accounting for our measurement errors (Fig. 2.1). The
relatively compact nature of the overdensity suggestsitimay represent a virialized structure (discussed
below), in which case the inferred size and velocity scateslme combined to provide a crude estimate of

the mass scale of the overdensity. The virial mass estintatobe expressed in terms of the 3D velocity
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dispersion(v?), a characteristic radilR, the gravitational constai@, and a constant ~ 1 that depends on

the geometry of the system:

Mayn = aR(V?) /G. (2.16)

If we approximate our group as a sphere of uniform densityherea = 5/3. We can also takév?) =

(V2) +(V2) +(V2) = B0Z ~ 3 x (200 km s')? andR ~ 200 pkpc from the scales above, from which we find that
the average HLQSO overdensity is associated with a tota$ togéMVyy/M ) ~ 13 — the approximate mass
scale of a small galaxy group, and consistent with the HLQ88 halo mass derived from the clustering

analysis in §2.4.3.

Because of the crude nature of this estimate, we considensstad checks to determine whether these
overdensities are indeed consistent with virialized gsoupthe galaxies around the HLQSOs are in virial
equilibrium, their spatial extent should roughly matchyirél radiusr o of a log(My/M ) ~ 13 halo, where
lo00 = (3Mgrp/800:rpcrit)1/3. In fact, the virial radius for this mass scale is approxehat,gg ~ 200 pkpc
~ 0.5h cMpc — this close match to the observed overdensity scalgesig that the HLQSO-associated

galaxy overdensities are indeed virialized.

Finally, we can estimate the number of galaxies associatitdeach HLQSO. From our smoothed selec-
tion function (82.3.1), we find that the approximate numhmngity of spectroscopically-observed galaxies at
Z~ 2.7 iS ¢spec= 1.3 x 1073h3Mpc~3, while the number density of log(MM)>11.7 halos in the MultiDark
simulation is¢sm = 4.4 x 103h3Mpc2 (which is also the abundance of galaxies predicted by the GfLF
Reddy et al. 2008). Under the assumption that each of theg®lj¢M)>11.7 dark matter halos hosts a
galaxy of comparable luminosity to those in our sample (83,4his implies that our spectroscopic sample
is ~30% complete. We find a total of 15 galaxies in our sample thatathin 1500 km &' and Q5h™
projected cMpc of a HLQSO; taking our completeness into astove expect that there are anotheB5
galaxies remaning unobserved in this volume. On averagegfitre, each of the 15 HLQSOs in our sample
has~3 other log(M/My) ~ 12 galaxies within 200 pkpc, again suggesting a group-srsdonment.

Note that we use the term “environment” here to connote aretjiat may or may not correspond to the
host halo of the HLQSO. The mass we derive here is slighthelathan the average HLQSO host halo mass
of log(Mn,osdMe) = 12.3£0.5 derived from our clustering analysis (82.4.3), and thkxjes associated
with the HLQSO overdensity extend to greater projected thehn the~130 pkpc virial radius of such a halo
(Fig. 2.4). The discrepancy in the mass estimate may be dlzger-than-assumed errors in the HLQSO
redshifts, as noted in §2.3.3; overestimation of the galegcity dispersion would inflate the dynamical
mass estimate of the system. However, it may also be that t@S® host and its galaxy neighbors are

subhalos within a larger structure corresponding to ourswesal dynamical mass.

In addition, we note that the velocity scale of 2800 km s* and the overdensity of galaxies in such

an environment are extremely conducive to mergers andodia interactions among galaxies. We suggest
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that the results of this study are thus strong evidence teafueling of these HLQSOs is associated with
merger activity, with the caveat that our sample of HLQSG=s ettreme outliers in the QSO luminosity
distribution, and thus may be formed and sustained by ralifferent mechanisms than the average QSO at

these redshifts.

2.6 Summary

We have used a large sample of galaxy redshifts to investipatenvironments of 15 hyperluminous QSOs
(HLQSOs) in the redshift range®2< z < 2.9. Our galaxy sample includes 1558 spectroscopic redshifts
betweerz=1.5-3.6 from the KBSS—we use the galaxies far from the HLQSOs to ciariae our redshift
selection function in much greater detail than is possikita purely photometric samples. Furthermore, all
the redshifts in our sample are projected withi® of one of the HLQSOs, which allows us to describe the

HLQSO environments on sub-Mpc scales. The principal caiehs of this work are given here:

1. The HLQSOs are associated with a 7 overdensity in redshift when considered on scales&i™
Mpc. The overdensity has a velocity scalemfec~ 200 km s after subracting the effect of redshift
errors, and a projected scale Rf~ 200 pkpc. When stacked at the redshifts of the HLQSOs, the
combined galaxy distribution shows no peaks of similar ificgnce, and stacking on random galaxy
redshifts shows that the HLQSOs are correlated with muclersigmificant small-scale overdensities

than the average galaxy in our sample.

2. Careful treatment of the HLQSO redshifts is essentiatifeoto accurately determine which galaxies
are associated with the HLQSOs in three-dimensional sp&tten available, we used a combination
of low-ionization broad lines, narrow emission lines, ahd bnset of the Lyx forest in the HLQSO
spectra themselves in conjunction with narrowduyat small angular separations from the HLQSOs
to obtain HLQSO redshifts offset by hundreds or thousandsro§™ from their previously published
values. The velocity scale of the observed overdensitychvts smaller than the measured offset for
any one of these HLQSOs, demonstrates both the accuracyrakbdshifts and the inadequacy of

common techniques for estimating the redshifts of thesethyminous objects.

3. The best-fit autocorrelation function for the subset déxgjas in our sample witlz > 2.25 Zneq~
2.63) has a correlation Iengl’rgG = (6.0+0.5)h™ cMpc. Comparison to dark-matter halo catalogs
from the MultiDark simulation suggests that the galaxiesun sample have a minimum halo mass of
log(Mn/M)>11.740.1 and a median halo mass of log{M:/M) = 11.9+0.1.

4. The best-fit galaxy-HLQSO correlation function for oungde has a correlation IengrlgQ =(7.3+
1.3)h™ cMpc. By measuring the clustering between dark matter haflagrious masses and those

halos having masses log(,)>11.7, we find that the cross-correlation between logi#)>11.7
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halos and log(M/M)>12.1 halos most closely matches our observed valupg%f We therefore
deduce that each HLQSO in our sample inhabits a dark mateemtig mass log(M/M)>12.14-0.5,
which corresponds to a median halo mass of log{M/M ) = 12.3+0.5. The number density of these
halos exceeds the number density of HLQSOs by a faefdf - 10’.

5. The HLQSO luminosities imply minimum masses log{(VM ) = 9.7, suggesting a BH-DM mass
ratio Mpm/Mpy < 300-2000 for a dark matter mass logfM/msun)~ 12.3-13. Such a small ratio
indicates that the HLQSOs are significantly overmassivh vaspect to the My—M, relation atz~ 0,
and appear overmassive with respect to equivalent rekatibhigher redshift (though black hole mass

estimates are quite uncertain at high redshifts).

6. The HLQSOs in our sample are associated with group-siadtb&ments with total mass log@w/M)~13.
This conclusion follows from a dynamical mass estimate fitbim peculiar velocities and projected
scale of the galaxy overdensity, and is consistent with thalvadius and galaxy counts expected for
such a group. The peculiar velocities and overdensitiesceged with groups strongly indicates that

these HLQSOs inhabit environments where mergers and diss#pnteractions are common.

In conclusion, the results of this chapter demonstrate tthathost halos of HLQSOs are not rare, so
the scarcity of these objects is likely due to an extremelgrobable small-scale phenomenon that produces
HLQSOs. Such a phenomenon could be related to an atypiadygiaiteraction geometry or similar scenario:
the overdense environment with small relative velocitiesila increase the probability of such an event,
but an unusual merger configuration is likely required toegate such large black hole masses and QSO

luminosities.
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Chapter 3

Constraints on Hyperluminous QSO
Lifetimes via Fluorescent Lya: Emitters
atZ ~ 2.7

This chapter was previously published as Trainor & Stei@dl® ApJ, 775, L3.
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Abstract

We present observations of a population ohLgmitters (LAES) exhibiting fluorescent emission via the
reprocessing of ionizing radiation from nearby hyperluoniss QSOs. These LAEs are part of a survey at
redshifts 25 < z < 2.9 combining narrowband photometric selection and spextms follow-up to char-
acterize the emission mechanisms, physical propertigsthaae-dimensional locations of the emitters with
respect to their nearby hyperluminous QSOs. These data abdo probe the radiation field, and thus the
radiative history, of the QSOs, and we determine that mosth@®B QSOs in our sample have been active
and of comparable luminosity for a time 1 M@to < 20 Myr. Furthermore, we find that the ionizing QSO

emission must have an opening an@le 30° or larger relative to the line of sight.
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The extreme luminosities of QSOs make them effective tseao€black hole growth over most of the Uni-
verse’s history (6< z < 7) and likewise illuminate the evolution of galaxies andy&scale structure over
these cosmological epochs and volumes. In particular, t&srof supermassive black holes is tightly cor-
related with properties of their host galaxies (e.g. Maigoret al. 1998; Gebhardt et al. 2000; Ferrarese &
Merritt 2000), while QSO clustering properties are welltaieed to the expected distribution of dark mat-
ter in and out of halos (e.g. Seljak 2000; Berlind & Weinbe€®2; Zehavi et al. 2004) according to the

cosmological standard model.

However, the manner in which QSOs populate and interact gathxies and dark-matter halos is ob-
scured by the unknown timescales and geometries over whick holes accrete mass and produce substan-
tial radiation. Specifically, the fraction of black holestltan be observed as QSOs depends sensitively on
the length of their active phases and whether their emigsi@otropic or confined to a narrow solid angle.

A short QSO lifetime tg) and/or a small opening angléd) would indicate that observed QSOs comprise a
small fraction of the total population of black holes (andr#fore galaxies and dark-matter halos) that will
pass through a QSO phase. Furthermore, both the compariggn®a typical star-formation timescale
tse ~ 100 Myr and the value ofg have deep implications for the mechanisms by which the QSfples to

the ISM in galaxies and produces feedback.

Current estimates df, utilize numerous methods, many of which are described inildet a review
by Martini (2004), and in general allow for QSO lifetimes imetrange 19yr < tg < 10° yr. In the last
decade, measurements of the QSO luminosity function arsleclng have provided particularly powerful
constraints on a globally-averagesl(e.g. Kelly et al. 2010), but they also rely on the poorly-sivained
black hole mass function or assume that the most luminouss(@®@ulate the most massive halos, contrary
to some observations and physically-motivated models (Erginor & Steidel 2012; Adelberger & Steidel
2005a; Conroy & White 2013). These global measurésg @fre also degenerate between single-phase QSO
accretion (in which the bulk of activity occurs in a singleeat) and multi-burst models (in which the same

total time in a QSO phase is distributed over many short &iocrevents).

More direct measurements ©f may be obtained from the effect of QSO radiation on their llecairo-
ments. Measures of the transverse proximity effect usedhenes (and associated light-travel times) over
which bright QSOs ionize their nearby gas and have yieldtchates or lower limits in the rangg ~ 16-40
Myr by tracing Hell (e.g. Jakobsen et al. 2003; Worseck et al. 2007) and maalGoncalves et al. 2008)

absorption systems.

The detection of fluorescent byemission provides another direct measuremeit.ofluorescent Lyt
arises from the reprocessing of ionizing photons (eitt@nfthe metagalactic UV background or alocal QSO)
at the surfaces of dense, neutral clouds of Fhis effect has been modeled with increasing complexigr ov
the last few decades (Hogan & Weymann 1987; Gould & Weinb@@ag 1 Cantalupo et al. 2005; Kollmeier



39

et al. 2010) and has now been observed around bright QSOsbgkder et al. 2006; Cantalupo et al. 2007,
2012; Trainor et al. 2013, in prep.). These detections havidied the feasibility of identifying fluorescent
emission from the intergalactic medium (IGM) and suggeatedde opening angléy of QSO emission (but
see also Hennawi & Prochaska 2013). They are consistenbitigr constraints otg, but have been limited
by small sample sizes and/or a lack of the 3D spatial infoilomatecessary to probe the spatial variation of
the QSO radiation field in detail.

This chapter presents results from a large survey of éynitters (LAES) in fields surrounding hyperlu-
minous (yy ~ 10* L) QSOs at redshifts.2 < z < 2.9. The full results of this survey, including a detailed
analysis of the Ly emission mechanisms and physical properties of the LAHEbwipresented in Trainor
et al. (2014, in prep.) and in Chapter 4. This chapter focosethe implications of these data ftoy and
fo. Observations and the data are briefly discussed in §3 @tifidation of fluorescent sources is discussed
in §3.3.1; constraints oty andfq appear in 83.3:283.3.5; and conclusions are given in §3.4. A standard
cosmology withHp = 70 km s and{Qm, 24} ={0.3,0.7} is assumed throughout, and distances are given in

physical units (e.g. pMpc).

3.2 Observations

We conducted deep imaging in each survey field using custorowlaand filters and corresponding broad-
band filters sampling the continuum nearaLyith Keck 1/LRIS-B over several years; these data are de-
scribed in Chapter 4. All eight fields are part of the Keck Bauig Structure Survey (KBSS; Rudie et al.
2012; Steidel et al. 2013, in prep.)

We used one of four narrowband filters to image each of thet O fields (centered on or near the
QSO0); a brief description of the fields and correspondingrlts given in Table 3.1. Each filter has a FWHM
~ 80A and a central wavelength tuned torLgit the redshift of one or more of the hyperluminous QSOs. The
QSOs span a redshift rangeb23< z < 2.843, and the filter width correspondsAx =~ 0.066 orAv =~ 5400
km st at their median redshift. The narrowband images have totidjiation times of 5-7 hours and reach a
depth for point sources afiyg(30) ~ 26.7; the continuum images are typically deeperby.5 mag.

Object identification and narrowband and continuum mageitneasurements were performed with SEx-
tractor. The success rate of our initial follow-up speatogs/ dropped sharply abowag = 26.5, so our LAES
are selected to have 20myg < 26.5 andmeni— Mg > 0.6 (corresponding to a rest-frame equivalent width
in Lya Wy, > 20A). These criteria define a set of 841 LAEs. The LAEs rangenfunresolved/compact
to extremely extended (FWHNt 107) sources. The extended objects require large photometeiduaes
that may enclose unassociated continuum sources; in a@deotd the complication of determining the true
continuum counterparts of these sources, LAEs with FWHN’ were removed from our sample for this
analysis, leaving a final photometric sample of 816 LAESs.

Spectra were obtained with Keck 1/LRIS-B in the multisliteeausing the 600/4000 grism; the spectral
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Table 3.1. Lyv-Emitter Field Descriptions

QSO Field Zo NB Filter Nonot  Nepec Ny, 1004
Q0100+13 (PHL957) Z21+0.001 NB4535 79 20 9
HS0105+1619 B52+0001 NB4430 109 23 6
Q014210 (UM673a) 2743+0.001 NB4535 58 25 11
Q1009+29 (CSO38) .B52+0.001 NB4430 60 35 13
HS1442+2931 B60+0.001 NB4430 120 39 23
HS1549+1919 B43+0.001 NB4670 202 95 27
HS1700+6416 75140001 NB4535 66 23 11
Q2343+12 573+0001 NB4325 122 © 16

aSpectroscopic follow-up observations of field Q2343+12 maicbeen obtained at
the time of this publication.

resolution near Ly for these spectra iR ~ 1200. Redshifts were measured via an automated algorithm
described in Chapter 4; the detecteddlines have a minimum SNR 3.5 and a median SNR 15. Detected
lines were required to lie at a wavelength where the trargorisexceeds 10% for the narrowband filter used
to select their associated candidates (typicaltyld 0A range), but no other prior was used to constrain the
automatic line detection. Redshifts were measured for 26@d_AEs meeting our final photometric criteria;
these comprise the spectroscopic sample used in this ch@86 redshifts were determined as described in

Trainor & Steidel (2012) and have estimated uncertaintigsso~ 270 km s*.

3.3 Results

3.3.1 Detection of Fluorescent Emission

Lya emission is subject to complex radiative-transfer effactd is ubiquitous in star-forming galaxies, so
accurate discrimination between fluorescence and otheelyission mechanisms is key to its use as a QSO
probe (see Cantalupo et al. 2005; Kollmeier et al. 2010). wertul tool in this regard is the rest-frame
equivalent width of Ly (W), which has a natural maximum in star-forming sources bsedbe same
massive stars produce the UV continuum and the ionizinggufsothat are reprocessed ashLgmission.
Empirically, UV-continuum-selected galaxies aisZz < 3 almost never exhibiy, > 100A (Kornei et al.
2010), which is also the maximum value expected for contisustar-formation lasting- 10° yr or longer
(Steidel et al. 2011). This threshold may demarcate thereéfluorescence from that of typical star-forming
galaxies. Furthermore, models of star-formation in theeswe limits of metallicity and short bursts predict
a stringent limit oMy, < 240 A (see Schaerer 2002 and discussion in Cantalupo et) 26r even the
most atypical star-forming galaxies.

The distribution oy, andmyg for the LAEs are displayed in Fig. 3.1. Observed-frame eajaivt
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Figure 3.1: The rest-frame equivalent widthy) of Lya determined from the measuragyn—myg color

for each LAE in our photometric sample. Objects detectechendontinuum band are displayed as blue
circles, while objects consistent with having no continuilum (after subtracting the measuredd._§lux) are
displayed as red arrows denoting Ibwer limits. Thresholds for the maximum value\d§ . consistent
with typical and extremely brief star-formation are plotts dashed lines ¥, = 100A andMy,, = 2404,
respectively (see §3.3.1 for details). The dotted ling\gt, = 20A denotes the minimum Ly equivalent
width for a LAE.

widths V) were measured from the narrowband color excess while atiogufor the presence of Ly
within the continuum filter bandpass; details of this pragedare given in Chapter ¥\y,, is estimated from
W by Wy =W/(1+Zgs0), Wherezgso is the redshift of the associated hyperluminous QSO.

Fig. 3.1 demonstrates that many of our LAEs exceed both tlehamd empirical thresholds for the max-
imum Wy, consistent with pure star formation: of the 816 LAEs, 116eed\, > 100A and 32 exceed
Wya > 240A. We consider these hight,, sources as excellent candidates to be fluorescence-demhinat

with minimal stellar contribution to their Ly flux.

3.3.2 Time delay of fluorescent emission

The presence of a fluorescent emitter indicates that it$ otame element was illuminated by ionizing QSO
radiation at the lookback timtg,, when the observed Lyphoton was emitted. Depending on whether the
fluorescent source lies in the foreground or backgrounde@80}.,, may be greater or less thagso, the
lookback time to the QSO itself.

However, this fluorescent Ly photon was generated by the reprocessing of an ionizing Q&@op

emitted a time; beforet,, wherety is the light-travel time from the QSO to the emitter. It is gesirically
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trivial to show thatgso < ty. +tir, and we can define the delay time for an emitter at a vectotiposi

taelay(r) = trya (r) +te(r) —tgso- (3.1)

It can likewise be shown that the locus of points for whigdy is constant forms a paraboloid pointed
toward the observer with the QSO at the focal point (see ER).t8p, for a pictorial representation at varying
values Oftgelay).-

The significance of such a delay surface can be seen by congidesimple, step-function model of QSO
emission in which the ionizing emission was zero a tigibefore we observe the QSO and has been constant
since that time. Under such a model, the ionizing field is f@rdyeiay(r) > to, and the spatial distribution of
fluorescent emitters must be restricted to the interior efraboloid defined byelay(r) = to.

Since the highAly, LAEs described in §3.3.1 are highly likely to be dominatedfloprescence, they
represent the best tracers of the QSO ionizing field. Belosvuge the distribution of these sources to set

limits ontg.

3.3.3 Constraints ont, from the redshift distribution

The geometry of our survey volume is such that we can prokgtiomescales (10yr < tq < 10° yr) via the
line-of-sight distribution of sources (see red box in Fig2,3op). The distribution 0¥, vs. d, for the
260 LAEs with measured redshifts is displayed in Fig. 3.2¢e), wherel, is the Hubble distance of each
emitter from its associated hyperluminous QSO determirad the difference of emitter and QSO redshifts.

Due to the effects of redshifts errors and peculiar velesitimong the LAEs and QSOs, our fore-
ground/background discrimination breaks dowrnat~ 700 km s?, corresponding ta, < 3 pMpc and
taelay S 20 Myr; we are therefore unable to constrijriower than 20 Myr based on the redshift distribution
of sources. Atgelay > 20 Myr, however, there is a significant paucity of highy, sources: only four sources
with Wy, > 100A lie in this range, and there are nonésat, > 33 Myr. This suggests, < 20 Myr for these
fields; we evaluate the significance of this result via nuoattiests below.

The non-uniform redshift coverage of our QSO fields compdisshe analysis af;; the observed redshift
distribution is modulated by the narrowband filter bandzassthe distribution of large-scale structure along
the QSO line of sight. In addition, the QSO redshifts are resfgrtly centered in their filter bandpasses,
which contributes part of the observed asymmetry. Fortipathe distribution of star-forming galaxies
presumably represented by diy,,, < 100A LAEs trace all of these effects, and we can use theirhiids
distribution to determine the expected distribution of #ens in the absence of fluorescence. We use the
entire sample of emitters with spectroscopic redshifts\iyd < 100A for this comparison.

First, we utilize the two-sample Kolmogorov-Smirnov (K85t, a measure of the probability that two
samples of observations are drawn from the same parenbdistn. Evaluating the test on the distributions
of d,(Wy, > 100A) andd,(Wy, < 100A) yields a KS statistiMys = 0.234, corresponding tp < 4 x 1073
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There are insufficient emitters with redshift measuremenperform the test on the higher-threshaid (., >

240A) sample with significance.

A disadvantage of the two-sample KS test is that it is mossitiea to differences that occur near the
center of two distributions, whereas we expect the strardmasation in these distributions at lardg where
no fluorescent emitters would appeardf < 20 Myr. For this reason, we conducted a Monte-Carlo test
in which subsamples of thét,, < 100A LAEs were randomly selected (with replacement), wtesreh
subsample has 67 objects, the numbeWof, > 100A emitters with spectroscopic redshifts in our actual
sample. For each subsample, the number of sourcesiwitt8 pMpc (corresponding tQeiay 2 20 Myr) was

counted.

As noted above, only four sources withy., > 100A exceedi, = 3 pMpc. In 10 simulated subsamples,
40 had three or fewer objects with > 3 pMpc, yielding a significancp < 4 x 10°*. We therefore conclude
that the 7 QSOs with spectroscopic follow-up (i.e., all g@td®2343+12) are consistent with < 20 Myr

(approximately the lowest it can be measured unambigudtety our redshift measurements).

3.3.4 Constraints ont, from the projected distribution

While the redshift distribution is not sensitive for probisigorter QSO lifetimes, sufficiently small values
of to will affect the projected distribution of sources in thesy volume. In particular, the constatgray
paraboloids fotgelay S 1 Myr are well matched to the geometry of our survey volume (agves on the left
side of Fig. 3.2, top).

Fig. 3.3 shows the correspondence of these surfaces (St yr < tyejay < 10° yr) to the radial
distribution ofW, for the entire photometric sample (note that the survey geinis not to scale, unlike in
Fig. 3.2). As above, a QSO with < tyelay Will produce fluorescent emission only within the corresgiog
paraboloid. Fotg < 0.3 Myr, this would produce a maximum projected distardg &t which a fluorescent
emitter could appear in our survey volume. Fd8 Myr <tq < 1 Myr, the fractional volume of the survey
within the time-delay surface decreases with increadingredicting that the probability of a given emitter

exhibiting fluorescence will likewise decrease with *

Notably, the projected distribution of LAEs is well-poptéd by objects withMy,, > 100A and those
with Wy, > 240A out to the largest values dfy probed by our survey, thus firmly ruling out lifetimes
to < 0.3 Myr. Furthermore, the radial distributions of sourceshwft,, > 100A andWy, < 100A are
entirely consistent when subjected to a two sample KS kgt € 0.095; p < 0.24); the null result is similar
using théMy,, = 240A threshold. Given the large number of objects in outtqimetric sampleNpnot = 816),
these data provide strong evidence tiaat, 1 Myr for the QSOs in our sample.

1The probability of being fluorescence-dominated will alspywaith distance due to the fall-off of the QSO ionizing rditia field,
but the effect on a flux-limited sample depends on the sizeldision of fluorescently-emitting regions. Simulations byllkeeier et al.
(2010) indicate that the net effect is small, so we neglecatiieh
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Figure 3.2: Redshift constraints on QSO lifetime®op: Schematic representation of QSO light travel with
observer lying to the left of the plot. Dashed circles repreghe current position of photons emitted by the
QSO 10 Myr, 20 Myr, ... 60 Myr ago. Shaded parabolas on right sienote surfaces of constéftay. For
the simple model of QSO emission discussed in §3.3.2, seuneg only exhibit fluorescent emission if they
lie in the foreground of the surface for whithyay = to, wheretg is the QSO lifetime. The red region shows
the geometry of this survey, for which surfaces of constané tdelay are well-approximated by surfaces
of constant redshift (green lines) fokiay 2 20 Myr. The narrow parabolas on the left side are time-delay
surfaces fotgelay < 1 Myr, which are shown in more detail in Fig. 3/8iddle: Ly« equivalent width\\My.,)

as a function of line-of-sight distance from the QSO for LAKth measured redshifts. Red limits and blue
points are plotted as in Fig. 3.1 with the addition of &rror bars. Nearly all points witiy > 100A

lie in the foreground of théyelay = 20 Myr surface.Bottom: The redshift distribution of emitters in three
bins of Wy, whereWy,, is either the detected value or the Ibwer limit. The fraction of emitters with
Wy, > 100A drops sharply fod, > 10 Mlyr ~ 3.24 pMpc.
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Figure 3.3: Plane-of-sky constraints on QSO lifetim@®p: Schematic representation of QSO region (as in
Fig. 3.2, top), with observer lying to the bottom of the plBhaded parabolas denote surfaces of constant time
delay (10 < tgelay < 10° as noted on figure). For all lifetimes < 1 Myr, few or no fluorescent sources are
predicted at largedy ~ 2 pMpc) separations from the QSO for our survey geometry. ZIheistribution of
spectroscopic LAEs is shown for comparisoiVig, < 100A (blue dots)Wyq > 100A (orange diamonds),
andWy,, > 240A (red stars)Middle: Ly« equivalent width\\y.) as a function of projected distance from
the QSO for photometrically-identified LAEs. Red limits aplde points are plotted as in Fig. 3.1. Sources
with Wy, > 100A are common out to the maximum projected distances drblyeour survey volume,
suggesting that the QSOs in our sample have lifetitges 1 Myr. Bottom: The projected distribution of
emitters in three bins oMy, whereW,, is either the detected value or the tbwer limit. The fraction of

emitters withWy, > 100A is fairly constant fod, < 2 pMpc.

3.3.5 Constraints onf,

For 6o <« /2, a substantial fraction of the survey volume at laggewill be inaccessible to the ionizing
emission of the QSO, which will affect the distributiondyffor fluorescent sources similarly tg < 1 Myr.

We can probélg in detail through the 2D spatial distribution of those highy, LAES with spectroscopic
redshifts. It is easily seen in Fig. 3.3 (top) that the hitlly-, LAESs (red and orange points) extend to large
projected radii at or near the QSO redshift, suggestingitimating emission is emanating from the QSO
nearly perpindicularly to the line of sight (i.e., withy ~ 90deg). In reality, redshift errors and peculiar
velocities prohibit us from establishing the line-of-diglistance of an LAE from the QSO to be less than 3
pMpc (see §3.3.3), so these data (with a 2 pMpc projectede)gmmgvide the constrairty 2 arctan(23) ~
30deg.



46
3.4 Conclusions

We have presented constraints on the lifetime and openigig afiionizing QSO emission based on a large
photometric/spectroscopic survey of LAEs in the regiomaiad hyperluminous QSOs (described in detail in
Chapter 4), finding 1 My< tg < 20 Myr andfg 2 30°.

These results are consistent with the most of the literatiseussed in 83.1; in particular, our estimate
of tg falls at the short end of the broad range allowed by the measemts reviewed in Martini (2004) and
is similar to the transverse proximity effect measuremehtsoncalves et al. (2008), which included a QSO
of comparable luminosity to those in this sample. Perhapstmignificantly,to measured here is short
compared to the-folding timescale of Salpeter (1964), = Mgy /Mgy ~ 45 Myr for a QSO withL = Lggq
and a radiative efficiency = L/I\/'Ic2 =0.1. Unless these QSOs hales> Lgqq Or are accreting with a low
radiative efficiency (neither of which is expected for lumiis QSOs), then these observed hyperluminous

accretion events do not dominate the accretion historyeif ttentral black holes.
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Chapter 4

The Kinematic and Gaseous Properties
of Ly a-Emitting Galaxies atZ ~ 2.7
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Abstract

We present a systematic survey of a population of fainty-eynitting galaxies (LAES) in the Mpc-scale re-
gions around hyperluminous QSOs (HLQSOs) .&t2 z < 3. The dataset of 749 photometrically-identified
LAEs includes 316 with spectroscopic detections of theit lgmission line. A sample of 35 LAEs with
rest-frame optical emission line spectra from MOSFIRE a®duo interpret the LAE spectra in the context
of their systemic redshifts. The fields described hereirirara the Keck Baryonic Structure Survey (KBSS),
which includes a large amount of ancillary broadband imggirhis large, multiwavelength database allows
us to characterize the distributions of LAE luminositied &g equivalent widths and compare them to stud-
ies of LAEs unassociated with known, bright QSOs. We find ena for a fluorescent contribution to their
Lya luminosities, strengthening the results of our previousliss. Using the MOSFIRE spectra, we study
the distributions of Ly-line velocities with respect to the LAE systemic redshifitsding a small population
of objects with significantly blueshifted kyemission, a potential indicator of inflowing gas. We alsothse
MOSFIRE redshifts to calibrate and stack the 316 rest-FU\ELspectra into their rest frame, yielding the
first detections of metal-enriched, outflowing winds in thésntest high-redshift galaxies. Further observa-
tions, particularly continued deep spectroscopy in theepkesl near-IR, are necessary to further probe the

evolution and enrichment of these galaxies in the contettigif QSO environments.
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4.1 Introduction

While the association of Ly emission with star formation in galaxies has long been ebgoe@Partridge &
Peebles 1967), the samples of galaxies at low redshiftroaaity displayed extremely weak or indiscernable
Lya emission (e.g. Giavalisco et al. 1996 and references thet@nly at high redshifts did the kyline be-
come an effective tool for tracing star-formation or seéleggalaxies, first for individual sources (Lowenthal
et al. 1991; Wolfe et al. 1992), and eventually in large nuralberough narrowband surveys (e.g. Cowie &
Hu 1998; Steidel et al. 2000). The increased efficacy of hegtshift surveys draws in part from logistical
factors: the detection of FUV photons suffers from significeerrestrial and galactic extinction as well as
technological limitations, all of which are ameliorateddijpwing these photons to redshift into more acces-
sible regions of the electromagnetic spectrum. Howeverintiinsic Lyx-emitting properties of galaxies also
increase with redshift out to at least- 6 (Stark et al. 2011), and this evolution is likely driven haages in

the internal properties of galaxies that generate pfrotons and/or inhibit their escape.

In particular, the resonant nature of theaLline causes these photons to experience many scatterings
before leaving a galaxy, which causes the net emission taghdyhsensitive to both the initial sources of
Lya photons (e.g. star-formation) and the transmissive ptagseof their surrounding medium (e.g. the
dust, neutral gas, and their spatial and kinematic didioha). For these reasons, galaxies selected by their
Ly« line (so-called Lymanx emitters; LAES) are found to be younger, fainter, and leddegaed than those
selected by the Lyman break and analogous continuum-aabntques (LBGs), despite the fact that all such

galaxies emit at least low-level byemission (Steidel et al. 2011).

In addition to providing a complementary population of higlishift galaxies to LBG samples, narrow-
band LAE surveys provide a notable advantage for isolatolgnaes of specific interest for galaxy selection.
The first detections of LAEs noted above came from targetiedields and redshift intervals associated with
damped Lyx absorbers (DLASs), and narrowband surveys have been usestd@otdarge numbers of LAEs
around radio galaxies (Venemans et al. 2007), QSOs (Caatatual. 2007, 2012; Trainor & Steidel 2013),
and known galaxy overdensities (Steidel et al. 2000; Erl.esabmitted). Such targeted surveys gener-
ate essential information on the environmental dependehgalaxy evolution while also providing a more

efficient means of selecting large numbers of galaxies veisipect to “blank field” studies.

Futhermore, LAE surveys drive our understanding of thetfgalaxies that likely dominate the star-
formation density and ionizing emission of the early undeefe.g. Robertson et al. 2013). Many aspects of
galaxy properties that are well-determined for LBG sampldsigh redshift have not been extended to low
stellar masses and continuum luminosities. Perhaps mesirtantly, the gaseous outflows seen ubiquitously
in large samples of LBGs (Steidel et al. 1996; Pettini et@012 Shapley et al. 2003) have extremely limited
observational constraints in LAEs. The primary markerdiese outflows are blueshifted absorption features
in the spectra of galaxies, and the intrinsic faintness oEEAn the continuum essentially prohibits these

measurements in all but the most atypically luminous LAB®e fypically-redshifted Ly line can similarly
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indicate the presence of outflowing winds, but only in coojion with an independent measurement of the
systemic (i.e. stellar) redshift of the galaxy. Rest-UMtteas associated with the systemic redshift are inac-
cessible in continuum-faint spectra, and rest-opticalifeglemission lines have been quite observationally
expensive until the recent advent of multi-object infraspéctrometers. However, it is precisely the faint

LAEs that provide the most exciting enviroment for studyihg kinematics of gas and galaxies. If the feed-
back processes omnipresent in LBGs extend to the earliddaartest galaxies, then the effects of galaxies
on their local gaseous environments must be taken into atedwien modeling the enrichment (e.g. Steidel

et al. 2010) and transparency (e.g. Schenker et al. 201B8gdfitcumgalactic and intergalactic media (CGM

and IGM).

In this chapter, we describe a survey of 749 LAEs in the regimound 8 hyperluminous QSOs (HLQ-
SOs) at 5 < z< 2.9. The galaxy overdensities around these luminous bladstmlbvide a means of study-
ing the environmental dependence of LAE population pararaée.g. the luminosity function and equivalent
width distribution in Ly), while also allowing the efficient selection of many morefE#than would be ob-
servable in the same time in a blank field. The higher den$gguorces in these fields also facilitates efficient
spectroscopic follow-up, and we present rest-FUV spectipg of a large fraction (316/749; 42%) of these
LAEs to describe their velocity distribution, emissiondimorphologies, and absorption spectra. Lastly, we
present a smaller subsample of 35 LAEs for which we have obthiest-frame optical spectra, thereby re-
vealing their systematic redshifts andd-kinematics and allowing the calibration and interpretatd the

much larger sample of rest-UV-only spectra.

The survey design and detailed descriptions of the photianegst-UV spectroscopic, and rest-optical
spectroscopic LAE samples are given in Sec. 4.2. The distoibs of photometric properties of the LAEs are
given in Sec. 4.3, including measurements of the Lyminosity function in the HLQSOs in comparison with
numerous studies of blank fields, the distribution of the snead Ly equivalent width\\y.) in comparison
with blank fields, and the broadband photometric properdfabese LAEs with respect to previous galaxy
samples of LAEs and LBGs. In Sec. 4.4, we present the speojpasproperties of the Ly emission lines,
including the measurements of the shift of the line with ez$go systemic for objects with rest-optical
spectra. In Sec. 4.5, we present measurements of metalptibsdines in the stacked continuum spectra
of the rest-UV spectroscopic sample, and we characterigeathization, covering fraction, and velocity
distribution of star-formation driven outflows in the LAES\ brief discussion and summary is given in
Sec. 4.6. Physical quantities are given in observable wiitn possible, but ACDM universe with 2,

Qa, Ho) =(0.3,0.7, 70 km ¥) is assumed when necessary.
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Table 4.1. Lyv-Emitter Field Descriptions

QSO Field Zo (£0.001) NBFilter FWHM (A) Exp(s) BBFilter® Npnot Nepec Nust®
Q0100+13 (PHL957) 721 NB4535 76 24590  B+G 69 20 12
HS0105+1619 B52 NB4430 72 21,600 B 79 22 22
Q0142-10 (UM673a) 2743 NB4535 76 18,000  B+G 48 22 10
Q1009+29 (CSO 38) B52 NB4430 72 18,000 B 71 35 15
HS1442+2931 B60 NB4430 72 18,000 B 140 41 29
HS1549+1919 B43 NB4670 88 18,000 G 198 95 44
HS1700+6416 51 NB4535 76 23,400  B+G 56 20 9
Q2343+12 573 NB4325 74 15,896 B 88 63 23

8EXp is the total exposure time on LRIS-B with the correspogdiB filter in the final selection image for each
field.

BB Filter refers to the broadband filteB,(G, or a combination of the two) used to measure the continuum
magnitude of the LAEs in each field (Sec. 4.2.1).

®Nyst refers to the number of objects in each field WHBT/WFC3 photometry in one or both of the F140W
and/or F160W filters.

4.2 Observations

4.2.1 Photometric Sample

We conducted deep imaging in each survey field using custarowband (NB) filters and corresponding
broadband filters sampling the continuum neat lyith Keck 1/LRIS (Oke et al. 1995; Steidel et al. 2004)
over a period of several years; these observations areildedén Table 4.1. All eight fields are part of the
Keck Baryonic Structure Survey (KBSS; Rudie et al. 2012) ledce have ancillary images in a variety of
broadband filters; the collection and reduction of thesa da¢ described in Steidel et al. (2004), Erb et al.
(2006), Reddy et al. (2008), and references therein. The MRS near-infrared (NIR) andK imaging will

be described in A. Strom et al. (in prep.).

The NB images were taken as a series of 1800 s exposures wiitiea plattern optimized to cover the
13.5’chip gap on LRIS-B. Each field had10 NB exposures for a total 5 hours of observing time per
field, for a typical 3¢ depth ofmyg(30) ~ 26.7 as estimated through Monte-Carlo simulations of simdlate
fake objects. The recovered fraction of simulated objetthése simulations suggest that our survey is
>95% complete (cumulatively) fomyg < 26.8 and has a magnitude-specific completene96% for all
magnitude binsmyg < 26.8. We used 4 NB filters for this survey, and each field was imagéuthe NB
filter centered most closely to the wavelength ofiLgt the redshift of its corresponding QSO. Other than
their central wavelengths, the 4 NB filters have similar sraission properties, with FWHM 80 A and a
peak transmissior-85% in all cases. As the QSOs span a redshift range3X z < 2.843, the filter width
corresponds ta\z~ 0.066 or Av ~ 5400 km s at their median redshift. See Table 4.1 for more detailed
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statistics on each field.

The continuum filter also varied among the fields in order featifvely sample the wavelength range
close to Lyv with minimal sensitivity to the continuum slope. For thissen, images were obtained using
the LRIS-BB and/orG filters; the continuum image for each field is then Bienage,G image, or an equal-
weighted combination of the two images (see Table 4.1). ¢h &iald, the effective central wavelength of the
continuum image is within-60 A of that of the correponding NB filter. Broadband imagesenxtaken with
exposure times of 1 hour, for a typical 3 depth ofmgg(30) ~ 28, again estimated through simulations of
fake objects. Hencefortimgg denotes the measured magnitude from the broadband filtesgs)to infer the

UV continuum value B, G, or both).

Standard IRAF routines were used to reduce the data via bidsastion, flat-fielding, cosmic-ray rejec-
tion, sky-subtraction, and image registration and continaBefore the final image combination, individual
exposures were astrometrically registered to LRIS*Rand images previously obtained as part of the KBSS
and corrected for distortion and rotation; the use of thespdroadband images for image registration en-
sured a high density of sources across the entire field. snntlainner, we optimize the relative astrometric
registration between our NB and d&ycontinuum images as well as their correspondence to thidaamc
KBSS data. As part of this process, all the images are regibte the 0211 pix* scale of LRIS-R before
being combined. Gaussian smoothing was performed to onetbrdf the NB and Ly.-continuum images

in order to match the PSFs of the two images.

Photometric calibration of the larcontinuum images was performed using photometric stahstars
from the catalogs of Massey et al. (1988) and Oke (1990) asrides in Steidel et al. (2003). The NB
images were calibrated iteratively with respect to the ioontm images during object selection. SExtractor
was used in two-image mode to select objects in the NB imadaraasure their magnitudes in both the
NB and continuum images. For each field, the resulting cgtaful color-magnitude diagram contained a
well-defined ridge of points with fairly constamig —mgg; the zero-point of the NB image was then adjusted
iteratively until this ridge-line correspondedng;s —mgg = 0. In fields where this ridge line was not constant
in mys —Mgg color, a color-dependent correction was applied to thedivaad fluxes. In all cases, this color
correction effectivelyincreased the broadband flux, a choice we made to ensure a lack of comasion
by lowWy, sources; however, this choice may have caused us to unideatsthe value o\, for the
faintest objects.

The success rate of our initial follow-up spectroscopy geap significantly abovenyg = 26.5 (see
Sec. 4.2.2), so our photometrically-identified LAEs arestdd to have 22 myg < 26.5. The initial object
selection used in Trainor & Steidel (2013) was based on tihar excessmgg —myg > 0.6 (corresponding
closely to a rest-frame equivalent width indyfWy.] 2 20A). However, this color excess is not a perfect
proxy for equivalent width: the range of redshifts of our Qf&ds mean that a given value Wiy, cor-
responds to a slightly different color for each narrowbatidrfi Furthermore, measurement uncertainties in

flux map to uncertainties iy, in a non-trivial manner, particularly for sources withlétor no detected
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Figure 4.1: The apparent magnitude distribution of all photometric apelctroscopic LAEs observed in the
survey. NB magnitude denotes the apparent magnitude ofle®Ehn the narrowband (NB) filter used to
select it. Nearly all LAEs with NB< 25.5 were targeted spectroscopically. For MB26.5, the success
rate of spectroscopic identification of thed.gmission line dropped precipitously; for this reason, faper
primarily considers only those LAEs with a NB magnitude bter than 26.5.

broadband flux. Because of these complexities, the best eald and uncertainty oki,, was estimated via

a Monte-Carlo method described in Sec. 4.3.2, and the firatbpfetric selection is such thdt,, > 20A

as determined by those methods. As in Trainor & Steidel (2Gh3pter 3), extended sources (FWHM")
were removed from our sample for this analysis, as were tibjasually identified as likely contaminants
(such as those near bright stars, image defects, or the étlge detector, as well as those with spectral sig-
natures of contamination; see below). Via spectroscopirches for contamination to our sample from other
emission lines, we estimate a total contamination due terkxghift interlopers 0k 3% (see below). In to-
tal, these photometric criteria define a set of 749 LAEs. Bhimple is slightly different from that of Trainor
& Steidel (2013) because of the more robust treatmefft{gf, for faint sources, as well as stricter criteria
for omitting potentially spurious sources. The apparengmitade distribution of both the photometric and

spectroscopic sample of LAEs is given in Fig. 4.1.

Photometry for the other KBSS broadband images was perfbaseabove, using SExtractor in two-
image mode to extract broadband magnitudes for the NB-dkfipertures. Most of the images come from

ground-based telescopes (Keck LRIS, MOSIRE; Palomar WIR@)caver the entire-5' x7’ footprint of
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the KBSS-Ly: fields. HST/WFC3 data were obtained in the single poinfirajshe center of each field in
the F140W (PI: Erb) and F160W (PI: Law) bands; these smaitaigies are-2' x2' and cover only 91 of
the 749 KBSS-Lyw LAEs. These data are described in detail in Erb et al. (in prapd Law et al. (2012),

respectively, and they are summarized in Table 4.1.

4.2.2 LRIS Spectroscopic Sample

Rest-UV spectra were obtained with Keck 1/LRIS-B in the islittmode using the 600/4000 grism and
560nm dichroic; the spectral resolution near the obseryedwavelength for these spectraks~ 1300,
corresponding to a velocity resolutien~100 km s. Spectroscopic observations were performed in sets of
3-4 1800 s exposures, for a total of 1.5-2 hours of total iratiéégn time per object. By the completion of the
survey, more than 50% of candidates in all fields had beenreddewith some candidates being observed
on as many as three different masks. These observationcwedected and reduced in essentially the same
manner as those of the KBSS and preceding surveys, a dedaediption of which can be found in Steidel
et al. (2003) and Steidel et al. (2004). Specifically, mas&sveonstructed and targets assigned as described
by Steidel et al. (2003), but with a minimum slit length of’iri.order to provide better background subtrac-
tion for these continuum-faint4~27; see 4.3.3) sources. The data were reduced (includinfididing,
cosmic-ray rejection, background subtraction, flexure pensation, and wavelength/flux calibration) using
a set of standard IRAF tasks as described in Steidel et 3)20he output spectra were resampled to the
median wavelength scale of the observations, 1.26 A/pix.

The resulting one-dimensional spectra were then subjeotesh automated line-detection algorithm,
described here. First, each spectrum was smoothed withreelkeorresponding to the instrumental res-
olution (~3.5A FWHM). A detection region of the spectrum was then ismlatin order to ensure that
spectroscopically-detected objects corresponded to Migiselected counterparts, the algorithm only lo-
cated emission lines that would fall between the 10% powertp@f the corresponding NB filter used to
select them. The highest peak in this detection region wes tised to define the first guess at the emission

line wavelength. The significance of the detected peak wasdistimated by

) Mpix
Py)=1- < / y G(X) dx) , 4.1)
Ymax/oy

whereymax iS the observed peak (minus any measured continuum, whiokually not detected) in the
smoothed spectrunay, is the sample standard deviation of the smoothed spectruheidetection region,
G(X) = e‘Xz/z/\/? is the normal distribution function, anglix is the number of pixels in the detection region
of the spectrum. In this way(y) represents the probability of measuring one or more piwéls value
Y>Ymax Within the detection region, assuming the pixel values amemally distributed with variance&.

Spectra withP(y) < 0.05 were rejected as non-detections, while those ®{if) > 0.05 were designated

1A second F160W pointing was obtained in the Q2343 field away fihe QSO, but these data are not used in this chapter.
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candidate emission lines. The total flux in each candidaissom line was then estimated both by Gaussian
fitting and by direct integration of the unsmoothed spectrufithe fit was poor (either by comparison of
the two flux values or by the?-value of the fit) or the signal-to-noise of the line was sigfitly high

(fx >5x 108 erg s cm? A1), the line was re-fit using an asymmetric line profile:

AN M/2%hue N <y

fA(A) =
Ae A 1W)/207eq ) >

(4.2)

Here,ope represents the line-width measured from the “blue” sideneffieak, whiler,q is the width
on the “red” side of the peak. From these quantities, we deawise define the asymmetry of the line
shape,aasym = ored/Tbiue, @ potential diagnostic of Ly escape physics (Zheng & Wallace 2013; Chonis
et al. 2013). For lines found to be multi-peaked (defined leyekistence of a second peak in the smoothed
spectrum at least 2s5above the continuum and within 1500 kit sf the primary peak), a second Gaussian
or asymmetric Gaussian component was allowed to be fit as Welimore than two Gaussian components
were allowed in each fit. When fitting asymmetric profiles, tteviere constrained such that neithg,e nor
ored could fall below the instrument resolutiotiyfuesred> 1.5A). The asymmetries and multiple components
of the Ly« profile will be presented in future work, and they may contitditional information about the

Lya emission and obscuration mechanisms present in these LAEs.

The observed wavelength of the emission lines were estimdaetwo methods: direct integration of the
unsmoothed spectrum (i.e. the flux-weighted line centrady the fit value of: (i.e. the peak of the fit
Gaussian profile, whether symmetric or asymmetric). Fotirpglaked lines, the peak of the component that
encompassed a majority of the line flux was used. Henceforthis chapterzy, peak denotes the redshift
of the Ly line derived from the Gaussian peak, whilg ave refers to the redshift derived from direct

integration; these values are compared in Sec. 4.4.1.

The observed spectral range for each spectrum depends q@tatteament of the corresponding slit on
the mask, but most slits were placed to cover a rest-waviaagge 900A A <1500A atz~2.7. As such,
contaminants to our LAE sample were considered by seardébimgnomalous emission lines outside of the
Ly« detection window. A small number of such objects were folBetause the narrowband filters employed
in this survey all have\. < 50004, [Ol11] emitters are excluded by design; all the spectroscopiddéintified
contaminants were lower-redshift AGN in which strong/C\1550 {~1.9) or Hell A1540 ¢~1.7) emission
was detected by our narrowband filter and misidentified as Ly these systems, all of ky C1Vv, and Hell
show high-equivalent-width emission. In order to contaylguch contaminants, each spectrum was checked
by the line-detection algorithm for emission at the expa&tdeation of the other two lines in the case of a line
mis-identification. In this manner, 5 objects were found rehthe narrowband excess was caused by C
emission, and another 5 objects were detected due tbétrission. These objects were removed from both
our spectroscopic and photometric samples. In total, tbesstraints define a sample of 422 spectra for 316

unique LAEs; the contamination rate for the photometricgiars thus estimated to be 2316+10) =31%
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Figure 4.2: The redshift distribution of all spectroscopically-idified LAEs in each field (red). For each

field, the number of objects with spectra is given in the upettr Vertical dashed lines correspond to the
HLQSO redshift in each field. Solid black lines denote traigsion function for the narrowband filter used
to select objects in each field; the normalization is suchfi¥l is 10% transmission, the cut-off value for
the automatic line-detection algorithm. Note that neallji@lds display a strong association of LAEs with

the QSO redshift in addition to a more broadly-distributechponent.

based on the number of these identified IDAGN contaminants.

QSO redshifts were determined as described in Trainor &8k¢2012) and have estimated uncertainties
020s0~ 270 km s The redshift distribution of LAEs with respect to their nga QSO is shown for
each field in Fig. 4.2. On small scales, the redshift distiilsuof LAEs with respect to the HLQSOs is
more meaningful to consider as a distribution of velocitile relative LAE-QSO velocities are calculated
as in Eq. 2.4, withviag = ¢(z.ae — Zgso)/Zoso. The distribution of QSO-centric velocities for our entire
spectroscopic LAE sample is given in Fig. 4.3. In this caseztae is not equal tayy,, but has been shifted
by —200 km s* to account for the typical redshift of the kyemission peak with respect to systemic derived

from our MOSFIRE data set; this analysis is discussed in &dcl.

4.2.3 MOSFIRE Spectroscopic Sample

For a small subset of these dyselected objects, rest-frame optical spectra were alsarmu via the new
Multi-Object Spectrometer For InfraRed Exploration (MQBE; McLean et al. 2010, 2012) on the Keck 1
telescope. These data were taken over the course of the KRE3S-IRE survey (Steidel et al. 2014). All
the MOSFIRE data considered in this analysis are from the iEdbund the HLQSO Q2343+12% 2.573).
H-band andK-band spectra were obtained for 42 LAEs in this field and reduga the MOSFIRE-DRP;
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Figure 4.3: The velocity distribution of all spectroscopically-iddigd LAEs with respect to their nearby
hyperluminous QSO. The LAE redshifts are taken from the tspkdetection of Ly, but are shifted by
-200 km s? to account for the mean kyoffset with respect to systemic. The hatched curve is trectieh
function defined by the set of narrowband filters used to séhed AEs.
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Table 4.2. MOSFIRE Observations

ObjectName Wy, (B)  zya® 24 % onen(km s’ fiya/fua®
Q2343-NB0280  52.6 2580 25777 25627 459 1.9
Q2343-NB0308 588 2569 - 25663 BB 6.4
Q2343-NB0345 369 2592 - 25877 68 2.5
Q2343-NB0405  134.8  2.589 25861 - 5% -
Q2343-NB0565 3139 2566 - 25636 5B 3.1
Q2343-NB0791 374 2571 - 25740 68 11
Q2343-NB0970 441 2561 - 25755 524 3.9
Q2343-NB1041 1339 2550 - 25477 BB 4.5
Q2343-NB1154 541 2577 - 25907 580 3.1
Q2343-NB1174 2366 2551 - 25477 49 5.9
Q2343-NB1361  90.6 2560 25588 - 975 .
Q2343-NB1386 258 2569 - 25670 500 0.4
Q2343-NB1416 ~ 20.7 2560 25584 - 36 -
Q2343-NB1501 352 2561 - 25604  1Pal 0.6
Q2343-NB1518 223 2589 - 25860  1AS2 2.8
Q2343-NB1585 3034 2567 2.5651 (2.5645) 45+5 7.0
Q2343-NB1692 3592 2562 - 25605 4§ 6.7
Q2343-NB1783 350 2578 25766 (25767) 68+3 1.4
Q2343-NB1789 882 2547 - 25446 48 4.7
Q2343-NB1806  19.3 2598 - 25952 1l 2.4
Q2343-NB1828  26.7 2575 - 25723 883 2.6
Q2343-NB1829 321 2578 - 25754  ¥® 0.9
Q2343-NB1860 236 2574 - 25737 I3 15
Q2343-NB2089 519 2572 - 25773 680 2.4
Q2343-NB2211 662 2578 - 25758 4G 2.8
Q2343-NB2571  29.4 2582 - 25922 25 1.3
Q2343-NB2785 142 2572 - 25785 734 1.9
Q2343-NB2816 585 2578 - 25737 4B 3.2
Q2343-NB2821 324 2580 - 25783 4B 0.5

the observational strategies employed and reduction acétare described in Steidel et al. (2014). Redshift
fitting and object extraction were performed using the IDbgram MOSPEC (A. Strom et al., in prep.). Of
the 42 observed LAEs, 35 yielded redshifts via measurenfedto(K-band, 31 objects) and/or the [@]
AA4959 5007 doubletifi-band, 7 objects) in emission (note that three objects haasared redshifts in both
bands). Four of these objects do not meet the eguivalent width threshold employed here to define LAEs
in a strict senseWty, > 20A), but these four are kept in the sample because they wiesvise selected
via the same photometric techiniques used to define the féisé sample, and they all display strongcLy
emission in their spectra. Further information on thesetspds given in Table 4.2 and Fig. 4.4.1. The
redshift measured from the MOSFIRE spectra, whether franttlor K band, is hereafter denoted by

In the three cases where a measurement was obtained in buth, lhe measurement of the higher-$iN

was used, but both bands generally agree quite closeBB(km s1).
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Table 4.2
ObjectName  Wya ()  2ya® %"  Z*  onea(kms™ fiya/fuo®
Q2343-NB2834 7.2 2.570 - 2.5654 602 2.5
Q2343-NB2957 23.3 2.580 - 2.5550 45 1.7
Q2343-NB3061 57.6 2.579 - 2.5765 133 1.4
Q2343-NB3170 90.0 2.549 - 2.5499 502 2.6
Q2343-NB323% 110.4 2.574 25715 (2.5709) 45+5 10.1
Q2343-NB3292 134 2.570 - 2.5630 38 1.2

*2ya, Z4, andzg denote the redshifts measured from fitting thevlgmission lineH
band emission lines (primarily [@ A5007]), andK band emission lines (kdexclusively).

boneb iS the velocity width of the nebular emission line used torkefie, The instru-
mental profile width of~35 km s has not been removed.

“flya/ fHa is the ratio of Lyy to Ha for those objects withK-band spectroscopyfiy,
comes from direct integration of the iyl RIS spectrum, whilef,, is estimated by a fit to
the MOSFIRE spectrum. No slit correction is applied to aitmeasurement.

dIn the three cases where both tHeandK band spectra yielded redshifts, we adopted
the higher-S/NH band redshifts to defingep.

®The nebular redshift of Q2343-NB3231 was measured from @gi] A\4959A line
because tha5007A line did not fall on the detector.

4.3 Photometric properties of LAES

4.3.1 TheLya luminosity function

The distribution of Lyy-line luminosities for our photometric sample of LAEs isgjivin Fig. 4.4. Individual
LAE luminosities are estimated using the continuum-sulbééh NB image and laboratory-estimated filter
width (FWHM, see Table 4.1) to infer an integrated line flux.tAs redshift of each photometrically-selected
LAE is not known, the luminosity distance to the QSO in eadd fieas used to convert these integrated fluxes
into luminosities.

The NB filters used to measure these fluxes are not perfegtiipabin shape (Fig. 4.2), so some censor-
ing and underestimation of flux will occur for those objedtattfall in the wings of the filter transmission
function. To account for this effect, we follow the method®@fonwall et al. (2007) and Ciardullo et al.
(2012) in computing a convolution kernel to apply to the flustdbution. Those works studied the distri-
bution of LAEs in blank fields, however, and the underlyinggiaift distribution was assumed to be fairly
uniform. The presence of bright QSOs that are known to becassa with galaxy overdensities (Trainor &
Steidel 2012) thus violate this assumption. To accounttfis; tve applied the numerical convolution of the
filter transmission function via a Monte Carlo techniquet iiecounts for the fact that most objects lie near
the QSO, where the filter transmission is highest. Spedifiehitters were simulated with redshifts drawn

from a two component distribution: a combination of gaussitribution centered on the QSO redshift
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Figure 4.4: The Lya luminosity function for the 749 LAEs in our photometricallyentified sample. In
converting NB flux to a Ly luminosity, each LAE was assumed to lie at the redshift oh&arby QSO,
and a correction was made for the non-“top hat” transmiskiontion of the NB filter (see 8§4.3 for explana-
tion). The best-fit Schechter function is plotted in blackie@plotted curves correspond tod.yuminosity
functions at similar redshifts from the literature (Caofad et al. 2012; Hayes et al. 2010; Gronwall et al.
2007; Ciardullo et al. 2012); each curve is solid over thgesof luminosity used to derive it and dashed to
extrapolate over the entire range covered by this survele Mat the survey of Cantalupo et al. (2012) was
conducted in the field around a HLQSO of comparable lumigdsithose described here, but with a more
narrow selection filter. That work did not formally fit the limosity function, but rather assumed the values
of Hayes et al. (2010) fop* andL*, adjustingx (Eq. 4.3) to provide a visually acceptable fit to their data.



62

Table 4.3. Best-fit Schechter Function Parameters

log(L*/erg s*) log(¢*/h, cMpc) o 2
43.04+0.15 -3.4940.24 180+0.11 10.8
43.1 (fixed} -3.58+0.05 1844005 10.9

8The Schechter (1976) function was fit in two ways; first by
fitting all three functional parameters simultaneouslyd aac-
ondly by fixingL* to the value measured by Hayes et al. (2010)
and assumed by Cantalupo et al. (2012). The fits (and goodness
of-fit) are nearly identical in both cases, but the covaraisc
significantly decreased in the fixed-fit. The parameters of the
full fit are used in Fig. 4.4.

and a flat distribution covering the NB bandpass. The widtthefgaussian and relative normalization of
the two components were chosen such that the output distribomnatched the observed combined velocity
distribution of LAEs with respect to their nearby QSOs (F@). The overall effect is a slight20%) boost

to the average LAE flux, and these corrections have beeneabmithe binned points in Fig. 4.4 in order
to facilitate comparison to the curves of Gronwall et al.q2P0and Ciardullo et al. (2012), which have been
similarly corrected. Ay? fit was also performed to the binned values using Poissomseard assuming a

Schechter (1976) functional form:

1-«
¢ (L/L*) =9 (LL> e/t (4.3)

the fit parameter values for which are given in Table 4.3. Thealue of the fit is 10.8 on 9 degrees of
freedom. Atz ~ 2.7, our measurements might be expected to lie inbetweenth8.1 andz ~ 2.1 curves
of Gronwall et al. (2007) and Ciardullo et al. (2012), but@lir points lie above even the~ 3.1 curve.
Furthermore, the faint-end slope inferred from our data-(1.8) is steeper than those measured in the blank
fields (@ ~ 1.65) but is comparable to the faint-end slope measured inlptpns of LBGs (e.g. Reddy
et al. 2008). Notably, the break in the luminosity functismbot strong, and the* and¢* parameters are
quite degenerate: if we assume Ibg(L ) = 43.1 (Hayes et al. 2010; Cantalupo et al. 2012), {Revalue
increases marginally to 10.9 on 10 degrees of freedom (HaB)e

The shift in overall normalization is consistent with theasered overdensity of galaxies in the QSO
neighborhoods from Trainor & Steidel (2012), and both themmadization and the faint-end slope closely
resemble the luminosity function of Cantalupo et al. (20i#)ich was also measured in a single HLQSO
field. That analysis is not corrected for filter censoring, dmy correction would likely be minor (as here)
due to the intrinsic association of the LAEs with the cen@&8O. In addition to including only a single
field and omitting spectroscopy, the major difference betwihat survey and the work presented here is the
width of the NB filter employed~40A in Cantalupo et al. (2012) and80A for the four filters of KBSS-
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Lya. The difference in filter width corresponds to a differeneeeffective survey volume, and the wider
filter in our survey includes subtantial volume relativedy from the QSO, thus diluting the effect of the
QSO-associated overdensity on the overall luminosity tionc Accounting for this difference in effective
volumes, the luminosity function measured here is almasttidal to that of Cantalupo et al. (2012), though
with much tighter constraints and extending to highet lyminosities.

The steeper faint-end slope observed both in these datanaBdritalupo et al. (2012) is likely caused
by a fluorescent contribution to the observedillyminosity, in which ionizing QSO radiation incident on
optically-thick HI in these gas-rich galaxies is reprocessed asplyotons (Cantalupo et al. 2005; Kollmeier
et al. 2010). Radiative transfer simulations conducted éyt&lupo et al. (2012) show that this process causes
a steepening of the kyfaint-end slope due to the fact that the fluorescent corttabuo the total Lyy flux
produces the greatest fractional effect in gas-rich, ristdally faint galaxies. In this interpretation, many
of the faint objects selected near the QSOs are likely todraréry faint stellar populations that would fall
below the detection limit in a similarly deep survey in a tdield.

For comparison, similarly-constructeddyuminosity functions are presented for each of the eighdgiel
individually in Fig. 4.5. The diversity among fields is appar in the figure and can also be seen among
the blank field surveys @~ 2.2 in Fig. 4.4. Nearly all the QSO fields, however, are fairlysistent with
the combined luminosity function; the one exception is taklfaround HS1549+1919, which is the brightest
QSO in the sample and was previously known to harbor an excely rich overdensity of galaxies (Trainor
& Steidel 2012).

4.3.2 Ly« equivalent width distribution

The rest-frame equivalent width of by Wy, is an essential quantity for characterizing LAEs: not aidgs
Wy. define the selection criterion for LAEs, but its distributis seen to evolve significantly with redshift
(e.g. Ciardullo et al. 2012) and likely traces the evolvilnygical properties that dominate the emission and
transmission of Ly photons.

The value oWy, is difficult to define and to measure, however. The resonaitesing of Lyx pho-
tons through the interstellar and circumgalactic medideggenerally produces diffuse &yhalos around
high-redshift galaxies that appear compact in the UV camiin (Steidel et al. 2011), causing the observed
Ly« equivalent width to vary with aperature size and surfadghness sensitivity. This issue is especially
problematic in spectroscopic measurements af flyx and equivalent width, where differential slit losses
between the line and continuum flux can cause the liye to appear in emission, absorption, or a super-
position of the two even for net-ly-emitters (Steidel et al. 2011). Additionally, the continaf these faint,
highWy ., sources are not significantly detected in individual sgectr

In light of these issues, we use photometric estimat&¥ gf for source selection and analysis using the
narrowband and broadband UV continuum images discusseecrdS2.1. Whilanyg andmgg correspond

closely to the Lyr and UV continuum fluxes, a precise estimatej, requires accounting for the by
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Figure 4.5: The Lya luminosity function for each field (blue points), computediie same manner as the
overall Lya: luminosity function in Fig. 4.4 (dashed black line). The rhen of photometrically-identified
LAEs in each field is given in the upper right.

flux falling within the broadband passband; for the high#fst; sources, the Ly line flux can dominate the

measured broadband flux. The expressiotigr, is thus given by the following:

(4.4)

Adgg — AN 1
\M_ya = A/\NB ( 88 NB - 1)

(fea/ fn)ANBe —AAns Z0s0
wherefyg andfgg are the AB flux densities correspondingtQs andmgg, AN andA\gg are the effective
FWHM of the narrowband and broadband images for each fieldTaele 4.1), andgso is the redshift of
the nearby HLQSO, taken to be the most likely redshift forltA&s selected in each field.

BecausaMy,, is undefined forfgg = fng AAng/Ags in this expression, we consider it to be formally
measured only iffgg > fys AMne/AMss + 0B, Whereogg is the estimated error ofgg?. If this condition
is not met, only a lower limit can be set 8,,. The dependence 8, on fgg also means that small
errors infgg can translate to extremely large errorsfify,, for continuum-faint sources. The uncertainties
and lower limits oMy, thus depend on the flux uncertainties in a complicated masoave estimate these
values via the following Monte-Carlo technique.

For each object, 1000 “observations”fafs and fgg are performed in which a small error is added to both
flux values; these errors are independently drawn from gausistributions with zero mean and variance
o?g andojg, respectively. These recomputed flux values are desigriggeahd f5;. For each “observation”,

WL’ya is then computed fronfijz and f4g using Eq. 4.4, so long afgg > fng Adns/AMgg. If this condition

2This is equivalent to requiring that the line-subtractedtizmium flux is greater than the uncertainty in the contintlum
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Figure 4.6: The distribution oMy, the rest-frame equivalent width of by Left: The overall distribution
of Wy (grey), with the best-fit exponential function (blue lindhe histogram is in log scale to emphasize
the hightMy, end, where the distribution deviates strongly from an egptial. Best-fit functions from
Gronwall et al. (2007), Ciardullo et al. (2012), and Guaitale (2010) are plotted for comparisoiight:
The distributions ofMy,, for those LAEs with spectroscopic redshifts lying in frobtug) or behind (red)
the QSO. The foreground LAEs are20A higher in averag@fy, than those in the background and include
~2x more sources Wity > 100A.

is not satisfied 4y is replaced byfyg AAng/AMgg in the computation 0 L’W. Estimated uncertainties on
Wy, are then drawn from the distribution 8f),,: the 15.7 and 84.2 %-tile values ¥f),, are taken as the
lower and upper &= uncertainties oW, in cases wheréy,, is formally measured, while the 31.8 %-tile
value is taken as the lower limit off,, whenfgg < fngAAne/ANgs +0gs.

The distribution oMy, calculated in this way is given in Fig. 4.6. For comparisogstkfit exponential
distribution functions from Ciardullo et al. (2012), Groallvet al. (2007), and Guaita et al. (2010) are shown
as well (parameterized #Wy,) = e Wre/Mo \NG). Ciardullo et al. use these fits to argue that the distriputi
evolves significantly fronz ~ 3.1 toz~ 2.1: Guaita et al. (2010) find a most-likely e-folding scalé/gf=
50+ 7A atz~ 2.1, while Gronwall et al. (2007) and Ciardullo et al. (2012}t = 64+ 9A andW, = 75+ 6A
respectively, for the same field at- 3.1 using two different NB filters.

Using the maximum-likelihood estimator of the e-foldingscfor our data gived = 43A, and this curve
is also plotted for comparison. However, none of theseiligions provide an acceptable description of our
data. An Anderson-Darling test for the likelihood of thesgedbeing drawn from an exponential distribution
(Anderson & Darling 1954) rejects that hypothesis at prdlighp < 1%. The non-exponential nature of the
distribution is clear from Fig. 4.6 (left panel): while tharee fits reasonably well at 504 Wya < 200A,
it significantly underpredicts the fraction of LAEs with ., > 200A, and all four curves underpredict the

fraction of LAEs with low values oWy, .

The failure of the exponential function to fit these data mepéy be due to the size of the data set, as an
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underlying non-exponentid\ ., distribution can be obscured in smaller samples such ag ttedsrenced
above. However, as those samples are also taken from bldd, fiee differences in our sample may also
be associated with the presence of the nearby QSO. It is welvk that LAEs are associated on average
with lower dust fractions and younger stellar populatidretcontinuum-bright galaxies, and Ciardullo et al.
(2012) suggest that the evolution of the equivalent-widstrithution tracks the production of dust and aging
of stellar populations over this time period. As galaxy etioin is expected to proceed more quickly in more
highly-biased environments (e.g. Steidel et al. 2005; Ketaal. 2013), it is perhaps not surprising that the
scale length of the equivalent-width distribution is sraaih these overdense QSO environments in the field.
On the other hand, the QSO fields also show an excess ofiigh1{ AEs. Cantalupo et al. (2012) find

a similar population of highy., LAEs in a QSO field az ~ 2.4, arguing (as in Trainor & Steidel 2013,

Chp. 3) that this effect is a key prediction of models of Q®@ticed fluorescent emission.

The HLQSOs in this sample were estimated to have &ggs~ 10 Myr based on the spatial distribution
of highW,y, LAEs; this effect can also be seen by comparing the distobudfWy, itself in the foreground
and background of each QSO. These distributions are givEigind.6 (right panel). As expected from the
results of Trainor & Steidel (2013, Chp. 3), the distribusodiffer: the 164 spectroscopic LAEs in the
foreground, where fluorescence is detected, have an aveahge(\Wy,) = 94+ 6A, while the background
LAEs have (Wy,) = 77+ 6A. Similarly, 57 of the 88 spectroscopic LAES withiy,, > 100A lie in the
QSO foreground, while only 31 lie in the background (most bfck are consistent with lying at the QSO
redshift, given their redshift uncertainties). Under a4pamametric KS test, the foreground and background

distributions oMy, differ with moderate significance,= 0.03.

4.3.3 Continuum properties

Because the presence of the nearby QSO seems to have a $teahgrethe Lyx-emitting properties of the

LAEs, it is useful to consider their properties at other wemgths in order to constrain physical properties
of the LAEs themselves, including those of their stellarydapions. In Fig. 4.7, we show the distribution of
NB and broadband fluxes for all the rest-frame optical and BdiRds covering the KBSS fields. The data
are divided into subsamples basedWiy,, and theW, > 100A sample in particular consists of objects
with marginal detections or non-detections in all broadbfiters, including deep HST WFC3 observations

in many cases.

In the following sections, we consider some detailed spéptoperties of the Ly line, some of which
are shown by Erb et al. (2014, submitted) to correlate withtiooum brightness. It is useful to note that the
LAEs studied here are significantly fainter on average thanstmple of Erb et al., which had a medizn
magnitude of 26.0; the 749 LAEs of this sample have a me@ian27.2, including 307 objects fainter than
the 3v Z depth of 27.6.
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Figure 4.7: Left: Mean LAE fluxes in AB magnitudes. Vertical error bars dendie symmetric standard
error on the mean irff,,. Horizontal error bars display the approximate wavelergiverage of each band
between half-max points; the NB filters are plotted withootizontal bars. Blue squares denote LAEs with
Wy, > 100A, while red circles denote LAEs withy, < 100A. Note that HST/WFC3 images (F140W,
F160W) do not cover the entire field (see Sec. 4.2.1), so thelyde a smaller number of objects. Model
SEDs are plotted for comparison in grey. The dark grey cuagah3x the star-formation rate and 5x the
stellar mass of the light grey curvBight: Distribution of object signal-to-noise ratios of LAEs inabeband,
for each bin inMy,,. Center points are median values, while bars denote theyirdetile range (28 and 74
%-tiles). A large fraction of th&\y,, > 100A sample is consistent with zero flux in all the NIR bands.
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4.4 Lyman-a spectral morphology

As introduced in Sec. 4.1, the observed spectral profile @Lth line is the result of both the input distri-
bution of Lya: photons produced directly from recombination and the rasbacattering that both impedes
and shapes their escape. The net result of these procestasfiorming galaxies is generally seen to be the
broadening of the Ly line and an overall shift redward with respect to the systemdshift (e.g. Shapley
et al. 2003), an observation that can be simply explainedutjosving winds that drive Ly photons to sig-
nificant shifts in both space and velocity (Steidel et al. ®0The details of these effects, however, depend
on many factors, including the dust content, column depsiyering fraction, and velocity distribution of
the scattering medium.

As the Ly line profile bears the imprint of these diverse galaxy andbgagerties, it may be an important
tool for studying galaxy evolution. However, the degeneeffects of these processes require care in their
interpretation. For instance, Hashimoto et al. (2013)eBkbr et al. (2013), and Shibuya et al. (2014) show
that galaxies selected via their dyemission have a smaller velocity shift of dywith respect to systemic
compared to continuum-selected galaxies (e.g. those alebtet al. 2010). Erb et al. (2014, submitted)
extend this study to a large sample of LAEs and LBGs with sygt@edshifts, demonstrating that thed.y
velocity shift shows a significant inverse trend with,, for the combined population of galaxies selected by
either technique. The physical basis of this relationsiipains unclear, however. In particular, it is not clear
whether the velocity offset of Ly is predominantly driven by wind velocity (as suggested bhiimoto
et al. 2013) or H optical depth (as suggested by Chonis et al. 2013). Furitresnmany LAES do not
exhibit simple Lyx shifts, but rather show complex, multipeaked profiles thay mesult from either internal
star formation (Kulas et al. 2012) or externally-illumiedtfluorescent processes (Kollmeier et al. 2010). In
particular, Ly lines that are blueshifted with respect to systemic maycetei systems that are dominated by
inflowing HI (Verhamme et al. 2006) whose low star-formation and initihg a-production would likely
hide them from view in non-fluorescing populations. Theribstion of Lya spectral properties and their
relation to other physical properties of the galaxies avs #n important window into the the processes that

drive gas into and out of galaxies throughout their evotutio

4.4.1 Velocity shift with respect to systemic redshift

The offset of the Ly line with respect to the systemic redshift was measureddoh ef the 36 LAESs in the

MOSFIRE sample using th&y, andz.e, values estimated as described in Sec. 4.2.2 and 4.2.3. Towtye

4ya~%eb
1+Zhep

Postage stamps of eachd-gnd nebular line spectrum in the MOSFIRE sample are disglen€ig. 4.4.1.

offset was then inferred from the measured redshifts @s=

The majority of the nebular redshifts are derived from, Hor which the intrinsic flux ratiofyy / fra = 8.7
under the typical assumption of case-B recombination. Theahline ratios in Fig. 4.4.1 vary considerably

(fya/ fHa ~ 0.4-10.1, Table 4.2) due to the differential slit losses and attéonaaffecting Lyx and Hx
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Figure 4.8: Lya and nebular line spectra for subsample of objects with M@&Hledshifts. Ly spectra
(black) are from LRIS, with resolutioR ~ 1300. Nebular spectra are for thexihe (red) or [Olll] (purple),
whichever was used to estimate the systemic redshift. Alll[Cspectra are for the 5007A line with the
exception of NB3231, for which we use the 4959A line becahséhtgher-wavelength emission line fell off
the detector. MOSFIRE spectra have been down-sampled tota faf three to match the LRIS resolution
and suppress noise; the narrowest lines are resolved imtbéned spectra. Both spectra are shifted to the
redshift frame estimated fromep,. The fluxes are i\F, units to facilitate comparison of their integrated line
luminosities.

photons.

The imperfect correspondence of thenlljne to the systemic redshift is clear from the panels in #ig.1.
The majority (28/35; 80%) of spectra display the redshittgd profile typical of star-forming galaxies, but
there are several objects with minimal velocity shift, oemwa dominant peak blueward of the systemic
redshift. The distribution of measured velocity shifts.., is given in Fig. 4.9. The typical Ly shift of +200
km s is clearly visible. This shift is consistent with that foufat the few samples of LAEs with systemic
redshifts in the literature (e.g. McLinden et al. 2011; Hasdto et al. 2013; Chonis et al. 2013; Shibuya et al.
2014), and significantly less than that found in typical skespf LBGs (Steidel et al. 2010).

The two panels of Fig. 4.9 show the effect of definimg, by either the fitted peakz(y. peay Or the
flux-weighted mean of the line profile (. .e See Sec. 4.2.2). While both methods yield qualitatively
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Figure 4.8: Continued.
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Figure 4.9: Distribution of Ly« velocity offsets for the LAEs with nebular redshifts meaglwith MOS-
FIRE. In each panel, the vertical dashed line denatgs= 0. Left: The distribution whemyy,, is defined by
the peak of the fit line profilez(y, peay. Most of the LAES have offsets in a tight range aroungd, = 200 km
s, but a few have Ly lines blueshifted with respect to the systemic redshiff( < 0). The LAEs falling
outside this narrow peak are labeled for comparison with &ig.1. Right: The distribution wherzy,, is
defined by the flux-averaged central value of the ling.(ave). Most LAEs again haveyy, ~ 200 km st
but with a broader distribution. Again, discrepant objeuts labeled, 5/6 of which are in common with the

Zpeak plOt.

similar distributions z.y. peak displays a markedly tighter correlation with the redshétided from nebular
emission lines thamzy. ae Leaving aside the 7 LAEs with significantly discrepant eswfvyy, under
either indicator (i.e., those labeled in either panel of Bi§), the standard deviations of the two distributions
areoypeak= 113 km st andoy ave = 148 km s, whereoy = (A(zheb—2y0)). The similarities between the two
distributions suggest that either quantity is a reasoratobey for the systemic redshift after correcting for the
typical 200 km s offset, and even the individual velocities computed by bat#tasurements are consistent
within 100 km s? for the majority of objects. Becaugg . peak tracksz,ep more tightly, however, we adopt
ZsysLyn = Zya,peak— 200 as the best estimate of the systemic redshift in the absg#fmebular emission line
measurements.

In addition to the distribution of average or peakaljine velocities, it is interesting to consider the
total distribution of Lyr and nebular flux. Fig. 4.10 displays the stacked profile of36e_AEs in the
MOSFIRE sample. Of particular note is the breadth of the lprofile with respect to the nebular line
profile; assuming that the kyphotons are generated by recombination processes in the ldaintegions
that generate the nebular emission, the left panel of Fi§) diearly displays the diffusion of the yphotons
in velocity as they resonantly scatter through the surrmgndl | gas. Fitting a Gaussian function to the stack
of nebular lines yields a velocity width @f,e, = 504+ 2 km s, while the stacked Ly profile has a width
of o1y = 16248 km s for the primary (red) peak. These figures include the insémtal resolution of
MOSFIRE ¢ 35 km s') and LRIS ¢ 100 km sY) in their observed modes; subtracting this factor in
quadrature yields intrinsic widths efif"> ~ 40 km s* ando(}"*"® = 127 km s*. The peak of the stacked

Ly« spectrum is again quite close+800 km s, but there is a distinct component blueward of the systemic
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Figure 4.10: Stacked spectral profiles for the 36 LAEs with systemic (teehuedshift measurementiseft:
Comparision of the stacked nebular (red) andvl(plack) line profiles for these LAEs. The nebular stack
consists of both H and [OIlI] A5007 lines where available. The lines are stacked accotditigeir corre-
sponding nebular redshifts, and the effect of resonantesaag on escaping Ly photons is clearly visible,
as is the typical Ly velocity offset of~ 200 km s redward of systemidRight: Comparison of the average
Ly« profiles when spectra are stacked according to their nekayatemic redshift (black, as above) and a
redshift derived directly from the Lyline peak (blue, shifteet30 km s* for clarity), wherein the “systemic”
redshift is estimated agys 1y, = Viyo —200 km s'. Stacking via the Ly redshift distorts the Ly profile and
diminishes the measured flux blueward of the systemic rédshi

redshift as well. After subtracting the low-level contimauthe fraction of Lyv line flux emitted blueward of
v=0is 29%. For comparison, we show the effective profile thaitel result from stacking all the Lylines

at the redshifts derived from the kyline and then making #200 km §? shift in the right panel of Fig. 4.10.
The resulting profile is narrowes, = 129+ 5 km s?), and only 15% of the continuum-subtracted line flux

is measured to be emittedak 0, roughly half of what is measured using the true systenuishits.

4.5 Evidence for winds in stacked spectra

4.5.1 Absorption signatures

While the resonance of the ytransition makes it a strong tracer of gas in and around reglhift galaxies,
this strong coupling can obscure the details of the phygsicadesses driving Ly absorption and emission.
In particular, we note in Sec. 4.4 that diytransmission is sensitive to a variety of factors, inclgdthe
optical depth, covering fraction, dust content, and kingesaf the gas distribution. Because they produce
degenerate effects on the dyyprofile, Lya emission alone is insufficient to fully characterize the dwant
emission mechanisms and physical conditions in LAEs or-nggishift galaxies generally.

The measurement of non-resonant lines in the UV continuugatsp of galaxies is thus a crucial tool
for disentangling these effects. Detailed analysis of thaiouum spectra of typical high-redshift galaxies

began with spectra of the gravitationally-lenged 2.7 galaxy MS 1512-cB58 (Pettini et al. 2000, 2002) and
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was extended to non-lensed galaxies through stacking #atrapof many £1000)z ~ 3 LBGs by Shapley

et al. (2003). These studies utilized the high S/N of theddra stacked spectra to extract metal abundances,
ion-specific covering fractions, wind velocities, and sysic redshifts for the galaxies while placing these
properties in the context of their star-formation ratessees, and Ly emission properties. For faint LAES
such as those in our sample, constraints on the metal comteinivind velocities are especially interesting
because they reveal the extent to which past and on-goinfpstaation are already having an effect on the
chemistry and kinematics of these particularly young, loass galaxies.

LAEs are by selection generally faint in the continuum, seaaption measurements of comparable fi-
delity to those of Shapley et al. (2003) are impossible imahe largest stacks of galaxies similar to those
considered here. Hashimoto et al. (2013) consider the ptisonprofiles in a stack of 4 LAEs with systemic
redshift measurements to measure wind velocities, andughibt al. (2014) conduct a similar analysis in
individual bright LAEs, finding typical outflow velocitiegys~ 100—-200 km st. However, the objects in
these studies ha\band magnitudeémg) ~ 24, suggesting that they would easily fall within typicalese
tion criteria for continuum-selected star forming galaxi#&/hile useful for studying the correlation between
wind velocity vaps andWy,,, these samples are clearly far removed from the faint LAEsicered in this
thesis, with median continuum magnitugas) = 26.8.

For such faint objects, large samples are needed to obtaim &ow-fidelity measurement of metal
absorption. Stacking our entire sample of 35 LAEs with MG®&Eredshifts does not yield sufficient signal
to measure individual absorption line strengths and veésciHowever, the results of Sec. 4.4.1 demonstrate
that the peak of the Ly line is an excellent proxy for the systemic redshift for thajonity of LAEs meeting
our selection criteria. Using this correlation, we canlsthe rest-UV spectra of all 316 LAEs with measured
Lyo redshifts using a rest frame defined Bys 1y = Ziya,peak— 200 km s. As many of our objects have
multiple LRIS spectra of their rest-FUV continuum, we indduall spectra for each object such that each
spectrum received equal weighting, effectively weightagh object by total exposure tirhd=urthermore,
two spectra with individually-significant continua (likeAGN) were removed from the sample in order
ensure that they did not dominate the stack; all the remgisjirectra have S/K< 1 in the continuum. Lastly,
the portion of each spectrum corresponding\te 5577+ 15A in the observed frame was omitted from
the stack in order to remove contamination from a bright akg.l In total, 422 LAE spectra were stacked,
producing a final spectrum with an effective exposure time 675 hours.

An error spectrum was then generated for the stack via a toappsng procedure. 1000 iterations were
performed in which 422 spectra were drawn (with replacejfeotn our sample and stacked to make a set
of 1000 randomized spectral stacks. The standard deviafivalues at each pixel was then used to define
the error spectrum of the true stacked data. From this epewtaum, we estimate that the stack has a median
S/IN~ 10 in the range 12304 \est < 1420A, the range of interest for the absorption lines diseddbelow

3The results of the continuum stacking are insensitive tothérethe objects are weighted equally, weighted by numbepedtsa,
or weighted by total exposure time.
4Unfortunately, we are unable to obtain robust measurementseo€ |V doublet 1549,1551A, generally one of the strongest
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Figure 4.11: Interstellar absorption signatures of metal lines in thelstd spectrum of all 316 spectroscopic
LAEs. Vertical red lines are the rest-wavelenths of metakiseen in absorption, while dashed blue lines
denote the wavelengths of fine-structure and nebular evni¢satures. A detailed list of these lines is given
in Table 4.4. Yellow shaded regions are the areas used talatdcthe equivalent width and absorption-
weighted velocity of each species; the absorption estidnfatleSill A\1304 is shaded green to differentiate
it from the partially-blended ® A1302 absorption. Uncertainties for the equivalent widtlasugements are
estimated via a bootstrapping procedure described in #tigthe bootstrapped error spectrum is displayed in
grey at the bottom of each panel.

Measurements were made of the absorption of six metal le@msesponding to four spectral regions
(Fig. 4.11, Table 4.4). For each spectral region, the caotim level was independently estimated using
the local median value, but the estimates among all fouoregare consistent t§ 2% in Afy units. The
measured continuum was also checked for consistency véthritadband photometry. At the median wave-
length of the absorption lines\§,s ~ 5000A), the stacked continuum flux is5/~ 1078 Jy (mMspe0 = 26.72),
comparable to the mean kysubtracted broadbar®)/G flux (7.9 ~ 1078 Jy; (mgg) = 26.66) measured pho-
tometrically among the 318 objects in the spectral stacksofition measurements were then made for the
low-ionization lines Sil A1260, O A1302, Sil A1304, and QI A1334, as well as the high-ionization doublet
Silv A\1393,1402. The equivalent width of absorption is estimateshch case by numerically integrat-
ing the set of continuous pixels withom < 1 nearest the rest-frame metal-line wavelength in the niireth
stack. The @ A1302 and Sil A1304 absorption lines are partially blended, so the divibietween them was
determined by visual inspection of the stacked spectruncetainties in the equivalent width were com-
puted by performing the same measurement for each line im @athe 1000 bootstrap spectra; the quoted
error refers to the standard deviation of these bootstrasorements. An absorption-weighted velocity was
then measured for each line via numerical integration ofitieeprofile: Vaps= [[1 — frormv]vdv. While the
equivalent widths in absorption of the two lines in theh&idoublet were measured separately, they were
constrained to have the same total absorption-weightexting!

All the measured absorption lines have measured mean tiekipy ~ 100-200 km st with absorp-

tion extending to/aps~ 500 km $?, in good agreement with the brighter LAE samples of Hashinsttal.

absorption lines in high-redshift galaxies and a key inicaf AGN activity when seen in emission. Because we favorgiselution of
the 600-line grism over the increased spectral range of@eo8400-line grisms, the §/ doublet falls off the spectrograph for many
of our objects. Furthermore, the particular redshift ranfyjeun LAES (z ~ 2.6) causes significant contamination néggst~ 15504
due to the bright sky line atgpg~ 5577A.



75

Table 4.4. LAE Continuum Absorption Features

lon Nab® fP Won (B)¢ A (108 s)®

Absorption features

Sill 1260.422 1.007 834+0.10 -

Ol 1302.169 0.04887 .83+0.1C¢ -

Sill 1304.370 0.094 Qa7+0.084 -

cl 1334.532 0.1278 .G24+0.11 -

Silv 1393.760 0.5140 .G0+0.12 -

Silv 1402.773 0.2553 .01+0.08 -
Emission features

Sin* 1264.738 - - 30.4

Sin* 1265.002 - - 473

ol 1304.858 - - 2.03

ol 1306.029 - - 0.676

Sil* 1309.276 - - 6.23

Cl* 1335.663 - - 0.476

Cl* 1335.708 - - 2.88

a/acuum wavelength of transition

bOscillator strength as in Pettini et al. 2002 (reproducennfiShapley
et al. 2003)

CEquivalent width of absorption in stacked spectrum (Fig1%.

4The OI A\1302 and Sil A1304 absorption lines are partially blended, so
the division between them is somewhat uncertain.

eEinstein A-coefficients from the NIST Atomic Spectra Datsba
(www.nist.gov/pml/data/asd.cfm)
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(2013) and Shibuya et al. (2014). Because the systemicifedale not precisely known for the LAEs in
our stack, there may be some additional uncertainty in owrsmned velocities compared to those measured
in samples with complete catalogs of systemic reshifts. él@r our stacked spectra also show several fine-
structure and nebular emission features (Fig. 4.11) tleatrare likely to trace the systemic galaxy redshifts;
the correspondence of these peaks to the rest-frame wagtledeof these features further suggests that our
corrected Ly line measurements are a good proxy for the redshifts in thags.

In addition to the velocities of this outflowing gas, thessaption lines likewise constrain its covering
fraction, f.. Because the $i A1304 line suffers from partial blending withiO.1302 it is difficult to robustly
measure the equivalent-width ratid ,60/Wi304 and thus the optical depth of 8j however, the depth of the
Sill A1260 absorption implies that the covering fraction ofi Siust be at least30%. Similarly, O and CllI
display a covering fractiorz20-25% as well. This consistency among the low-ionizatipecges suggests
they likely correspond to a neutral gas covering fractipr-30%.

The two lines of the Siv doublet have a ratid393/Wi 402, = 1.4, suggesting that the doublet is saturated
(Wi303/Wi402 = 2 On the linear part of the curve of growth). However, the keedine has S/N~ 2, and
~25% of the bootstrap spectra haWgsgs/Wiag2 2 2, S0 the transition may in fact be optically thin. The
high ionization potential of SV (33.5 eV) requires radiation from hot stars and/or colfisidonization in
T > 10°K gas, and therefore traces ionized gas in or around the gal4we depth of the two absorption lines
thus suggests the presence of an ionized medium with angeveowvering fractiorf; ~ 20% (or greater if
the lines are optically thin).

The velocity shift of the Ly line shows a strong inverse trend withdogquivalent width in the collective
populations of high-redshift LAEs and LBGs (Erb et al., sitbed), but there many mechanisms that could
underly this relationship. If a change in outflow velocitytie driver, then we should expect the velocity
profile of the metal absorption lines tracing the winds toyvaith Wy, as well. Unfortunately, the S/N in
stacked subsamples is too low to probe this evolution inviddal lines. However, we can boost the S/N
by combining the line profiles for multiple lines that we egpto trace the same gas. In particular, we can
stack the low-ionization lines (corresponding to neutralgds) and the high-ionization lines (corresponding
to ionized Hil gas) and thereby extract enough signal to probe the variafithe gas velocity distribution
with Wiy 4.

Spectra combined in this way are displayed in Fig. 4.12 feedhsubsamples M{,,. Because these
stacks include features at several different redshiftssuesampled them by a factor of two with respect to
the original wavelength scale before stacking in order tgimie the velocity resolution of the stacks. The
Wy, > 60A sample includes 158 LAE$W4y.) = 135A), the 20< W, < 60A sample includes 160 LAEs
((Wyo) = 38A), and théM,,, < 20A sample includes 82 objectd\y,) = 10A) that were selected by our
narrowband filter and whose spectra showlig emission but have photometric measuremeni#igf, too

low to fall into our sample of “true” LAESs. Details of theselsmamples are in Table 4.5.

Several key features are apparent in the bottom panels of Rig. Firstly, there is substantial absorption
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Table 4.5. LAE Spectroscopic Subsamples

Subsample Mya)  Nobj  Nsped rea (kM s1)®  ope (km s Av (km s1)P

Wy, > 60A 135A 158 211 1562 (120) 216:6 (191) 4514
20<Wy, <60A  38A 160 211 1562 (120) 29211 (274) AT45
Wy, < 20A 10A 82 94 1593 (124) 36927 (355) 4827

aBecause some objects were observed multiple times, andbdlthble spectra were combined
in each continuum stackspec> Nop;.

bThe parameters ey, one, aNd Av are the velocity widths of the red peak, blue peak, and
peak separation in the fit to the stackedhlspectrum (Fig. 4.12). The numbers in parentheses
reflect the subtraction (in quadrature) of the LRIS instrotakresolution of~100 km s2.
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Figure 4.12: Ly« emission and interstellar absorption signatures in sthekibsets of spectra grouped by
their photometric Lyt equivalent widthWMy,. Details of each subsample are given in Table Zdp.panels:
Ly« emission spectra (black), and profile fit (green) for eaclsamiple. The solid green line is the full fit, the
dotted green line is the fit continuum level, and the dashedmline is the blue-shifted Gaussian component
of the fit. The fits do not extend to > +500 km s?, as this portion of the spectrum was omitted during
fitting. Dashed and dot-dashed vertical lines demnoted andv = -500 km $?, respectively. Note that the
A~Yin the flux units is measured in the observed frame; the spdlifi is ~3.7x higher per unit rest-frame
wavelength Bottom panels: Red curves are the average absorption profiles of the loizaton species Si
21260 and GI 21334, while blue curves are the absorption profiles of theerhighly ionized Siv (11393
and\1402). O A1302 and Sil A1304 are omitted due to blending. As above, dashed and dbedavertical
lines denotev = 0 andv = -500 km s, while the dashed horizontal line denotes the local contimievel.
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by low-ionization lines in all three panels at the systeraitshift of the galaxyW= 0), but there is little or no
corresponding high-ionization absorptiorvat 0. At the negative edge of the absorption profikes-(-500
km s1), however, the high-ionization and low-ionization abginp are well aligned in each panel. This
pattern indicates that both ionized and neutral gas areptés the blueshifted outflow, but the interstellar
medium is dominated by neutrallFand low-ionization metals at the systemic redshift. Th&iteholds for

all three subsamples W y,.

Secondly, if the lines are assumed to be optically-thickrehs a slight trend in covering fraction as a
function ofWy,: fc ~ 30% for theWly, ~ 10A samplef. ~ 20% for the intermediate sample, afich 25%
for the lowest\My, sample. The decline ift fromWy, ~ 10A toWyq ~ 38Ais consistent with expectations
for Lya-emitting galaxies: Steidel et al. (2010) demonstratedbatrved Ly-emission is closely correlated
with the covering fraction of the gas through which thesetphs escape. The increasefirfromWy, ~ 38A
toWlya ~ 135A may not be significant because the continuum emissiextismely faint in the highesty,
stack; not only is the statistical error large, but smaltegmsatics in the spectroscopic background subtraction
could be significant in the stack of these faint objects and thias the measured continuum level. However,
the consistency between the photometric and spectroscopttuum estimates suggests this effect should
be quite small. In any case, it seems thatorrelates only weakly witk ., for these faintest, highe¥t,,,

galaxies.

Thirdly, there is some evolution in the maximum absorptieiouity as a function of\y.. While the
absorption extends tays ~ 500 km s? in all three panels, théMy, ~ 10A stack shows absorption in
Si IV extending to higher velocities at low optical depths. Casely, the outer edge of absorption in the
Wya ~ 135A stack extends no further thag,s~ —400 km §.5 It is important to note that the systematic
velocities used here are derived from a constant correttitime Ly redshift, and thus the evolution of the
Ly offset withW,,, could theoretically mimic an evolution in absorption vétgavith W,,. However,
despite the significantly smaller hyoffsets among LAEs with respect to LBGs, no trend/if, vs. Wy
is seen in samples consisting solely of LAEs, and no tren@isaed among the 35 LAEs with systematic
redshifts in this sample. Furthermore, no evolution Wifh), is seen in right-most edge of the low-ionization
absorption (presumably corresponding to neutral intbastgas at the systemic redshift) across the three
panels of Fig. 4.12; such a shift would be expected frof,a-dependent estimator of the systemic redshift.
Lastly, the total velocity width of absorption decreasegidicantly with increasingMy. across the three
panels, suggesting the presence of a real correlation @fdguivalent width with outflow velocity among
these faint LAEs.

5Note that the maximum absorption velocity is insensitive tp bias in the continuum level due to systematics in the backyto
subtraction.
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4.5.2 Lya emission signatures

The Lya emission profiles for each subsample (top panels of Fig)4H&w evidence for evolution in wind
velocity withW,, as well. Each Ly profile displays a narrow peak redward of the systemic rédy
construction, as they are stacked on the basis of their pgakéddshifts) as well as an extended blue tail.
This blue tail can be seen to broaden across the three péitéls. @.12 with decreasindiy,. To quantify

this effect, a two-component Gaussian fit was performedch stacked Ly profile with the following form:

f/\ (V) = Abluee_(\H-Av/z)/zablue + Alrede_(V_AV/Z)/ZU"Ed + 1EO,conta (4-5)

such that the fit profile consists of two Gaussian peaks ofrarkiheight and width, but with equal and
opposite shifts with respect to systemitAv/2). The model intentionally evokes an idealized outflow
scenario in which the average LAE is surrounded by outflowgiagin both directions along the line of sight.
In all three stacks, the red side of thedLprofile diverges strongly from a Gaussian shape at largecitils,
forming a broad red tail similar to that seenvak 0. In order to maintain the simplicity of the model, the
spectrum av > +500 km s* was omitted from the fitting.

The resulting fits are displayed in Fig. 4.12, with fit paragngtgiven in Table 4.5. Both the width of
the blue component and the separation of the blue and red peedeases with decreasiifgy,. While
such an effect could partially be driven by a varying éblumn density, the correspondence of the extended
absorption and emission strongly indicates the role of owrtfig gas in populating the wings of the dvy

emission profile.

4.5.3 Comparison to continuum-bright galaxies

While the trend of the outflow properties withy,, is fairly weak among the LAEs in this sample, we
can probe a much larger range in galaxy properties by exigritiie sample to include continuum-bright
galaxies. Several such spectroscopic samples have bdeotedlas part of the KBSS and related surveys.
In Fig. 4.13, we compare the stacked spectrum of all 316 LAHkis sample with two stacks of LBGs, one
from the KBSS-MOSFIRE (Steidel et al. 2014), and the othemfia survey for Lyman-continuum (LyC)
emission inz~ 3 galaxies (C. Steidel et al., in prep.). Details of thesedammples are given in Table 4.6.
The KBSS-MOSFIRE sample consists of 132 galaxies that edthieLya emission in their UV spectra
and have redshifts measured via nebular emission linest dalsese rest-UV spectra were observed using
Keck/LRIS-B with the 400-line grism, providing a spectrasolutionR ~ 800, oro, ~ 160 km s!. There
is significantly more metal absorption in each of the spédittas shown in Fig. 4.11, and the absorption
profiles are both broader (extendingwte= ~1000 km s%) and deeper<0.5x the continuum value) with
respect to the LAE stack. The excited fine-structure andlaelemission lines, however, are well-matched
to the corresponding LAE features, further validating tbashift offset employed for the KBSS-tystack.

The LyC survey sample consists of 123 galaxies without regtneldshifts; the redshifts for this sample
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Figure 4.13: Composite UV continuum spectra for stacks of KBSS¥IWAESs and two comparison samples
of LBGs. Details of the LBG samples are given in Table 4.6. $taeks are inf, normalized to the same
continuum level. The LAE stack (black) is the same as thaggin Fig. 4.11. The KBSS-MOSFIRE stack
(blue) hask ~ 800, with all redshifts measured via nebular emission lifié® “LyC Survey” stack (orange)
hasR ~ 1300 (equal to that of the KBSS-byspectra) and redshifts measured by a calibrated combmatio
Lya emission and metal absorption redshifts. The absorptias |displayed in Fig. 4.11 are here marked by
vertical dashed lines. Given the difference in resolutiba,two LBG samples are highly consistent with each
other and exhibit clear contrasts with the LAE sample, iditig significantly broader and deeper absorption
profiles.

Table 4.6. LAE and LBG Comparison Samples

Sample (2 Mus® Mias® Mlya)® Nobj A/dA Wized?  fo1266® Vizgo (km s2)f
KBSS-Lya 270 27.0 -18.7 42A 316 1300 0.53A 0.3 -100
KBSS-MOSFIRE 2.30 245 -20.9 16A 132 800 1.50A 0.5 =201
LyC Survey 3.05 246 -21.3 14A 123 1300 1.73A 0.7 -186

3myas0 is the observed AB magnitude corresponding to the restdram 1450A UV continuum. At
z~ 2.7 (KBSS-Lyw and KBSS-MOSFIRE), this correponds to t@eband, whereas th& magnitude is
used for the LyC survey sample at- 3. For consistency with the other samples, the Lidfg,o value is
not Lya-subtracted, though the bhyemission dominates the broadband flux in many cases.

8M 1450 is the absolute magnitude correspondingiias at the typical redshift of the samp(g).

‘Because the LBG samples have no narrowband iyages, the values &fiy, here were measured
spectroscopically. For consistency, the spectroscopicédguivalent width for our LAE stack is given as
well; note that the average photometric value for this saanepde is(\Wyq) = 85.6A.

Wi,60is the absorption equivalent width measurement of $1260, the strongest unblended feature in
the UV continuum of these three samples (Table 4.4, Fig.)4.11

®fc12601S the covering fraction of gas implied by the depth of thé Si1260 absorption trough.

fvi260is the absorption-weighted velocity of thelSBA1260 absorption trough.
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were estimated via a combination of theirdbgmission and interstellar absorption redshifts with abcation
based on the results of Steidel et al. (2010) and Rakic 2@L1(). Furthermore, the composite spectrum was
checked after stacking using stellar photospheric featur@% of these galaxies have redshifts derived solely
from the Lyn line and assume a 300 kritffset. The correspondence of the absorption and emisgien s
natures of the stack to those of the KBSS-MOSFIRE stack atgimonstrates the efficacy of the calibration
based on UV features. Furthermore, these spectra werevelsesing a 600-line grating that matches the
resolution of the KBSS-Ly sample, thereby allowing us to account for the effect of tveel resolution of
the KBSS-MOSFIRE sample. The absorption profiles of the tBGlsurveys are quite similar. The velocity
extent of the absorption is almost identical in both samplgs, ~ -1000 km s%), though the LyC stack
shows deeper absorption across all the lines. This diféerépartially a result of the higher spectral reso-
lution of the 600-line grism, but it may also signify a diféerce in the galaxy properties: at- 3, the LyC
galaxies have a brighter average rest-frame luminosity thase az ~ 2.3 (which have similar observed
magnitudes). The total equivalent width in absorption @epnted by the equivalent width inISi1260 in

Table 4.6) is insensitive to the spectral resolution andbisicantly greater for the LyC stack.

While the blending of Sil A1304 with OI A1302 again prevents a measurement of thé Sptical
depth, Shapley et al. (2003) demonstrate that the 8i260 transition is typically saturated in bright LBGs.
Furthermore, the consistency of the absorption troughsgrttte low-ionization species in the LBG stacks
suggests a gas covering fractify~ 0.5-0.7 in enriched, neutral low-ionization material for the twBG
samples. The line ratio of the 8i doublet isW;393/Wi402 ~ 2 for both LBG stacks (as in Shapley et al.
2003), suggesting an optically-thin transition afgd> 0.4 for the ionized HI gas.

Through comparison of the LAE and LBG stacks, it seems clearthe qualitative links between by
emission and and interstellar absorption discussed inl&ha&p al. (2003) persist down to far fainter con-
tinuum luminosities than those probed by samples of LBGse wind velocity (represented by either the
absorption-weighted mean or the highest-velocity edgdsbgption) decreases with increasifg,, across
the LBG and LAE subsamples, and the covering fraction of gagsisteadily with increasingy,, to at least
the intermediate subsample of LAB&{(,, ~38A). The offset of the Ly emission likewise decreases from

the LBG samples~300 km §?) to the LAE stacks.

However, many of these properties break down or become noonplcated at highy,. While f¢ is
significantly lower among the LAEs than either sample of LB@G®re is only weak evolution of; with
Wy, among the subsamples of LAEs, particularlyy, > 20—-60A. The absorption velocity correlates
with the breadth of the extended dyemission wings in a two-component model, but neither thettwid
the narrow Lyv peak nor its offset from the systemic redshift seem to deeneitherMy, or Vaps Erb et
al. (2014, submitted) likewise find a strong relationshipusen\W,, and Ly offset velocity in a combined
sample of LAEs and LBGs, but little or no relation among theviselected galaxies themselves. A clear
determination of the physical origins and limits of theslatienships awaits a more a more comprehensive

characterization of the physical conditions within thegeEk (including further rest-optical spectra), but
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some general conclusions can already be drawn.

It seems obvious that the many factors which can drive byoduction and escape each play a role
in this process, and these roles likely vary with galaxy prtips. The broad Ly emission profiles with
respect to those of the nebular emission linesdthd [Ol1l] demonstrate that the observedd photons are
significantly scattered before escaping these LAEs. Thenexif the wings of the Ly emission line are
likely to be populated by scattering off of outflowing gasddhus the wings are sensitive to the gas velocity,
but the relatively low measured covering fractions of thesilows and the constancy of thed.peak offset
may suggest that the majority of kyscatterings in LAESs occur without incurring a large windivdn velocity
offset. Such an effect would be likely in a scenario wher@xiscale winds are highly anisotropic and thus
create an orientation-dependent model fowlscattering and escape. The anisotropy of galaxy-scaleswind
is highly favored by simulations (e.g. Hopkins et al. 20112) ;ower-redshift observations (e.g. Kornei et al.
2012), both of which suggest that outflows dominate alongattie perpindicular to galactic disks, but it
is not clear whether the anisotropy of winds and that of lgmissivity coincide. Verhamme et al. (2012)
suggest that the the byflux and equivalent width are also maximized when a galaxybseoved face-on,
but this would naively predict a positive correlation be¢né .y velocity offset and equivalent width (rather

than the negative or no correlation observed).

However, Law et al. (2009) find that galaxieszat 2—-3 are generally not rotationally-supported, and
thus are less likely than low-redshift galaxies to genecatgerent, collimated outflows. The young, faint
populations of LAEs considered here are even less likelyamtain such structural coherence. Therefore,
the KBSS-Lyx LAEs may be best modeled by irregular morphologies in whigh photons escape through
a patchy ISM with minimal planar symmetry. Such a model, inclthLya photons escape through “holes” in
the neutral gas distribution, would similarly explain thegag association between dkyand LyC emissivity
(e.g. Mostardi et al. 2013). LBGs and other bright star-iogrgalaxies can have extremely lowd.yand
LyC escape fractions even when low-resolution spectrgssaggest that the gas covering fractionsaré;
in many cases, there may be extremely narrow, unresolvest@titm components covering the line of sight
that are still capable of absorbing all of the incident LyCkf{e.g. the galaxy Q0000-D6, as discussed by
Shapley et al. 2003 and Giallongo et al. 2002). Only in thellemgalaxies with lower gas surface densities

is it likely for a truly transparent window to penetrate tretral ISM.

Furthermore, while the scattering of &yphotons is driven by H the eventual absorption and destruction
of these photons is dominated by dust. The apparent breakdbtlie correlations of galaxy properties with
Wy« may indicate the transition to a regime where dust formadiod mixing into the ISM has not fully
progressed. The faintest LAEs at- 2-3 may be most analogous to those observerd-~at6, where the
extremely blue UV slopes suggest that escaping photonsuaterovery little dust while exiting the galaxy.
More robust fitting of the LAE spectral energy distributipicluding deep NIR images from MOSFIRE,
could strongly constrain the dust content of these younaxigd. Similarly, deep NIR spectra may constrain

the metallicity (and thus the chemistry) of their ISM.
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Finally, the decoupling between kyemission and galaxy properties in this sample at the higradses
of Wy, may be the result of the QSO contribution to theirdffux. For fluorescently-illuminated systems,
the total Ly flux is proportional to the surface area of optically-thick &hd the strength of the local QSO-
generated ionizing field Cantalupo et al. (2005); Kollmedeal. (2010), with minimal dependence on the
kinematic or chemical properties of the galaxies. Our fothing analysis of th&iST NIR and optical
images of these fields will shed more light on the physicasimorphologies, and stellar components of the

Ly a-emitting regions of these galaxies.

4.6 Conclusions

This chapter has presented a comprehensive account ofdperfies of Lyv-emitters in the fields around
hyperluminous QSOs a~ 2.7, taken from the KBSS-Ly. This unique spectroscopic and photometric
survey provides new insight into several diverse aspeatgiaixy and black hole evolution at high redshift,
which may be divided into several categories: the envirantmef the most luminous QSOs, the effect of
these QSOs on their surrounding galaxies and gas, and thergies of faint, nascent galaxies.

Firstly, it is clear that the galaxy overdensities seen inGsBby Trainor & Steidel (2012) extend to
the continuum-faint population of LAEs. The luminosity fition of LAEs is significantly boosted at all
luminosities in the neighborhoods of HLQSOs compared tolbkelds at similar redshifts. The redshift
distribution of these objects also shows a strong assoniatith the QSO redshift, with a distribution of
velocities/redshifts comparable to that of LBGs (i@ ~ 500 km s1). However, there is substantial diversity
among the eight HLQSO fields considered here; both the lusitinfunction and redshift distributions show
a range of properties, including some fields with little aggpé association between the location of the QSO
and that of the surrounding galaxies. Because LAE surveysrarch more effective at selecting objects
in a specific redshift window than LBG surveys, the galaxieduded here may provide a much higher-
fidelity probe of the HLQSO bias than the measurements ohdrat Steidel (2012), given a suitably deep
comparison sample of blank-field LAEs such as those coligayeongoing and forthcoming surveys.

Secondly, some properties of the LAEs appear to be strorféggtad by the presence of the nearby
QSO0. Specifically, there are several characteristics oLigs that indicate a fluorescent contribution to
their Lya emission: the faint-end slope of the luminosity distribuatis brighter than that seen in blank fields
(and consistent with that seen in observations and sinoakidf bright QSO fields), while the distribution
of Lya equivalent widths\Wy,, shows an excess of sources with high value$\gf, with respect to an
exponential distribution. As discussed in Trainor & Sté@ig13, these highi,, sources are preferentially
associated with the foreground of the QSO, a natural priedicif fluorescent emission in the presence of
a QSO with a lifetime of~ 10 Myr. In addition, near-IR (rest-frame optical) spectfdhese LAEs reveal
that several of them have bylines that are blueshifted with respect to their systemitsingts, a property

that is extremely rare in star-forming galaxies and may Beciated with inflowing (rather than outflowing)
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gas. In order to avoid being dominated by outflows, such ¢djeould likely have minimal star formation
(“dark galaxies”) and thus be uniquely observable undegrest, fluorescent illumination. These systemic
redshift measurements further the conclusions of Train8t&del (2013; Chapter 3) in suggesting that these
QSO-associated LAE samples contain some of these “darkigalahat may provide new insight into the
pre-stellar evolution of galaxies.

Lastly, despite the faint continuum luminosities and flgoent illumination of these LAES, they dis-
play many properties in line with expectations from theintouum-bright analogues. Like LBGs, faint
LAEs show significant evidence for enriched, outflowing veinthough at significantly lower velocities and
smaller covering fractions. Furthermore, the outflow vigjoof these winds is inversely correlated with
Lya emission equivalent width even within the LAE sample. Ashiighest, ., LAEs are associated with
very little continuum emission, this correlation may iratie that the wind velocity is primarily dependent
on the net star-formation rate, which is the dominant cbatdr to the UV continuum flux. In either case,
these observations demonstrate that stellar feedbackeissamtial ingredient in realistic simulations of even
the youngest, least massive galaxies at high redshift. hBumvork is necessary to analyze the apparent
breakdown the relationships betweafy, and covering fraction of ISM absorption at the highest eajeiut
widths. This effect may be the result of a qualitative triasiin the properties of galaxies to those with min-
imal enrichment and dust, and could also point to the effetitedQSO in picking out galaxies independently
of their star-formation rates.

In each of these topics, further progress will be driven g ¢bntinued near-IR observations of faint
galaxy populations. Rest-frame optical spectra are the wal to effectively constrain the star-formation
rates and metal enrichment of these newborn galaxiesihestablishing a relationship between their stellar
and gaseous properties and making a complete case for tenpeeof truly “dark” galaxies made visible by

the reprocessed QSO light.
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Chapter 5

Summary and Future Directions

This thesis has attempted to encompass a diverse set gilagtical phenomena using an equally expansive
range of observational tools. Using narrowband and braadibraaging from ground-based and space-based
observatories, spectroscopy across the visible and nfraréd spectrum, and a variety of statistical tools,
we have worked to characterize the complex interplay oflblaates, galaxies, dark matter, and gas at high
redshift. The unifying feature of the studies included frerg the laboratory in which they were conducted:
the unique and rare regions around some of the brightest @88s universe. Like any good laboratory, the
QSO environments provide specialized tools unavailabke tiypical corner of the universe: a high density
of galaxy-QSO pairs, a bright background light for absanptstudies, an illuminating source of ionizing
radiation, and means of selecting large numbers of-eynitting galaxies and gas with high efficiency.

Using these tools, we have demonstrated that the most lwsiQ&Os do not inhabit particularly unique
or massive dark matter halos, but live in small group-likgimmments suitable for efficient merging and
galaxy growth. We find that the local relationships betweglaxy and black hole mass do not seem to apply
to objects at these mass scales at high redshift, sugg¢kththe most massive black holeszat 3 grow
very little between that time anzl~ 0, despite residing in halos that must grow by orders of ntagagiif
they eventually fall onto these low-redshift relationghigBuch an imbalanced QSO/galaxy growth history
both before and aftez ~ 3 is challenging for theories of black hole and galaxy adoretThese results are
discussed at length in Chapter 2 (Trainor & Steidel 2012)rahdprimarily on the distribution of continuum-
bright galaxies (LBGs) near the QSO redshifts and opticatqinetry of the QSOs themselves, data that is
taken from the Keck Baryonic Structure Survey (KBSS; Rudial.€2012).

In Chapters 3 & 4, we have used a new survey (KBS8&)lLyonducted in large part for this thesis, to
find and characterize hundreds ofd=gmitters (LAES) in these same QSO fields. Chapter 3 focuséisen
utility of selecting individual LAEs with high values of tHey« equivalent width, denoted B, and using
them as tracers of the QSO-generated ionizing emission fitkaile the small number of higit sources
yield a relatively coarse measurement of the shape and stHiés field, they are suffient to constrain both
the lifetime of the QSO ionizing phases and their isotropye filid that the QSO lifetimes must be within

a factor of~ 2 of 10 Myr and that the ionizing emission must extend to laggles from the line of sight
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(= 30°). These results provide further constraints on the aaordtistory of the supermassive black holes,
demonstrating that they cannot (or at least, do na-at3) sustain Eddington-level accretion for the very
long timescales required for exponential black hole growth

Chapter 4 uses the KBSS-ydata to describe the properties of faint galaxies and treett@ nearby
QSO may play in both their detection and evolution. We find tha luminosity function and equivalent-
width distribution are substantially different from nor8Q-associated LAE populations. This discrepancy is
posited to be driven by a combination of the cosmologicakged environments of QSOs and the effect of the
ionizing QSO flux that bathes the surrounding galaxies asd his ionizing radiation may likewise cause
the detection of several sources in which the peak and flughted average of the lkyflux is blueshifted
with respect to the systemic LAE redshift, an effect rarelgrsin galaxy spectra, but theoretically associated
with the emission from inflowing H gas. When the total sample of LAE spectra are stacked, however
they reveal (on average) the presence of metal-enrichdtbwirtg gas qualitatively similar to that seen
ubiquitously around the brighter galaxies at similar réiishWhatever unique, gaseous objects are revealed
by the QSO light in these samples, the bulk of the detectedd represent typical star-forming galaxies and
therefore extend our knowledge of star formation and theaomitant stellar feedback to fainter, younger,
and smaller galaxies than ever before at these redshifts.

Despite this progress, there is much work still to be donenyM=lated theoretical and observational
efforts are already coming to fruition through advanceseichhique and technology. On the theoretical
side, numerical hydrodynamical simulations of stellar blattk-hole driven feedback are coming ever closer
to reproducing the signatures of feedback seen in highiftdgalaxy spectra and the local galaxy mass
function. Stellar feedback, in particular, is experiegcantransformative renaissance through simulations at
scales ranging from stellar atmospheres to cosmologidam&s. While a detailed understanding of black
hole accretion and the coupling of the related energetigaaxy formation is still forthcoming, substantial
brain- and CPU-power is being devoted to a physically-nadéie, observationally-consistent model for AGN
and stellar feedback , and progress must soon be forthconiihg authot of this thesis is fortunate to
be moving from one institutichworking to tackle these theoretical isses to andtlegually involved. A
synthesis of simulation-derived insight and observaliatzda will be necessary to unlock the puzzles of
galaxy and black hole evolution, and the author looks fodtarcontinued collaboration to these ends.

Of course, much of our understanding of galaxy and black adesth must come from observations at
high redshift, and new technology is driving substantiaigoess in this realm as well. New observatories
spanning sub-mm wavelengths (the Atacama Large Millimateay; ALMA) to high-energy x-rays (the
Nuclear Spectroscopic Telescope Array; NUSTAR) are pingishew insights into the growth of stars and
black holes at low- and high-redshifts, while the futurerihMeter Telescope and James Webb Space Tele-

scope will push galaxy evolution into yet younger, faingard more distant galaxy populations. However,

1Ryan Trainor
2Caltech
3UC Berkeley, as a Miller Fellow
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some of the most exciting technological advancements an@rimg at the increasingly-venerable W. M. Keck
Observatory and Palomar Observatory. Near-IR spectraKeck/MOSFIRE are included in this thesis, and
future observations will make systemic redshift deterrigmes feasible for the first time among large sam-
ples of faint, high-redshift galaxies. As demonstrated fraer 4, these precise redshift measurements are
crucial for understanding the kinematic properties of fimgrgalaxies, including the inflows and outflows by

which they feed star-formation and enrich their surrougdimiergalactic and circumgalactic media.

Furthermore, the extension of the KBSS into the KBSS-MO&-(Bteidel et al. 2014) has already
demonstrated the complexity of the chemical and physiaglgnties of interstellar gas in high-redshift galax-
ies. Indeedz ~ 2-3 LBGs occupy an almost completely disjoint region of thegghspace defined by strong
emission lines with respect to local galaxies, suggestitgtsntial evolution in the temperature, ionization
state, and metallicity of H regions since ~ 3. The establishment of the high-redshift mass-metallicit
relation (MZR), an essential tool for matching hydrodyneathsimulations to the real universe, depends crit-
ically on a thorough understanding of the correspondencthasie measurements to the physical properties
of the gas. New models for stellar properties, includingdigprotating massive stars that may dominate the
ionizing radiation field of high-redshift galaxies (Eldgel & Stanway 2009; de Mink et al. 2013), are likely
to play a role, but hydrodynamical simulations and largen@as of galaxies encompassing a broader range
of physical properties, such as LAEs, will be necessary ttetstand the evolution of galaxy properties with

age, mass, metallicity, and redshift.

Another ongoing technical revolution involves the devet@nt of wide-area integral-field spectrometers
for large telescopes. While effective at identifying lineission at specific, predefined wavelengths in the ob-
served frame, narrowband photometry is inefficient for tdgimg LAES surrounding targets that span broad
ranges of redshift. Wide-area integral-field spectrogsagpich as the Cosmic Web Imager (CWI) at Palomar
Observatory and the upcoming Keck Cosmic Web Imager (KCWiyidee a much more flexible mechanism
for such a survey by simultaneously measuring the redshdtposition of LAEs over a relatively broad
range of redshift in a single exposure. For instance, the ptating of CWI can measure a £3850A spec-
tral slice anywhere between 4500A and 5400A in rest-frameeleagth, allowing it to detect Ly emission

for 2.70 < z < 3.44 with a redshift resolutior-100x finer than narrowband surveys.

IFU observations produce a datacube with two spatial dimaessand one of wavelength; the spaxels can
then be integrated over small slices of the wavelength damarto produce narrowband images with effective
band-passes far smaller than those achievable througlicphfier fabrication. Similarly, spaxels may be
combined in the spatial direction in order to increase tlgaaito-noise ratio in the spectra of extended
objects, such as those often seen imlsurveys (Steidel et al. 2000; Matsuda et al. 2011). In pagic
QSOs have long been known to be associated with extendetbsétas visible in emission lines (e.g. Balick
& Heckman 1979; McCarthy et al. 1987), and such extendedstomss clearly visible in many of our
narrowband Ly images of the HLQSO fields. One of the HLQSO fields in our LAEveyr({HS1549+1919)
has already been observed with CWI (Martin et al. 2014, subd)itand the results reveal flamentaryly
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emission with a complex velocity structure extending beythe 130 kpc virial radius of the M~ 10'2° M,
dark matter halo. This extended emission is likely to be aldoation of QSO-induced fluorescence and/or
gravitational cooling radiation from the infalling gasedilaments predicted by simulations of gas accretion
onto halos (e.g. Rosdahl & Blaizot 2012). In either case gieflows that presumably feed star-formation
and black hole growth are revealed in these data in the cooitéxe extreme ionizing field of the QSO (more
than 1@ times the metagalactic UV background on virial scales). ffext of QSO emission on infalling gas
has direct consequences for the effectiveness of AGN fedhanodulating galaxy and black-hole growth,
and the physics affecting these uniquely energetic HLQS(egys is likely to be relevant at a scaled-down
level in the hosts of lower-luminosity QSOs. Several oth&Q30s in our KBSS sample lie at suitable
redshifts for CWI observations, including one with no preMd.y« imaging, and observations in these fields
would build upon the existing HS1549+1919 data in quamniiythe potentially diverse demographics of
gaseous QSO environments.

In addition to targeting optically-bright HLQSOs, an ekt possibility exists in the detection of by
emission around obscured QSOs at high redshift. The lasgedgessful unified model of AGN suggests that
obscuration is primarily a function of QSO inclination, kitiere are hints that many obscured and reddened
QSOs may represent a younger, more massive, and/or movelpaiar-forming population (e.g. Glikman
et al. 2012; Hickox et al. 2011; Sanders et al. 1988, resmyg}i Comparing the gaseous environments
of these systems to unobscured QSOs could constrain tlogdiéeof black hole feeding, obscuration, and
feedback. Furthermore, the detection of fluorescent eamssiound obscured QSOs would provide a means
of measuring their ionizing field perpendicular to our lirfesight, thus providing a direct test of anisotropic
AGN unification models. The selection of QSOs independeuitiybscuration is now possible with mid-IR
photometry from the Wide-field Infrared Survey Explorer (V#ISNright et al. 2010). For instance, Bridge
et al. (2013) find a population optically-faint, MIR-red soes at 16 < z < 4.6 that show strong evidence
of luminous, obscured AGN activity and extendecdhlgmission. The gaseous environments and ionizing
fields of such high-redshift obscured systems are compgletgtxplored, and the new capabilities of CWI
and KCWI can provide the first glimpses of their physics anchgetoies.

All together, the future is bright (as bright as an HLQSO, ffgively speaking?) for the study of faint
galaxies, luminous black holes, and a cohesive picture efagtrophysical processes that drive their co-
evolution. With so many computational and observationalstas well as experienced minds, at our disposal,
it is tempting to think that there will be little left to diseer by the time the next generation of astrophysicists
(perhaps including the author himself) reaches maturitystdty, of course, tells a different story. The
results of Schmidt (1963) and Steidel et al. (2014), to nanotetwo, must lead us to conclude that each
mystery solved brings as many questions as answers, pmgvidaterial for many more telescopes, theses,

and curious minds to come. We look forward to the challenge.
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Appendix A

MOSFIRE

A.l Instrument Summary

Some of the most interesting results and future plans of thag and 5 rely on data from the new Multi-
Object Spectrometer For Infra-Red Exploration (MOSFIRE),it seems prudent to describe some of the
unique and powerful capabilities of that instrument henertitermore, the MOSFIRE project comprised an
intermittent, but significant, component of the author’skior the first few years of his PhD, so this appendix
will provide a written record of his contributions to the j@et. Detailed information on the design, technical
specifications, and as-built performance of MOSFIRE arergim McLean et al. (2010) and McLean et al.
(2012), but a summary will follow here.

MOSFIRE is a wide-field (6/x 6.1) near-infrared (NIR) spectrometer and imager that covees'

J, H, andK (or Ks) bands for a total observed wavelength range 0% X\ < 2.41um. It sits at the
Cassegrain focus of the Keck 1 telescope at the W. M. Keck @atsey on Mauna Kea, Hawaii. The concept
and specifications of the instrument were designed to be e@al tbmplement to the optical wavelength
(0.3-1um) Low Resolution Imaging Spectrometer (LRIS; Oke et al.B:%xeidel et al. 2004), also at the
Cassegrain focus of Keck 1. The two instruments share siffidll sizes and multi-object capabilities,
enabling combined imaging and spectroscopic surveys @sithose of this thesis) covering nearly an order
of magnitude in wavelength space.

Understanding the profound scientific advancements eddlyl¢the MOSFIRE instrument requires a de-
scription of several key technological improvements owevipus NIR spectrometers. Firstly, MOSFIRE
detector consists of a state-of-the-art Teledyne Hawais 2R x 2K HgCdTe array, which provides an un-
precedentedly low dark curren&0.008 &/s/pix over a typical 1800 s exposure) and low read noise (4.9
e rms for 16 Fowler-sampled read pairs). The low noise charatics of the detector allow background-
limited observations even in short exposures, signifiganmproving the sky-subtraction capabilities of the
instrument. Secondly, the spectral resolutiBa(3500) is optimized to resolve the night-sky lines (OH) that
blanket the NIR bands, particularly K. This high resolution produces an extremely faint sky baokgd

between the lines, estimated to 8.7 magnitudes fainter than the broadband integrated stgbaund in
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Slit Uni
(CSU)

Figure A.1: The internal optical layout of MOSFIRE (reproduced from Meln et al. 2010). Physical
components are labeled, including the flexure compenssyistem (FCS) mirror and the unique configurable
slit unit (CSU).
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H. These two capabilities give MOSFIRE an efficiency thatiS—10x that of the previous generation of
NIR spectrometers for individual objects.

Perhaps the most significant improvement of MOSFIRE overipus NIR spectrometers is its multiplex-
ing capability: MOSFIRE can observe up to 46 objects sinmgltausly on individual slits. This capacity is
due to a unique configurable, cryogenic slit unit (CSU) dapetl by the Swiss Centre for Micro-Electronics
(CSEM). The CSU covers the field of view with 92 roboticizeddygaired to produce up to 46 slits of ar-
bitrary width and location along the dispersion axis, othaiiawn completely in the imaging modeEach
bar subtends’7perpindicular to the dispersion axis, and adjacent barslmayombined to form longer slits
up to the entire length of the field. The primary utility of ghinit is to enable the configuration of masks
without temperture-cycling the instrument, which is emdxbéh a 120 K cryostat. Typical observations of
extragalactic fields include 25-30 object per mask. Combined with the increased sensifoitindividual
object spectra, the multiplexing capabilities of MOSFIRBdquce an overall increase in survey efficiency of
~ 150-300x over previous NIR spectrometers, a transformative adganfiar accumulating large numbers
of faint object spectra and enabling ambitious surveys ssdhe KBSS-MOSFIRE (Steidel et al. 2014).

As described above, the ability to take short exposuresc@ilp ~120 s in theH band) is crucial for
optimal sky subtraction because of the short timescale @&ti@n in the OH line background. This means
that faint objects require many;0) exposures that must be stacked without reference tceteetibn of flux
from the science targets, which typically are undetectéddividual exposures. Because of this requirement,
the pixel position of objects on the detector must be highpeatable among many exposures. Furthermore,
the location of an object on the detector must be highly ptable in order for flat-field calibrations obtained
during the afternoon or morning to be appropriately appisabservations taken during the night. MOSFIRE
is attached to the moving Keck 1 mirror assembly at the Caasefpcus, and it suffers significant internal
flexure as a result of the varying gravity vector over the sewf extended observations. In order to predict
and maintain the position of a science object on the detext@p-tilt flexure compensation system (FCS) was
designed and calibrated to correct for this flexure at nedklyotential telescope and instrument orientations.
The modeling of this flexure and calibration of the FCS waspthieciple contribution of the author of this

thesis to the MOSFIRE project, and this process is deschb&miv.

A.2 Flexure Modeling and Correction

The FCS consists of a round flat mirror backed by piezo traresduthat lies along the optical path (Fig.
A.1). By flexing one or more of the piezo transducers, the aniprovides tip/tilt control over the optical
beam in order to compensate for deflections caused by théiftieg of optical components under gravity.
As the gravity vector is uniquely determined by the elevatimgle of the telescope (EL) and rotator angle

of the instrument (ROT), the FCS operates via an open loophighwthe tip/tilt correction necessary at any

1In the imaging mode, the grating turret is also rotated so tiebptical path includes a flat mirror rather than a dispergiating.
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Residual Flexure (HK)
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Figure A.2: Left: The modeled flexure in the HK spectroscopic grating mode lidsgrated during MOSFIRE
commissioning in March 2012. The yellow dot is the fiduciadtion of a slitimage on the detector with the
telescope pointed at zenith (EL =90 The black curves show the deflected (uncorrected) positia slit

on the detector with respect to its fiducial zenith locatieach curve corresponds to a 3G0tation of the
instrument in ROT at a fixed EL value. Dashed curved shom&ements in EL, while solid curves are given
for 30° increments. The green hexagon shows the correctable rdrilgxure due to the three-piezo FCS
mirror. All black curves for EL> 22° fall within the correctable range. The red hexagon showspthtential
effect of a reduced piezo range, in which case the abilitytoecat lower EL angles would be compromised.
Right: Residuals to the corrected flexure deflections with the F@&tlion, again in HK spectroscopic mode.
Black stars denote the mean deflection of an image deterrbinaderaging the deflections of slits across the
entire field; error bars show the rms dispersion among tHaskeflections. The mean residuals have an rms
dispersion of 0.07 pixels in the dispersion (X) directionl @11 pixels in the spatial (Y) dimension, of order
the slit-to-slit variations in deflection (0.07 pixels an@® pixels, respectively).

instrument orientation is computed from the modeled twoeatisional flexure function, parameterized by
(EL, ROT).

In order to model the instrument flexure, a slit mask was aesigo create small illuminated slits across
the entire detector. Images were then taken of this slit riraalgrid of values in (EL, ROT) space. A python
script was used to automatically measure the position df élacinated slit on the mask and compare these
positions to a fiducial reference image. The field-averagedements of the slit images as a function of
instrument orientation thus define the two dimensional deéfle of the optical axis between the CSU and
the detector planes.

The measured flexure at the detector plane was found to vasg@the imaging and spectroscopic modes
in a complex manner. This effect was not wholly unexpectédgmgthat flexure can occur both before and
after the dispersion grating, and the apparent flexure ttatrs prior to the grating along the optical axis is
affected by an anamorphic stretch/compression factordrditpersion direction in the pixel coordinates of
the detector. Because of these effects, the flexure wagsaindependently in the imaging mode and in
both spectroscopic grating positiohs.

After initial lab measurements of these deflections, it weteinined that the internal instrument flexure

exhibited very little hysteresis; that is, the measuredegétin was solely a function of instrument orientation

2MOSFIRE uses a single dispersion grating with two positfonspectroscopy, one of which is used ¥6andJ band spectroscopy
while the other is used fdil andK spectroscopy. For a given grating configuration, a bandase via an order-sorting filter.



Figure A.3: The author (green jacket, determined face) working on M@E&H(blue, large) during commis-
sioning at the summit of Mauna Kea. He has since lost the jagigich had previously been one of his
favorites. In the background is the assembly for attachil@3I¥IRE to the Cassegrain focus of Keck 1.

with minimal dependence on the direction of rotation or trevjwus instrument orientation. Furthermore, the
flexure exhibited highly elastic behavior (i.e. a lineaess-strain curve) such that the measured flexure in the
x-y plane of the detector traced an ellipse when either EL@T Ras turned through an entire 36@tation
with the other angle held constant (Fig. A.2). Because af iheal flexure behavior, the flexure model was
able to be parameterized as a simple analytic function of @DT). The total uncorrected flexure in the
detector plane was found to be14 pixels peak-to-peak for values of EL O, slightly exceeding the 11.8
pixel range of the piezo mirror. However, the flexure is cot@ble for any instrument orientation with EL
22°, corresponding to all possible science observations viiithass less than 2.67. While the flexure is not
fully correctable within a~ 80° range of ROT at EL = 0, the judicious choice of a horizon stoiergation
(with EL = 0 and the CSU bars horizontal) ensures that calitmamages made in the stow position may be
obtained with full flexure compensation.

After initial lab testing and modeling, the final parametefghe flexure function were calibrated prior
to instrument commisioning on site at Keck 1 over a threequayod (21-23 March 2012; Fig. A.3). The
final, FCS-corrected flexure residuals were found teJdfel pixel rms (Fig. A.2, right panel), in line with

the instrument design specifications.
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