
THE SPACE DENSITY, ENVIRONMENTS, AND PHYSICAL PROPERTIES

OF LARGE Lyα NEBULAE

by

Moire Kathleen Murphy Prescott

A Dissertation Submitted to the Faculty of the

DEPARTMENT OF ASTRONOMY

In Partial Fulfillment of the Requirements
For the Degree of

DOCTOR OF PHILOSOPHY

In the Graduate College

THE UNIVERSITY OF ARIZONA

2 0 0 9



2

THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE

As members of the Dissertation Committee, we certify that we have read the dis-
sertation prepared by Moire Kathleen Murphy Prescott entitled The Space Den-
sity, Environments, and Physical Properties of Large Lyα Nebulae and recom-
mend that it be accepted as fulfilling the dissertation requirement for the Degree
of Doctor of Philosophy.

Date: 25 August 2009
Romeel Davé
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ABSTRACT

Powerful forces are at work in giant Lyα nebulae, a rare and mysterious pop-

ulation in the high redshift universe. Much like the spatially extended emis-

sion line halos around high redshift radio galaxies — but without the strong ra-

dio emission — Lyα nebulae (or Lyα ’blobs’) boast copious Lyα emission (1044

erg s−1), large sizes (∼100 kpc), complex gas morphologies, and the company

of numerous compact, star-forming galaxies, and may offer a window into dra-

matic episodes of massive galaxy formation. The small sample sizes and com-

plex inner workings of Lyα nebulae have limited progress on understanding the

their space density, environments, and physical conditions. This thesis strives

to answer fundamental questions about Lyα nebulae and pave the way for un-

derstanding their role in the build up of massive galaxy systems. To address

the frequency of collapse of these massive structures, we carried out the largest

systematic Lyα nebula survey to date and measured the Lyα nebula space den-

sity. As an unbiased test of the environment of Lyα nebulae, we studied the sur-

roundings of a Lyα nebula and confirmed that Lyα nebulae reside preferentially

in overdense regions. To disentangle the sources of ionization, we took a census

of all the compact ionization sources within a large Lyα nebula using high reso-

lution imaging. Finally, we used photoionization modeling to put constraints on

the physical conditions, the metallicity, and the sources of ionization within Lyα

nebulae. Future work will be able to build on this thesis by expanding the system-

atic search for Lyα nebulae to other existing deep broad-band datasets, mapping

the three-dimensional overdense structures in which Lyα nebulae live out to ≥50

(comoving) Mpc scales, and disentangling multiple sources of ionization within
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a larger sample of individual systems using deep optical and near-infrared spec-

troscopy and detailed photoionization modeling.
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CHAPTER 1

INTRODUCTION

1.1 Tracing Galaxy Evolution

The discovery that spiral nebulae were in fact “island universes” of their own

paved the way for addressing the origin of our own Milky Way (Curtis, 1917;

Opik, 1922; Hubble, 1926, 1929). Much of the progress in observational extra-

galactic astronomy since that time has focused on using galaxies in different en-

vironments, of different properties, and from different epochs as snapshots of

how galaxies evolved into the examples we see in the present day universe. After

nearly a century of work, we have made great strides in building up a coherent

picture of galaxy formation and the growth of structure 1.

A crucial foundation for much of the progress on understanding the details

of galaxy formation and evolution was the development of new techniques for

identifying robust samples of galaxies and AGN at high redshift. The earliest ef-

forts naturally focused on the brightest sources, as astronomers began identifying

samples of quasars starting in the 1960’s (e.g., Schmidt, 1963). However, it took

several decades before we gained a clear understanding for how the entire zoo of

AGN phenomena related to one underlying physical model (the Unified Model

of AGN; Antonucci, 1993, and references therein), and it wasn’t until recently that

we had the capability to overcome the extreme luminosities of quasars in order

to study the properties of their host galaxies (Boroson & Oke, 1982). Instead, the
1In this sense we are doing much better than the sperm whale but have yet to achieve the

wisdom of the pot of petunias (Adams, D. 1986, The Hitchhiker’s Guide to the Galaxy (U.S.
audiocassette edition of the double LP adaptation ed.), Simon & Schuster Audioworks, ISBN
0-671-62964-6.)
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first studies of high redshift galaxies focused on radio galaxies, ultimately under-

stood to be part of the AGN family but one for which the AGN is obscured due

to the inclination of the sources away from the line of sight. Thanks to strong

radio emission from jets emanating from the central engine and the steep radio

spectral energy distribution (SED), radio galaxies can be detected out to very high

redshifts (McCarthy, 1993, and references therein). At the same time, it became

clear that radio galaxies are a very massive and rare population, very far from

representative of the typical galaxy at any redshift.

Finding normal galaxies over a range of redshifts and environments required

improved technology and new selection techniques. The groundwork for galaxy

selection based on continuum was laid in the late 1960’s (Partridge & Peebles,

1967a,b). This method leverages the fact that galaxy continua can have strong

spectral breaks in the UV continuum (e.g., the Lyman break, due to the stellar at-

mospheres of massive stars and absorption by neutral hydrogen in the interstellar

medium) in order to select high redshift sources. After some initial unsuccessful

surveys (Davis & Wilkinson, 1974; Partridge, 1974; Koo & Kron, 1980), it was not

until the 1990’s that the technique of selecting galaxies using broad-band colors

that key off of the Lyman break began to mature (e.g., Guhathakurta et al., 1990;

Steidel et al., 1995, 1996, for a review see Giavalisco 2002). Lyman break galaxy

(LBG) surveys began to produce some of the first large samples of roughly L∗

galaxies at z ≈ 3, and continuum-selection techniques have since been applied to

both lower and higher redshifts (e.g., Shimasaku et al., 2005; Henry et al., 2008;

Reddy et al., 2008; Stark et al., 2009; Ly et al., 2009). Similar methods have used

extreme galaxy colors to select well-defined galaxies samples, e.g., BzK galaxies

and ERO selection based on looking for galaxies with very red colors consistent
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with being passive or dusty galaxies at redshifts z ≈ 1.4 − 2.5 (e.g., Elston et al.,

1988; Daddi et al., 2004). Samples of galaxies selected using infrared and submil-

limeter data provide an additional window into populations of dust-obscured

galaxies (e.g., Smail et al., 1997; Hughes & Dunlop, 1998; Dey et al., 2008).

It was also recognized early on that searching for star-forming galaxies via

their strong emission lines (e.g., Lyα) held the promise of finding lower mass,

young, forming galaxies (e.g., Partridge & Peebles, 1967a,b). This approach was

proposed at the same time as the continuum selection method but took longer

to reach its full potential due to the faint fluxes involved, the complexities in-

herent in interpreting the Lyα emission line, and the limitations of observational

technology.

1.2 The Power and the Perils of Lyα Emission

In the absence of dust and resonant scattering effects, Lyα should be the strongest

emission line observed in the regions of ongoing star formation. In star-forming

regions where the gas surrounding young, hot stars is heated to ∼ 104 K, the re-

sulting bubble of ionized H (i.e., HII region) emits a characteristic spectrum of H,

O, and N emission lines. The relative ratio of the two most prominent H lines in

the ultraviolet and optical — Lyαλ1640 (H2− 1) and Hαλ6563 (H3− 2) — is pre-

dicted from quantum mechanics to be ∼10 at temperatures of 104 K and densities

of 100 cm−3 (Osterbrock, 1989). However, the fact that Lyα is a resonance line,

produced by a transition into the ground state, has important consequences when

predicting the observable Lyα emission in a cosmological setting. In regions of

sufficient neutral H density, a Lyα photon will be continuously reabsorbed and

reemitted as it tries to escape the system unless it scatters sufficiently in frequency
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to shift it out of the core of the line. This resonant scattering combined with kine-

matic effects can dramatically alter the shape of the Lyα emission line profile

(e.g., multiple asymmetric peaks; Verhamme et al., 2006; Dijkstra et al., 2006a,b).

The utility of Lyα as a tracer of star formation is compromised in actual cos-

mological sources by a number of additional factors. Since the Lyα emission line

is in the far-ultraviolet, it is impossible to observe from the ground at z ∼< 1.7 and

is highly susceptible to absorption by dust. Assuming a Calzetti extinction curve

and E(B − V ) = 0.3, the extinction at Lyα is ∼10 times that at Hα (Calzetti et

al., 1994). The unknown morphology of dust in high redshift galaxies poses an

additional problem. In the case of a smooth dust screen, the susceptibility of Lyα

to destruction by dust is heightened by the effects of resonant scattering, since

with every scattering event, additional Lyα photons will be absorbed. On the

other hand, a multi-phase interstellar medium (i.e., clumpy dust morphologies)

may cause higher absorption of continuum photons, as continuum photons pen-

etrate the dusty gas clouds while Lyα photons scatter off the surface. The net

effect of the clumpy dust scenario is to boost the observed Lyα equivalent width

(e.g., Neufeld, 1991; Hansen & Oh, 2006; Finkelstein et al., 2007, 2008). Studies of

Lyα in the local universe have revealed an almost hopelessly complex situation

in which the three best tracers of young star formation — ultraviolet continuum,

Hα, and Lyα — show very different morphologies (e.g., Hayes et al., 2005, 2007).

The Lyα escape does not consistently follow a simple relationship with dust con-

tent of the galaxy; instead, the kinematics of the surrounding interstellar medium

(ISM) in many cases plays a more central role (Mas-Hesse et al., 2003; Atek et al.,

2008, 2009). It has become clear that if the problem of using Lyα emission to

understand star formation in the local universe is this unwieldy, the situation at
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higher redshift must be even more uncertain.

Unlike Lyα, Hα is optically thin under normal conditions and unaffected by

the complexities of resonant scattering. For this reason, Hα became the tracer of

choice for studying star formation in the local and low redshift universe (Kenni-

cutt, 1998). An excellent tracer of young star formation, Hα is also safely located

at the red end of the optical range where it is much less susceptible to dust ex-

tinction and easily accessible by ground-based observations with photographic

plates and optical CCDs. At higher redshift, however, using Hα encounters ob-

servational problems of its own. Beyond z ∼> 0.5, Hα is impossible to observe

from the ground unless it falls within discrete atmospheric transmission win-

dows in the near-infrared (J , H , and K). Observations in the infrared are sub-

ject to high sky backgrounds and less sensitive detector technology. While other

Balmer and forbidden lines at shorter wavelengths (e.g., [O II]λ3727, Hβλ4861,

[O III]λλ4959,5007) are accessible in the optical range out to somewhat higher

redshifts (z ∼< 1.0 − 1.7), the weaker fluxes and the complications of metallic-

ity, density, temperature, and stellar absorption make it challenging to use direct

comparisons between star formation tracers measured at different redshifts (e.g.,

Kennicutt, 1998; Kewley et al., 2004; Moustakas et al., 2006).

At even higher redshifts (z ∼> 1.7 to 7) however, Lyα enters the optical window

and is the only accessible strong emission line. Thus, despite the well-known

complications, Lyα was quickly seized upon as a method for finding galaxies at

high redshift, and according to to early predictions, for specifically targeting the

youngest, lowest mass galaxies in the process of forming.
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1.3 The History of Lyα Surveys

In the 1960’s Partridge & Peebles (1967a,b) predicted that star-forming galaxies

could be identified at high redshifts using features in the far-UV spectral energy

distribution — namely the Lyα emission line and the 912Å Lyman limit. Af-

ter early attempts to use the continuum selection to find primeval galaxies us-

ing photoelectric photometry and photographic plates came up empty-handed

(Davis & Wilkinson, 1974; Partridge, 1974), much of the efforts over the ensuing

decade focused on searching for Lyα emission.

Lyα emission was successfully used first in the search for high redshift radio

galaxies (z ≈ 1.5 − 1.8; e.g., Spinrad et al., 1985; McCarthy, 1993, and references

therein). Although these sources were initially found due to strong radio emis-

sion, the redshift identification required optical spectroscopy and at z > 1.8 was

based on strong emission lines such as Lyα. This technique, as well as serendip-

itous discoveries, allowed astronomers to push out to redshifts beyond 5 (e.g.,

Dey et al., 1998; van Breugel et al., 1999; Stern & Spinrad, 1999, and references

therein).

The first successful Lyα imaging surveys using narrow-band filters targeted

fields around QSOs and in regions of known QSO absorbers, uncovering small

samples of Lyα-emitting galaxies (e.g., Djorgovski et al., 1985; Schneider et al.,

1986; Hu & Cowie, 1987; Steidel et al., 1991; Lowenthal et al., 1991). Many other

surveys reported null results (e.g., Hu & Cowie, 1987; Lowenthal et al., 1990),

however, making it clear that the technique was only sensitive to the most lumi-

nous Lyα-emitting galaxies. The advent of large format CCD imagers and 8-10m

class telescopes in the 1990s and early 2000s has led to enormous progress in the

last decade. Lyα surveys began to uncover samples of Lyα-emitting galaxies in
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the field (e.g., Hu & McMahon, 1996; Cowie & Hu, 1998; Thommes et al., 1998;

Hu et al., 1998; Malhotra & Rhoads, 2002; Rhoads et al., 2003). These surveys

provide a means of selecting galaxies at fainter continuum luminosities and out

to higher redshifts than are possible with continuum selection methods. Lyα-

emitting galaxy sample sizes quickly evolved from handfuls to hundreds turn-

ing Lyα-emitting galaxy science from a curiosity into a full-fledged field. Lyα

searches are now pushing the edge of known universe (e.g., Shimasaku et al.,

2006; Dawson et al., 2007; Ouchi et al., 2008; Stark et al., 2009) and informing our

understanding of galaxy formation on both low and high mass scales.

1.4 Lyα and Massive Galaxy Formation

While the significant attention has been paid to lower mass Lyα-emitting galax-

ies — due to the prospect of finding young, forming galaxies and putting obser-

vational constraints on reionization — the study of strong Lyα emission in the

high redshift universe may also hold the key to studying the dramatic process of

building up the most massive galaxies. Recent studies present strong evidence

that the most massive galaxies were largely assembled by redshifts of z ≈ 1 − 2

(e.g., McCarthy et al., 1987; Bundy et al., 2005; Daddi et al., 2005). In the 3 − 5

Gyr after the Big Bang, these galaxies built up the majority of their mass swiftly

and dramatically before star formation was quenched most likely via feedback

processes (e.g., due to supernovae or AGN). In the hierarchical picture of galaxy

assembly, this calls to mind an extremely complex system of gaseous filaments

and satellite galaxies that surround and perhaps fuel the growth of a central mas-

sive galaxy which in turn may produce outflows and shocks that impact the sur-

rounding interstellar medium. The possibility of finding regions that can be used
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as laboratories for studying ongoing galaxy formation is an enticing prospect but

requires identifying these systems observationally.

Radio galaxies have been a target of intense study for the past several decades,

driven by the idea that they are the progenitors of the most massive galaxies we

see in the local universe. These massive sources are surrounded by satellite galax-

ies, produce powerful radio jets and X-ray emission, and in many cases exhibit

spatially extended emission line halos, particularly in Lyα (e.g., Baum & Heck-

man, 1989; McCarthy, 1993; McCarthy et al., 1996; Pentericci et al., 1997; Reuland

et al., 2003; Villar-Martı́n et al., 2003; Reuland et al., 2007; Villar-Martı́n, 2007;

Hatch et al., 2008, 2009). The interpretation of these emission-line halos is far

from simple. The kinematics suggest the presence of starburst superwinds in the

center and infalling gas near the periphery (e.g., Zirm et al., 2005; Villar-Martı́n,

2007). Many of these emission line halos are polarized and aligned with the radio

jet (the ’alignment effect,’ e.g., Chambers & Miley, 1990; McCarthy, 1993; Penter-

icci et al., 1999; Miley & De Breuck, 2008, and references therein), which are likely

explained via a combination of photoionization from the AGN and jet-induced

star formation. All of this suggests that ionization is dominated by the central

AGN and the complex interaction of the jet with the surrounding material, which

complicates any attempts to understand the physics within these regions.

A few of the early successful Lyα surveys reported discoveries of large, dif-

fuse nebulae of Lyα emission in radio-quiet regions. With the discovery of several

more examples, these giant radio-quiet Lyα nebulae began to attract attention as

a valuable window into the physics of massive galaxy formation perhaps caught

at a different (earlier?) stage. Like the Lyα halos around radio galaxies, these Lyα

nebulae are large (∼100 kpc) with copious Lyα emission (∼ 1044 erg s−1) attesting
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Table 1.1. Large Lyα Nebulae

Right Ascension Declination Redshift Lyα Luminosity Lyα Diameter Reference

(hours) (degrees) (erg s−1) (kpc)

14:34:10.977 +33:17:30.87 2.656 1.7 × 1044 160 Dey et al. (2005)

22:17:25.7 +00:12:49.6 3.09 1 × 1044 130 Steidel et al. (2000)

22:17:39.0 +00:13:30.1 3.09 9 × 1043 115 Steidel et al. (2000)

06:50:43.4 +41:29:13.8 2.672 − 110 Greve et al. (2007)

21:42:27.45 -44:20:28.69 2.38 3.5 × 1043 100 Francis et al. (1996)

17:09:52.3 +59:13:21.72 2.83 2.1 × 1043 95 Smith & Jarvis (2007)

03:32:14.6 -27:43:02.4 3.157 1.0 × 1043 60 Nilsson et al. (2006)

02:17:43.35 -05:16:12.4 3.68 1.1 × 1043 57 Saito et al. (2008)

to the presence of energetic phenomena. Lyα nebulae are often associated with

multiple young, star-forming galaxies — Lyα-emitting galaxies (LAEs), Lyman

break galaxies (LBGs), and submillimeter galaxies (SMGs) — and seem to reside

preferentially in overdense environments (Francis et al., 1996; Keel et al., 1999;

Steidel et al., 2000; Matsuda et al., 2004; Saito et al., 2006; Yang et al., 2009). For

all the similarities, these radio-quiet Lyα nebulae lacked the powerful central ra-

dio galaxy and its accompanying jet. They therefore provide a potentially more

accessible laboratory in which to look for evidence of ongoing galaxy formation.

Table 1.1 lists some of the largest examples.

1.5 Lyα Nebulae

Radio-quiet Lyα nebulae were first discovered in narrow-band Lyα surveys of

overdense regions, i.e., in the vicinity of quasars with substantial populations of
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absorbers and in known galaxy overdensities. Francis et al. (1996) discovered a

100 kpc scale Lyα nebula at z ≈ 2.38 in the field of a radio-quiet QSO and an

absorber overdensity. Within the extended Lyα emission are a close pair of red

compact galaxies, which the authors argued were likely young ellipticals in the

process of merging (Francis et al., 2001). Keel et al. (1999) found three ∼ 50 kpc

Lyα nebulae that appeared to be powered by radio-quiet AGN within the field

near a radio galaxy at z ≈ 2.39. A pair of 100 kpc Lyα nebulae found in close

proximity within a Lyman break galaxy redshift spike at z ≈ 3.1 (Steidel et al.,

2000). This discovery received much greater notice than the earlier discoveries in

large part because this Lyα nebula pair at first appeared to show no sign of AGN

activity or any red central compact source, which made them unique relative to

the Lyα halos around radio galaxies and the other Lyα nebulae that had been

found up to that point. A deep narrow-band follow-up study of the same field

uncovered a sample of 35 Lyα nebulae in the region down to fainter luminosities

and smaller sizes and measured the luminosity function of Lyα nebulae within

overdense environments (Matsuda et al., 2004).

By this point, it was becoming clear that systematic Lyα nebula surveys were

required in order to make unbiased measurements of the Lyα nebula space den-

sity. Saito et al. (2006) conducted a blank field survey using multiple narrow-band

filters within the range z ≈ 3.25−4.95. They found no luminous Lyα nebulae and

constructed a luminosity function for the field that showed an order of magnitude

lower in number density. A Lyα nebula was discovered in the GOODS-S field

that showed no detection in any band other than the Lyα imaging (Nilsson et al.,

2006). A wide-area survey for Lyα nebulae at z ≈ 2.83 has so far reported one

Lyα nebula, which again is argued to be without clear AGN signatures (Smith &
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Jarvis, 2007; Smith et al., 2008).

The discovery of multiple Lyα nebulae with no sign of AGN activity spurred

a number of theoretical papers postulating that these cases were fundamentally

different from the AGN-dominated Lyα nebulae of Francis et al. (1996); Keel et

al. (1999); Palunas et al. (2004) and exploring the possibility that Lyα nebulae

are powered by starburst superwinds (Taniguchi & Shioya, 2000; Taniguchi et

al., 2001; Ohyama et al., 2003; Mori et al., 2004). These authors argued that the

observed sizes, luminosities, elongation, and linewidths could all result from

supernovae-driven superwinds following a massive central starburst within a

forming elliptical galaxy (Taniguchi & Shioya, 2000). They postulated that Lyα

nebulae form part of an evolutionary sequence where the initial central starburst

is hidden as a dusty submillimeter source until the superwind is able to begin

clearing out the gas and dust, during which time the source is seen as an ex-

tended emission line nebula around the forming galaxy (Taniguchi & Shioya,

2000). They also argued that the discovery of submillimeter detections of Lyα

nebulae was further confirmation of this theory, as the full SED most closely re-

sembled Arp 220, a typical ultraluminous starburst galaxy, scaled up by a factor

of 30 moving it into the hyperluminous regime (Taniguchi et al., 2001). The sim-

ilarity between the bubble-like morphology seen in some Lyα nebulae (Matsuda

et al., 2004) and the simulations of supernova-dominated primordial galaxies was

cited as evidence of the superwind scenario (Mori et al., 2004).

Infall of gravitationally cooling gas was also proposed as an explanation for

the Lyα nebulae (e.g., Loeb & Rybicki, 1999; Haiman et al., 2000). As pristine

gas collapses along filaments and is heated via collisional excitation, the primary

coolants will be Lyα and He II emission (e.g., Fardal et al., 2001). Due to reso-
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nant scattering of Lyα, these cooling clouds should appear as large Lyα nebulae

around a central growing galaxy (Fardal et al., 2001) and at high redshifts, may

show measurable polarization (Rybicki & Loeb, 1999). Prior to the onset of star

formation, gravitationally cooling clouds would be expected to show a high Lyα

equivalent widths (>1000Å; Dijkstra, 2009) due to the lack of stellar or AGN con-

tinuum, but this simple picture is complicated by the effects of the intergalactic

medium (IGM). In reality, the high intrinsic Lyα equivalent widths otherwise in-

dicative of gravitational cooling will be diminished due to Lyα scattering in the

IGM (Dijkstra, 2009), and the Lyα line profiles expected from infall can be as com-

plex as those predicted for the outflow scenario (Dijkstra et al., 2006a,b). Thus it

is a challenge to unambiguously identify cases in which gravitational cooling is

the dominant process.

Despite the initial evidence that these Lyα nebulae were not AGN-powered,

subsequent study has produced a more complicated picture. Detailed follow-

up of the Lyα nebula pair of Steidel et al. (2000) showed that one case had a

strong, unresolved submillimeter counterpart (’Blob 1,’ one of the most luminous

submillimeter sources known; Chapman et al., 2001), while the other was only

weakly detected (’Blob 2’). X-ray coverage of both Lyα nebulae showed that

the weak submillimeter source contains a hard X-ray detection while the strong

submillimeter source is undetected (Basu-Zych & Scharf, 2004). Thus, in ’Blob 2’

the hard X-ray detection combined with excess 2µm emission points to an AGN

(Geach et al., 2007). By contrast, ’Blob 1’ shows no sign of an energetic AGN:

there are no high ionization lines in the spectrum, no X-ray emission, and the

weak radio emission is consistent with the local FIR-radio correlation (Chapman

et al., 2004). The kinematics are difficult to interpret in these regions; observations
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of the Lyα line profile in ’Blob 1’ showed multiple components, potentially a sign

of an outflowing shell (Ohyama et al., 2003; Wilman et al., 2005) or a result of gas

infall (Dijkstra et al., 2006b). More recent observations showed that the source

has optical and NIR colors consistent with a heavily obscured starburst; the non-

detection of ’Blob 1’ in high resolution submillimeter observations suggests that

the starburst must be spatially extended (Matsuda et al., 2007).

The diversity seen in this pair of Lyα nebulae turns out to be representative of

the entire class. The largest Lyα nebula studied by Francis et al. (1996, 2001) and

Palunas et al. (2004) has two extremely red galaxies embedded within the neb-

ula and shows C IV emission. This is suggestive of an AGN, but since strong UV

continuum is not observed, an AGN would have to be highly obscured. A Lyα

nebulae discovered in the GOODS-S field at z ≈ 3.16 shows no other emission

lines and is not detected in any other band, even in the deep GOODS dataset.

For this reason, the authors argue against an AGN or a starburst scenario, and

conclude that gravitational cooling is most likely. A similar argument is made in

the case of a Lyα nebulae found at z ≈ 2.83; Smith & Jarvis (2007) argue the lack

of high ionization emission lines, 24µm, and radio emission rules out an AGN,

no matter the level of obscuration. They cannot rule out a starburst model, but

say that the Lyα surface brightness profile is in good agreement with models for

gravitational cooling radiation (Smith & Jarvis, 2007; Smith et al., 2008). A num-

ber of Lyα nebulae also show strong mid-infrared and submillimeter emission,

and signs of merger activity (Dey et al., 2005; Colbert et al., 2006).

Lyα nebulae are highly energetic phenomena, and their rarity, their presence

in a number of well-studied galaxy overdensities, and their close association with

other star-forming galaxy populations all suggest that Lyα nebulae offer unique
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insight into the formation of the most massive structures. To better understand

how Lyα nebulae fit into the high redshift universe, we must answer to a num-

ber of fundamental questions. What is the space density of Lyα nebulae? In what

environments does this phenomenon occur? Can we find evidence that Lyα neb-

ulae are sites of ongoing galaxy formation by studying their local environment

and energetics? What constraints can we put on the physical conditions (metal-

licity, source of ionization) within these regions?

1.6 The Work of this Thesis

In this thesis, I have focused on addressing these questions from an observational

perspective. Chapter 2 presents an innovative systematic search for Lyα nebulae,

the largest of its kind, and a measure of the space density of large Lyα nebulae

at z ≈ 2 − 3. In Chapter 3, I present unbiased confirmation of the idea that large

Lyα nebulae live preferentially in overdense regions. A detailed census of the

local neighborhood of a large Lyα nebula in Chapter 4 demonstrates the com-

plexity characteristic of these regions of ongoing galaxy formation. Chapter 5 is a

detailed look at the physical conditions — the metallicity and source of ionization

— within a Lyα+He II nebula. Chapter 6 presents the conclusions of this thesis

and a discussion of future directions.
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CHAPTER 2

A SYSTEMATIC SEARCH FOR LARGE Lyα NEBULAE IN THE NOAO DEEP

WIDE-FIELD SURVEY BOÖTES FIELD

Giant Lyα nebulae have attracted attention as potential sites of ongoing massive

galaxy formation, but the rarity of these powerful sources has made it difficult to

obtain an accurate measurement of their space density. Systematic narrow-band

Lyα nebula surveys are ongoing, but the limited redshift range probed and the

observational expense of this technique has limited the comoving volume probed

by even the largest of these surveys and posed a significant hurdle to finding

more examples of such rare sources. To measure the true space density of large

Lyα nebulae, we have carried out a systematic search for large Lyα nebulae using

the existing deep broad-band BW imaging of the NOAO Deep Wide-Field Survey

(NDWFS). The survey covers the entire 9 square degree Boötes field and is sensi-

tive to diffuse, blue sources within the BW bandpass, corresponding to a redshift

range of ∆z ≈ 1 for sources with strong Lyα emission. The comoving volume of

the survey is ≈ 1.4×108 h−3
70 Mpc3, making this the largest survey for Lyα nebulae

ever undertaken. This innovative approach, complementary to the narrow-band

techniques, allows us to efficiently search a very large comoving volume for the

largest (BW sizes of > 37 kpc) and brightest (average BW surface brightnesses of

26.5-27.8 mag arcsec2) Lyα nebulae. Our survey recovered a previously-known

case and discovered 4 new Lyα nebulae, including the first spatially extended

Lyα+He II nebula. This corresponds to a number density of 1.5× 10−7 h3
70 Mpc−3,

the first strong lower limit on the space density of Lyα nebulae.
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2.1 Introduction

The formation of the most massive galaxies was a swift and dramatic process.

Recent evidence presents a clear picture that the most massive galaxies in the

universe were largely formed by z ≈ 1 − 2 after only 3-5 Gyr of cosmic history

(e.g., McCarthy et al., 2004; van Dokkum et al., 2004; Daddi et al., 2005; Bundy et

al., 2005; Brown et al., 2007). Within the hierarchical picture of galaxy assembly,

we would expect the formation sites of massive galaxies to be incredibly complex

places - with gaseous filaments and satellite galaxies surrounding and perhaps

fueling the growth of a massive galaxy while outflows and shocks stir up the

surrounding medium.

Radio galaxies have been the subject of intense study as the most unequivocal

examples of massive galaxy progenitors. With masses of 1011 − 1012 M¯, numer-

ous satellite galaxies, and large halos of excited gas emitting strongly in Lyα and

other emission lines, radio galaxies fit the image of a massive galaxy in formation

(e.g., Miley & De Breuck, 2008; Hatch et al., 2009). However, the power of the

central active galactic nucleus (AGN) and the complex interaction of the jet with

its surroundings complicates the interpretation of the energetics within these re-

gions.

Instead, giant radio-quiet Lyα nebulae discovered more recently have be-

gun to attract attention as a valuable window into the physics of ongoing mas-

sive galaxy formation (e.g., Francis et al., 2001; Steidel et al., 2000; Palunas et

al., 2004; Matsuda et al., 2004; Saito et al., 2006; Nilsson et al., 2006; Smith &

Jarvis, 2007; Yang et al., 2009). Like the Lyα halos around radio galaxies, these

Lyα nebulae can be as large as ∼100 kpc across. The copious Lyα emission

(∼ 1044 erg s−1) signals the presence of energetic phenomena and, as described in
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Chapter 4, Lyα nebulae frequently are surrounded by or associated with young,

star-forming galaxy populations — Lyα-emitting galaxies (LAEs), Lyman break

galaxies (LBGs), and submillimeter galaxies (SMGs). Chapter 3 provides unbi-

ased confirmation that Lyα nebulae reside in overdense environments, in agree-

ment with other studies (Matsuda et al., 2004; Saito et al., 2006; Yang et al., 2009).

For all the excitement about these sources, Lyα nebulae are rare. Only about a

dozen large (∼ 50−100 kpc) cases are known. The very rarity of Lyα nebulae has

thus far hindered our ability to derive an accurate estimate of the most basic met-

ric for understanding a given population - the space density. Lyα nebulae were

first discovered in targeted studies of known overdensities, biasing the space den-

sity measurements (Matsuda et al., 2004). Subsequent systematic surveys using

narrow-band imaging to survey wider and wider areas have uncovered a hand-

ful more (Nilsson et al., 2006; Smith & Jarvis, 2007; Saito et al., 2006; Yang et al.,

2009). The most recent number density estimates ranging from ∼ 10−6 − 10−5 h3
70

Mpc−3 for z ≈ 2 − 6.5 (Matsuda et al., 2004; Saito et al., 2006; Ouchi et al., 2009;

Yang et al., 2009) to < 5 × 10−7 h3
70 Mpc−3 below z ≈ 1 (Keel et al., 2009). The

rarity of Lyα nebulae requires surveys that cover enormous comoving volumes,

but the existing surveys have been fundamentally limited by the inherently ex-

pensive nature of narrow-band imaging. To address this issue, we have taken a

complementary approach.

We have designed a systematic survey for Lyα nebulae based on the deep

broad-band imaging of the NOAO Deep Wide-Field Survey (NDWFS; Jannuzi &

Dey, 1999). While less sensitive to faint emission line fluxes, deep broad-band

data of wide-area surveys can be used effectively to search for the brightest Lyα

nebulae, particularly in the blue where the Lyα line enhances the broad-band flux
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against the dark sky. Our search uncovered 5 Lyα nebulae within the ∼ 9 square

degree field, corresponding to a number density of 1.9± 1.1× 10−7h3
70 h3

70 Mpc−3.

In Section 2.2 we discuss the survey design, and Section 2.3 presents the spec-

troscopic follow-up of Lyα nebula candidates. The 5 individual Lyα nebulae

selected with our search are described in Section 2.4, and the simulations used to

understand the selection function of our survey are presented in Section 2.5. We

present the number density measurement in Section 2.6 and discuss the implica-

tions of our results in Section 2.7. We conclude in Section 2.8.

We assume the standard ΛCDM cosmology (ΩM = 0.3, ΩΛ = 0.7, h = 0.7); 1′′

corresponds to a physical scales of 8.5-7.6 kpc for redshifts of z = 1.7 − 3.1. All

magnitudes are in the AB system.

2.2 Search Design

While most of the early examples of the Lyα nebula class were found via narrow-

band surveys of known galaxy overdensities, one of the largest Lyα nebulae

was discovered more recently through very different means (LABd05; Dey et al.,

2005). This Lyα nebula came to light during a study of strong 24µm sources de-

tected by the Spitzer Space Telescope in the Boötes field. Unlike the rest of the

sample, this source had a diffuse, extended morphology and very blue colors in

deep broad-band imaging (Figure 2.1). The authors suspected and spectroscopi-

cally confirmed that Lyα line emission was dominating the blue broad-band flux

and that the diffuse morphology indicated the presence of a giant Lyα nebula.

Inspired by this discovery, we designed an innovative search for Lyα neb-

ulae in deep broad-band imaging of the NOAO Deep Wide-Field Survey (ND-

WFS; Jannuzi & Dey, 1999). Our survey is geared towards finding the largest and
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Figure 2.1 Images cutouts of the BW , G, R, & I broad-band images of the Lyα

nebula discovered at z ≈ 2.7 by Dey et al. (2005). ‘A’ is a Lyman Break galaxy

at the redshift of the nebula; B is a background galaxy. The red crosses in the

4 panels mark the positions of the mid-infrared source as measured from the

Spitzer 24µm (on the BW panel), 3.6µm (G), 4.5µm (R), and 8.0µm (I) images. The

contours in the last panel show the central portion of the Lyα emission detected

in a narrow-band filter. The contours drawn correspond to the line flux surface

brightnesses of [0.2,0.4,0.6,0.8] ×10−16 erg s−1 cm−2 arcsec−2.
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brightest Lyα nebulae, by leveraging the very deep imaging of NDWFS to look

for sources where bright Lyα emission boosts the broad-band flux relative to the

very dark sky in the blue. The wide-area of the NDWFS survey means we were

able to probe an enormous comoving volume with an existing dataset, signifi-

cantly reducing the required observational overhead. In that sense, our survey

is complementary to the more sensitive but smaller volume narrow-band Lyα

nebulae surveys (e.g., Matsuda et al., 2004; Saito et al., 2006; Smith & Jarvis, 2007;

Yang et al., 2009).

In this section we describe our broad-band search algorithm and the resulting

sample of 40 high priority (and 40 second priority) Lyα nebulae candidates.

2.2.1 NDWFS Broad-band Data

The deep broad-band optical data from the NOAO Deep Wide-Field Survey Boötes

Field (NDWFS; Jannuzi & Dey, 1999) form the basis for this systematic survey for

large Lyα nebulae. Observations in BW , R, and I bands of the 9 square degree

Boötes field were completed using the Mayall 4m Telescope and the MOSAIC

imaging camera. Data reduction was performed using IRAF1. The BW , R, and I-

band median 5σ point-source depths are ≈27.1, 26.3, and 25.8 mag (AB), respec-

tively. The Boötes field was chosen as a field with low IRAS 100µm and N(HI)

background that would be at low airmass during the best observing conditions

for Kitt Peak National Observatory.

2.2.2 The Search Algorithm

The survey was designed to select blue, diffuse, spatially-extended sources in

the 27 pointings of the NDWFS Boötes field optical imaging. The BW imaging
1NDWFS Data Processing: http://www.noao.edu/noao/noaodeep/ReductionOpt/frames.html
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was used as the primary search image, and the R imaging provided secondary

color information. With nine square degrees to cover and an average 5σ limiting

magnitude of 27.1 in BW , our primary concern in designing the algorithm was to

restrict the number of contaminant objects while retaining objects likely to be Lyα

nebulae. Our search strategy involves first subtracting off bright galaxies and

compact objects and then searching for diffuse, spatially extended, low surface

brightness objects with blue colors.

The search pipeline steps are described below and shown as a flow chart in

Figure 2.2. Figures 2.3 and 2.4 illustrate how the pipeline works using a sample

image region. Prior to running the search pipeline, masked pixels originally set

to large values in the archival NDWFS data were reset to the median sky value

in the image to avoid ringing issues later in the algorithm. Each pointing was

analyzed separately and was divided into nine sections (overlapping by 60′′) to

speed the search process.

Background and Halo Subtraction

Step 1: The first step is to remove the sky background and the halos around

bright stars using a background map generated by Source Extractor. We used a

high detection threshold (DETECT THRESH = 10σ per pixel), set background

parameters (BACK SIZE = 64 and BACK FILTERSIZE = 3), and required

a minimum of 5 connected pixels (MINAREA = 5). This background map was

subtracted from the search image.

Bright Object Removal

Step 2: First, we remove bright stars and galaxies that would produce a large

number of false detections later on. We again ran Source Extractor using a high

detection threshold (DETECT THRESH = 10σ per pixel) and a minimum of
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5 connected pixels (MINAREA = 5) in order to generate a catalog of bright

sources.

Step 3: We then ran Source Extractor with a very low threshold

(DETECT THRESH = 1σ per pixel) in order to generate a deep segmentation

map, i.e., a map of all object pixels, that would include pixels out into the faint

wings of bright stars and galaxies. This iteration used the ASSOC mode in which

the catalog from Step 2 was used as an input to Source Extractor and only those

detections that match were reported. Detected sources were matched against the

input catalog based on measured pixel position, a weight set by the object flux

(FLUX AUTO), and a search radius (ASSOC RADIUS = 2 pixels). Using the

deep segmentation maps from this step and the image rms maps, we replace re-

gions identified with bright objects (stars and galaxies) with patches of sky noise.

Step 4: We repeated Step 2 running Source Extractor on the “cleaned” image

from Step 3 but with an intermediate threshold (DETECT THRESH = 6σ per

pixel) to further remove stars and galaxies.

Step 5: We repeated Step 3 running Source Extractor on the image from Step

4 with the ASSOC feature in order to generate the necessary deep segmentation

map. Again, the detections are replaced with sky noise.

Faint Compact Object Removal

Step 6: To remove fainter objects with compact morphology, we used unsharp

masking. An unsharp masked image is produced by smoothing the image from

Step 5 using a 11 × 11 pixel kernel and then subtracting the smoothed image

from the image from Step 2. In this process, diffuse emission is removed, so only

compact sources remain in the unsharp masked image.

Step 7: We perform another ASSOC Source Extractor run on the unsharp
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masked image in which we only allow matched detections to be returned, i.e.,

anything detected in both the Step 5 image and the unsharp masked image is re-

ported. We remove these object regions by replacing them with sky noise, and in

this way remove additional faint compact sources from the image.

Final Image Cleaning

Step 8: To avoid artifacts from bright stars being selected as sources later in the

pipeline, we replaced the regions around bright stars out a radius of 150 pixels

with sky noise.

Identification of Spatially Extended Objects

Step 9: We then apply a wavelet decomposition algorithm to decompose the

image into maps showing the power on a number of different spatial scales. We

use the wavelet decomposition code wvdecomp2 to filter the image across six size

scales (scalemin = 1, scalemax = 6, threshold = 3, thresholdmin = 2, iter = 10).

A more detailed discussion of the wavelet algorithm is given in Appendix A.

Step 10: We used the known Lyα nebula LABd05 to empirically determine the

appropriate scale for large Lyα nebulae. Using one final run of SourceExtractor,

we make a catalog of sources in the wavelet power map and select those with

wavelet power peaks above 4σ, chosen to minimize the number of total candi-

dates while preserving sources like LABd05.

Final Catalog Cleaning and Candidate Prioritization

Step 11: Sources drawn from high noise regions of the image as well as those

found in regions that had been flagged in previous steps were removed from the

candidate list.
2Alexey Vikhlinin; ZHTOOLS documentation and source code: http:hea-

www.harvard.eduRDzhtools.
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Step 12: Postage stamps of candidates were inspected visually to remove ar-

tifacts and fake sources detected due to residual halos of stars and galaxies. The

candidates are ranked by eye on a scale from 0 to 4, where 0 is a star halo, 1 is a

galaxy halo, 2 is tidal tails or spiral arms, 3 is a tight grouping of compact sources

selected as a single large source, and 4 is spatially-extended diffuse emission. We

remove those objects categorized as 0-2 from the candidate sample, since these

are easy to classify unambiguously by eye. Since the distinction between cat-

egories 3 and 4 is more subjective and since Lyα nebulae are known to show

clumpy morphology in some cases, both category 3 and 4 objects were included

in the final sample to be targeted for follow-up spectroscopy.

Step 13: The final sample was then prioritized based on BW −R color and size,

as discussed in Section 2.2.3.

2.2.3 Candidate Sample

We used the search algorithm described in the previous section to morpholog-

ically select Lyα nebula candidates from the entire Boötes field dataset and in

the final step use visual inspection to remove artifacts and tidal features from the

sample. Since the objects we are looking for have strong Lyα emission, which at

1.9 < z < 2.9 lies within the BW bandpass, in principle we are looking for ob-

jects that are blue in BW − R. However, unlike all other Lyα nebula surveys, our

survey is not formally equivalent width limited. Figures 2.5 and 2.6 show the ex-

pected BW −R color for a source with a given redshift and Lyα equivalent width

generated by adding a Gaussian emission line to unreddened single stellar pop-

ulation models of age 5 and 25 Myr (Bruzual & Charlot, 2003). Other than at the

high redshift end of the survey (z ∼> 2.6), sources of any equivalent width will fall

within our color selection window. The key factor is whether a source is spatially
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Figure 2.2 Flow chart of the systematic broad-band search for Lyα nebulae in the

NDWFS Boötes field.
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Figure 2.3 Steps of the broad-band Lyα nebula search algorithm illustrated using

the region around the Dey et al. (2005) Lyα nebula (see text). The diffuse emission

of the Dey et al. (2005) Lyα nebula is visible (arrows).
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Figure 2.4 Wavelet decomposition is used to separate out sources of different size

scales. The upper left panel shows the final result of Steps 1-8, an image with

bright compact objects removed. The other three panels show the wavelet power

maps for different size scales. The diffuse emission of the Dey et al. (2005) Lyα

nebula generates a large wavelet power peak in the final panel and is easily se-

lected as a Lyα nebula candidate (arrows). The other source in the upper right of

the bottom right panel is below the 4σ threshold and is therefore too weak to be

selected.
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extended enough and bright enough in BW to be selected via the morphological

search pipeline.

Figure 2.7 shows the size and color distribution of the candidate sample. We

measured BW − R colors in the original images using large apertures (30 pixel,

7.7′′ diameter; aperture sky subtraction). For the purposes of selecting candidates,

we defined the size as that measured by Source Extractor (ISOAREA WORLD

in square degrees) in the final search on the wavelet power map. We stress that

because these sizes are measured in the wavelet power map, they should not be

taken as the true size of the object because the wavelet size is underestimated

in cases where some portion of that object has been rejected during the pipeline

(due to compact sources within or adjacent to the diffuse emission). In addition,

it is also important to keep in mind that we are attempting to detect line emission

within the broad BW band, so the measured BW sizes will underestimate the true

nebular size.

The majority of the morphologically-selected candidates are red (BW -R ∼>

1.0), but a small subset show blue colors, which could either result from a strong

emission line within the BW band or from very blue continuum emission. Due

to the fact that we included both category 3 and 4 candidates (described in Sec-

tion 2.2.2), the candidates span a range of morphologies from diffuse to clumpy.

A number of the very blue sources appear to be a close grouping of compact

sources selected as one. While at first glance these compact groups do not have

the diffuse appearance we were looking for, we decided that it is unwise to re-

move them because the full range of morphological range spanned by the Lyα

nebula class is not yet known. Indeed, as putative sites of massive galaxy for-

mation, Lyα nebulae are sometimes found to encompass compact sources (e.g.,
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Figure 2.5 Expected BW − R colors for Lyα nebulae at redshifts 1.2 < z < 3.1,

where the colors are divided into 0.1 mag bins; the BW −R color cuts used in our

survey are shown as black lines at BW −R < 0.45 and at BW −R < 0.65. The BW

bandpass will contain Lyα at 1.9 < z < 2.9. Lyα nebulae are modeled as a 5 Myr

single stellar populations with a Lyα line (unreddened; Bruzual & Charlot, 2003).

The continuum at the position of Lyα is measured within ±20Å of the line. The

stellar continuum is assumed to have the same morphology as the Lyα, which

means that these idealized Lyα nebulae would be detectable down to much lower

redshifts where Lyα is not contained with the BW band. The canonical upper

limit for Lyα equivalent widths arising from stellar processes is shown (dashed

line Charlot & Fall, 1993) along with the positions of the 5 confirmed Lyα sources

from this survey (diamonds).
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Figure 2.6 Same as Figure 2.5 except that the continuum is an unreddened 25 Myr

model (single stellar population, unreddened; Bruzual & Charlot, 2003).
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young galaxies; Chapter 4. For these reasons we do not apply any further mor-

phological criteria at this point. We define our high priority region (Region A) as

BW − R < 0.45 and ISOAREA WORLD> 34 arcsec2 and a second priority region

(Region B) as BW −R < 0.65 and Log(ISOAREA WORLD)> 0.934× (BW −R) +

1.11 arcsec2 (Figure 2.8). Our final high priority (second priority) candidate sam-

ple consists of 40 (40) sources over the entire ∼9 square degree survey (Table 2.1).

Finally, we selected a handful of candidates with promising diffuse morphologies

from outside these regions as third priority follow-up targets.
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Table 2.1. Lyα Nebula Candidates

Right Ascension Declination Wavelet Size BW − R Priority

(hours) (degrees) (arcsec2) (AB mag)

14:34:10.948 33:17:30.80 59.1 0.42 1

14:34:07.476 33:41:40.56 48.3 0.26 1

14:34:12.722 33:29:39.19 38.7 0.22 1

14:27:21.672 33:52:42.63 47.4 0.25 1

14:27:35.479 34:23:32.38 35.0 -0.26 1

14:27:32.520 34:12:13.39 34.4 -0.62 1

14:27:53.762 34:12:04.10 36.5 0.45 1

14:34:01.034 35:12:29.12 42.0 0.19 1

14:33:35.764 34:45:02.84 37.5 0.33 1

14:32:32.484 35:15:34.23 35.3 0.30 1

14:32:02.568 35:19:04.22 36.6 0.42 1

14:30:53.488 35:20:06.68 45.0 0.43 1

14:28:02.803 35:9:33.300 34.2 0.35 1

14:27:46.348 34:45:44.02 35.0 0.34 1

14:36:51.312 34:21:07.38 35.1 0.28 1

14:35:23.856 35:49:34.39 45.0 0.42 1

14:33:48.885 35:41:56.68 41.7 -0.08 1

14:30:57.662 35:45:47.26 59.6 0.43 1

14:30:55.192 35:28:54.76 61.6 0.43 1

14:28:32.733 35:41:04.56 37.8 -0.23 1

14:27:45.194 35:29:48.98 42.9 0.23 1

14:28:21.259 35:20:00.92 42.4 0.25 1

14:24:45.998 35:47:14.06 40.5 0.19 1

14:26:22.905 35:14:22.02 49.5 -0.49 1

14:28:19.735 32:54:48.70 37.1 0.44 1

14:27:10.447 32:48:41.76 35.4 0.41 1

14:25:16.629 32:43:35.47 39.0 0.14 1

14:24:49.761 32:47:42.61 34.9 -0.74 1

14:25:48.283 32:29:56.58 35.0 0.12 1
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Table 2.1—Continued

Right Ascension Declination Wavelet Size BW − R Priority

(hours) (degrees) (arcsec2) (AB mag)

14:24:41.940 33:25:31.94 38.4 0.38 1

14:27:22.408 34:52:24.74 35.9 0.29 1

14:26:53.172 34:38:55.39 44.8 -0.67 1

14:27:07.840 34:47:48.84 35.4 0.43 1

14:26:14.714 34:44:34.22 49.9 0.43 1

14:25:39.859 34:49:59.19 37.1 0.14 1

14:24:43.869 34:48:34.45 36.9 0.37 1

14:26:43.850 34:9:36.828 36.1 0.03 1

14:26:19.982 34:04:27.01 35.7 -0.75 1

14:25:47.126 33:44:54.13 48.1 0.45 1

14:25:26.332 33:51:12.16 48.7 0.40 1

14:28:56.013 33:19:36.51 53.5 0.60 2

14:34:36.448 33:04:05.62 72.1 0.53 2

14:35:11.030 33:55:43.10 53.3 0.53 2

14:33:10.346 33:50:56.94 45.9 0.58 2

14:35:51.278 33:34:21.03 55.9 0.51 2

14:34:59.702 33:37:48.93 48.1 0.48 2

14:34:16.420 33:30:58.10 39.3 0.46 2

14:32:30.244 33:41:05.46 50.5 0.56 2

14:30:55.713 34:05:01.71 49.3 0.57 2

14:29:9.2784 34:25:42.38 55.8 0.58 2

14:29:06.271 34:11:30.26 53.5 0.48 2

14:27:29.894 34:11:25.22 56.2 0.48 2

14:35:12.336 35:11:08.62 55.7 0.56 2

14:34:38.700 35:04:19.84 38.4 0.46 2

14:34:35.932 35:07:9.912 44.2 0.57 2

14:32:36.883 35:18:00.32 49.1 0.57 2

14:31:53.066 35:14:36.45 62.6 0.53 2

14:31:41.253 35:21:9.864 39.5 0.48 2
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2.2.4 Potential Contaminants

Due to the wide bandpass of the BW filter, there are several populations that have

the potential to contaminate our Lyα nebula candidate sample. The morpholog-

ical selection method will tend to pick out any source of low surface brightness

extended emission that cannot be easily identified as a nearby galaxy such as low

surface brightness galaxies (LSBs) or even low surface brightness nebulae within

the Galaxy. In principle lower redshift sources with [O II]λλ3727,3729 emission in

the selection band (BW ) are a contaminant population much as they are in Lyα-

emitting galaxy surveys. In addition, galaxies and Lyα nebulae in the redshift

desert (1.2 < z < 1.8) may be selected as candidates in our survey if they exhibit

extended blue continuum emission or if the morphological selection is fooled by

a close grouping of compact sources. As long as some fraction of the sources are

blue, they may be targeted as high priority candidates. However, as discussed in

the previous section, we do not remove these based on visual inspection because

Lyα nebulae sometimes contain compact galaxies.

While this range of different populations should contaminate our sample in

principle, not all of them will contribute in practice. We do not expect to find

many LSBs because the BW − R color limit of our survey is selected to be bluer

than typical LSB colors (i.e., BW − R = 1.49 ± 0.60; Haberzettl et al., 2007, also

Figure 2.8); any remaining blue LSBs would be expected to show optical emis-

sion lines and be easily identified in follow-up spectroscopy. Low redshift [O II]

emitters will not likely contaminate our sample due to the expected colors and

morphological selection. To be selected as candidates in this survey these sources

would need to have [O II] emission that is extended across several arcseconds,

meaning that they would be [O II] nebulae at z ∼< 0.3. If compact groupings of



48

Table 2.1—Continued

Right Ascension Declination Wavelet Size BW − R Priority

(hours) (degrees) (arcsec2) (AB mag)

14:28:19.840 34:46:57.14 50.4 0.61 2

14:36:41.373 34:15:10.26 52.1 0.55 2

14:38:41.956 33:53:24.79 59.5 0.63 2

14:38:33.249 34:03:59.32 39.6 0.52 2

14:37:06.588 33:56:52.65 41.3 0.52 2

14:34:22.348 35:15:34.27 46.3 0.51 2

14:33:02.844 35:47:29.43 52.7 0.50 2

14:31:15.055 35:41:47.76 50.1 0.55 2

14:31:28.245 35:26:57.91 47.3 0.56 2

14:32:03.760 35:18:54.86 37.4 0.46 2

14:29:59.978 35:39:26.89 42.4 0.47 2

14:29:29.198 35:47:10.78 49.5 0.52 2

14:27:58.617 35:44:28.42 44.4 0.50 2

14:30:04.687 35:35:9.060 134.0 0.61 2

14:28:54.998 35:30:21.70 64.9 0.52 2

14:28:25.999 35:21:15.62 42.7 0.48 2

14:29:06.398 35:24:32.22 47.2 0.54 2

14:32:22.768 32:49:42.67 53.1 0.53 2

14:25:35.205 32:49:34.17 42.6 0.49 2

14:25:22.339 32:54:23.65 39.9 0.48 2

14:27:14.791 34:31:54.55 47.7 0.52 2

14:26:34.106 33:49:53.61 44.3 0.51 2
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Figure 2.7 Size vs. BW − R color of Lyα nebula candidates selected using the

morphological search pipeline. The candidates are shown (black circles) along

with artifacts from the residual halos from bright galaxies (cyan squares) and de-

tections of tidal tails and spiral arms (green triangles). The size axis corresponds

to the size of the source in the wavelet power map and should not be taken to

reflect the true size of the object, as discussed in the text.
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Figure 2.8 Size vs. BW − R color of Lyα nebula candidates selected using the

morphological search pipeline. The high priority (A) and second priority (B) se-

lection regions are indicated (dashed lines). The candidates are shown (black

circles) along with spectroscopic targets with and without Lyα (blue stars and

red circles, respectively). Artifacts described in the previous figure are shown

as black dots. The large filled circle represents the typical color of low surface

brightness galaxies (Haberzettl et al., 2007). The high (second) priority region

contains 40 (40) Lyα nebula candidates. The size axis corresponds to the size of

the source in the wavelet power map and should not be taken to reflect the true

size of the object, as discussed in the text.
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[O II]-emitters or extended [O II] nebulae were to be selected via our morpholog-

ical search, the position of [O II] in the BW , [O III] in the R band, and Hα in the R

or I band would give the object redder colors, and therefore it is less likely they

would be selected in our survey.

While LSBs and low redshift interlopers with emission lines are easily ruled

out by follow-up spectroscopy, identifying line-less contaminants (e.g., Galac-

tic reflection nebulae and Lyα nebulae or galaxies in the red desert including

close groupings of compact sources) would require deeper spectroscopic follow-

up than was practical when conducting a long-slit survey using a 6.5m telescope

due to the faintness continua in these sources. Our spectroscopic campaign there-

fore focused on simply confirming whether or not a candidate showed strong line

emission. If it did not, it was considered a contaminant for the purposes of this

study. We discuss the survey contaminants further in Section 2.4.

2.3 Spectroscopic Follow-up

In this section we describe the spectroscopic follow-up of our Lyα nebula candi-

date sample.

2.3.1 Observations & Reductions

We obtained spectroscopic follow-up observations of 26 Lyα nebula candidates

using the MMT and the Blue Channel Spectrograph during four separate runs in

2007 May, April 2008, and June 2008. Of these, 15 were from the high priority

selection region, 5 were second priority, and 6 were third priority. The observing

log is given in Table 2.2.

The observations used the 300 l/mm grating (λc ≈ 5713Å, ∆λ ≈ 3100 −

8320Å). For each candidate we initially chose a slit orientation that would span
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the longest dimension of the diffuse emission, and attempted to intersect a nearby

bright reference object when possible. However, during the initial pilot run we

found that the primary contaminants of our survey were faint continuum-only

sources. We also decided it was essential to include a bright reference object on

the slit and all subsequent slit positions were therefore chosen with this in mind.

During the 2007 pilot run, we did not dither targets along the slit due to the lack

of bright reference objects on the slit. During the later runs, we dithered the target

along the slit by ≈5′′ in between exposures. The full list of targeted candidates is

given in Table 2.3.

We reduced the spectroscopic data using IRAF3 in the usual manner. Af-

ter performing the overscan and bias subtraction, we removed the response of

the internal ‘Bright Continuum’ flatfield lamp by dividing out the median along

columns and then applied the flatfield correction. Twilight flats were used to de-

termine the illumination correction for the science frames. We removed cosmic

rays using xzap4. We determined the wavelength solution using both HeArNe

and HgCd comparison lamps, with an rms of ≈0.08-0.18Å, and then corrected

the data for any slight systematic offset in the night sky lines. The night sky

line wavelengths in the final spectra are correct to ±0.42Å. The flux calibration

was based on observations of the standard stars BD+33 2642, BD+26 2606, BD+28

4211, Feige 34, and Wolf 13465. For each night we applied a grey shift (∼<0.1 mag)

and fit the relative sensitivity function. The typical 1σ line flux sensitivity limit

in the region of Lyα was 6.6 × 10−18 erg s−1 cm−2 (1σ assuming a line width of
3IRAF is distributed by the National Optical Astronomy Observatories, which are operated

by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement
with the National Science Foundation.

4http://iraf.noao.edu/iraf/ftp/iraf/extern/xdimsum020627
5KPNO IRS Standard Star Manual
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Table 2.2. Observing Log

UT Date Instrumental Resolutiona Unvignetted Slit Spatial Binning Seeing Conditions

(arcsec) (Å) (arcsec) (arcsec)

2007 May 20 2.6 1.0×120 0.56 1.0-1.2 Clear, high winds

2007 May 21 2.6 1.0×120 0.56 1.0-1.2 Clear, high winds

2007 May 22 3.4 1.5×120 0.56 1.3-1.7 Clear, high winds

2008 April 3 3.4 1.5×120 0.28 1.0 Mostly clear

2008 April 30 3.4 1.5×120 0.28 1.2-1.9 Clear, high winds

2008 June 8 3.4 1.5×120 0.28 1.0 Clear

2008 June 9 3.4 1.5×120 0.28 1.1-2.0 Clear, high winds

Note. — All spectroscopic observations were taken with the MMT and the Blue Channel Spectrograph.
aQuoted instrumental resolution is the average of measurements of the Hg Iλ4047, Hg Iλ4358, Hg Iλ5461, and

O Iλ5577 lines.

FWHM=12Å); at the very blue end of the spectrum the line sensitivity limit was

3.2 × 10−17 erg s−1 cm−2.
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Table 2.3. Spectroscopic Observations

Target Right Ascension Declination Wavelet Size BW − R Priority UT Date Exposure Time Class Notes

(hours) (degrees) (arcsec2) (AB mag) (s)

1 14:30:06.864 35:34:36.73 108.2 0.80 3 2007 May 20-21 2400 Continuum Galactic?

2 14:28:46.228 33:08:19.42 89.9 0.89 3 2007 May 20-21 10800 Continuum Galactic?

3 14:34:10.948 33:17:30.80 59.1 0.42 1 2007 May 20 1800 Lyα LABd05

4 14:35:12.336 35:11:08.62 55.7 0.56 2 2008 Jun 8-9 7200 Lyα PRG1

5 14:32:22.768 32:49:42.67 53.1 0.53 2 2008 Jun 8 1800 Continuum -

6 14:26:14.714 34:44:34.22 49.9 0.43 1 2008 Jun 8 3600 Continuum -

7 14:26:22.905 35:14:22.02 49.5 -0.49 1 2008 Apr 3 3600 Lyα PRG2

8 14:25:26.332 33:51:12.16 48.7 0.40 1 2008 Jun 9 3600 Continuum -

9 14:25:47.126 33:44:54.13 48.1 0.45 1 2008 Apr 30 2400 Continuum -

10 14:27:14.791 34:31:54.55 47.7 0.52 2 2008 Jun 8 1800 Continuum -

11 14:31:28.245 35:26:57.91 47.3 0.56 2 2007 May 22 5400 Continuum -

12 14:26:53.172 34:38:55.39 44.8 -0.67 1 2008 Apr 30 3600 Lyα PRG4

13 14:29:27.837 34:59:06.14 43.1 1.18 3 2007 May 21 3600 Continuum -

14 14:37:06.588 33:56:52.65 41.3 0.52 2 2007 May 20-21 4800 Continuum -

15 14:25:16.629 32:43:35.47 39.0 0.14 1 2008 Jun 8 3600 Continuum -

16 14:34:12.722 33:29:39.19 38.7 0.22 1 2008 May 20 10800 Lyα PRG3

17 14:32:07.224 34:31:01.34 37.3 0.81 3 2007 May 22 3600 Continuum -

18 14:25:39.859 34:49:59.19 37.1 0.14 1 2008 Jun 8 3600 Continuum -

19 14:27:53.762 34:12:04.10 36.5 0.45 1 2007 May 20-21 8400 Continuum -

20 14:26:00.842 35:02:52.36 36.1 0.63 3 2008 Apr 3 3600 Continuum -
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2.4 Individual Sources

Of the 15 high priority and 5 second priority candidates targeted for spectro-

scopic follow-up, 4 high priority sources and 1 second priority source had con-

firmed Lyα emission: we recovered the previously-discovered large Lyα nebula

at z ≈ 2.66 (LABd05; Dey et al., 2005) and discovered new Lyα sources at z ≈ 1.67,

z ≈ 1.88, z ≈ 2.14, and z ≈ 2.27. In addition, we also targeted a handful of

redder candidates that showed promising diffuse morphologies upon visual in-

spection (third priority). However, no Lyα or [O II] line emission was confirmed

in any of the third priority candidates. In this section, we describe each of con-

firmed sources in turn and then discuss the primary contaminants to our survey.

Figures 2.13-2.9 give the postage stamps, two-dimensional, and one-dimensional

spectra of the Lyα sources; the coordinates and measured properties are listed in

Table 2.4. The spectral extraction apertures were chosen to maximize the signal-

to-noise ratio of Lyα, and the redshifts are measured from the Lyα line without

any correction for Lyα absorption. The Lyα sizes along the slit were measured

above a 3σ surface brightness limit of ≈ 7 × 10−18 erg s−1 cm−2 arcsec−2. The

BW surface brightnesses are measured as the average surface brightness above

the isophotal surface brightness limit of µ = 27.8 mag arcsec−2, which is the

typical 3σ surface brightness limit of NDWFS. The BW sizes were estimated as

a flux-weighted mean diameter above the same 3σ isophotal surface brightness

limit6. This measure was chosen because Lyα nebulae often have very clumpy

morphologies and depart strongly from Gaussian profiles, and hence a simple

isophotal radius will underestimate the full angular extent of the source.
6The flux-weighted mean radius is equal to 2/3 of the full radius for a circular source of con-

stant surface brightness.
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Table 2.3—Continued

Target Right Ascension Declination Wavelet Size BW − R Priority UT Date Exposure Time Class Notes

(hours) (degrees) (arcsec2) (AB mag) (s)

21 14:26:43.850 34:9:36.828 36.1 0.03 1 2008 Jun 9 3600 Continuum -

22 14:27:22.408 34:52:24.74 35.9 0.29 1 2008 Apr 3 3600 Continuum -

23 14:26:19.982 34:04:27.01 35.7 -0.75 1 2008 Apr 30 2400 Continuum -

24 14:25:48.283 32:29:56.58 35.0 0.12 1 2008 Jun 9 3600 Continuum -

25 14:24:49.761 32:47:42.61 34.9 -0.74 1 2008 Apr 30 3600 Continuum -

26 14:25:32.966 34:39:11.95 28.8 0.26 3 2008 Apr 3 3600 Continuum -
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We stress that these size estimates are drawn from broad-band imaging and

therefore underestimate the true nebular sizes. The conversion from BW size to

Lyα size that would have been measured in narrow-band observations depends

on the depth of the images, the width of the narrow-band filter, and the profile

of the Lyα nebula in both line and continuum emission. The Lyα nebulae dis-

covered in this survey have BW sizes that underestimate the Lyα sizes measured

from the spectra by a factor of ∼>1.2-1.6 (Table 2.4).

Approximate estimates for the total Lyα luminosity, total Lyα isophotal area,

and total Lyα size are also given in Table 2.4. The total Lyα luminosity was

derived by scaling the Lyα luminosity within the spectroscopic slit by a geometric

correction factor of fgeo = ABW
× ν/(ω × d), where ABW

is the approximate area

of the source on the BW image, ν is the ratio of the Lyα and BW sizes measured

along the slit, ω is the slit width, and d is the aperture size. The total Lyα isophotal

area was estimated by correcting ABW
by a factor of ν2. The total Lyα size is

simply the source size measured from the BW image corrected by ν.

2.4.1 Confirmed Lyα Sources

In this section, we discuss each confirmed Lyα source in detail.

2.4.2 PRG1 — “The Lyα+He II Blob”

PRG1 is the first example of a Lyα nebula with strong, spatially extended He II

emission and weak metal lines, suggestive of a hard ionizing continuum and

potentially low metallicity gas (Figure 2.9). The BW imaging shows a diffuse

nebula and several compact sources, the strongest of which is located to the West-

Northwest of the nebula. Despite the strong Lyα emission and large size (>60 kpc

across), this source was selected as a second priority candidate because of its low
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Table 2.4. Lyα Nebula Measurements

PRG1 PRG2 PRG3 PRG4 LABd05

Aperture (arcsec) 1.5 ×5.04 1.5 ×7.84 1.0 ×5.60 1.5 ×1.68 1.0 ×4.48

Redshift 1.6731 ±0.0003 2.2668 ±0.0001 2.1368 ±0.0007 1.8883 ±0.0005 2.6564 ±0.0003

Lyα Diameter Along Slit (arcsec) 7.56 10.90 8.40 3.36 9.50

BW Diameter Along Slit (arcsec) 6.43 8.16 6.19 2.26 5.86

Flux-weighted Mean BW Diameter (arcsec) 4.42 4.91 4.15 4.21 4.14

BW SB (mag arcsec−2) 27.4 27.2 27.0 27.1 27.0

FLyα (10−17 erg s−1 cm−2) 44.1 ± 4.0 49.2 ± 1.1 10.2 ± 1.2 10.3 ± 1.2 19.0 ± 0.9

LLyα (1042 erg s−1) 8.2 ± 0.7 19.3 ± 0.4 3.5 ± 0.4 2.6 ± 0.3 10.9 ± 0.5

Lyα EW (Å) 257.1 ± 29.1 127.3 ± 6.3 47.1 ± 6.4 88.7 ± 11.8 115.5 ± 9.5

Lyα FWHM (Å) 9.19 ± 0.60 8.52 ± 0.19 23.36 ± 7.90 6.51 ± 0.89 15.44 ± 0.70

Lyα σv (km s−1) 361.2 ± 23.7 273.9 ± 6.1 782.1 ± 264.3 236.8 ± 32.2 443.3 ± 20.0

FHeIIλ1640 (10−17 erg s−1 cm−2)a 5.8 ± 1.0 < 2.2 < 1.4 < 1.0 < 2.9

Approximate Total LLyα (1042 erg s−1) 44.2 ± 4.0 93.3 ± 2.0 25.5 ± 3.1 -b 119.9 ± 5.8

Approximate Lyα Isophotal Area (arcsec2) 34.6 42.5 30.4 -b 30.3

Approximate Lyα Size (kpc) 66.1 80.9 70.1 -b 80.2

aHe IIλ1640 flux upper limits are 3σ values.

bApproximate values for PRG4 have not been included because the BW is not an accurate tracer of the Lyα emission in this source.
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redshift and relatively red BW − R color. At z ≈ 1.67, Lyα is right at the edge of

the optical window and not contained within the BW band. Thanks to the diffuse

blue continuum (95%) and He II emission (5%), the source was selected by our

survey none the less. As the lowest redshift Lyα nebula known and the only one

for which He II is spatially extended, PRG1 is an ideal target for detailed study

of the physical conditions and kinematics within Lyα nebulae. Analysis of the

metallicity and source of ionization in PRG1 is given in Chapter 5 (Prescott et al.,

2009).

2.4.3 PRG2 — “The Diamond Blob”

PRG2 source is a large Lyα nebula at z ≈ 2.26 with a roughly diamond-shaped

morphology in the BW image (Figure 2.10). At the Southwestern corner is a very

blue compact source that appears to be a Lyα-emitting galaxy from the spectrum.

This source is a perfect example of why it is important not to reject Lyα nebula

candidates due to clumpy morphology or the presence of embedded compact

sources (as discussed in Section 2.2.2). The Lyα nebula spans at least 80 kpc in

Lyα and shows a velocity gradient across the Northeastern part of the source. No

other strong lines are detected in the observed optical spectrum, although there

may be a weak detection at the position of He II and C III]. The redshift of this

source is ideal for follow-up NIR spectroscopy as the rest-frame optical emission

lines ([O II], [O III], Hβ, and Hα) will be observable in the J , H , and K bands.

2.4.4 PRG3 — “The Horseshoe Blob”

PRG3 is a ≈40 kpc Lyα nebula at z ≈ 2.1 (Figure 2.11). It has a rather clumpy

horseshoe-shaped morphology in the BW imaging. The spectrum shows slight

velocity structure and strong continuum, but no other emission lines.
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Figure 2.9 Imaging and MMT spectroscopic observations of PRG1, a Lyα neb-

ula at z ≈ 1.67. The top row shows the optical BW , R, and I imaging along

with the slit used for follow-up spectroscopy. The central panel contains the

two-dimensional spectrum versus observed wavelength and the bottom panel

presents the one-dimensional spectrum extracted from a 1.5×5.04′′ aperture. The

error spectrum (red line) and BW bandpass (blue line) are shown.
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Figure 2.10 Imaging and MMT spectroscopic observations of PRG2, a Lyα neb-

ula at z ≈ 2.27. The top row shows the optical BW , R, and I imaging along

with the slit used for follow-up spectroscopy. The central panel contains the

two-dimensional spectrum versus observed wavelength and the bottom panel

presents the one-dimensional spectrum extracted from a 1.5×7.84′′ aperture. The

error spectrum (red line) and BW and R bandpasses (blue line) are shown.
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Figure 2.11 Imaging and MMT spectroscopic observations of PRG3, a Lyα neb-

ula at z ≈ 2.14. The top row shows the optical BW , R, and I imaging along

with the slit used for follow-up spectroscopy. The central panel contains the

two-dimensional spectrum versus observed wavelength and the bottom panel

presents the one-dimensional spectrum extracted from a 1.0×5.6′′ aperture. The

error spectrum (red line) and BW and R bandpasses (blue line) are shown.
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2.4.5 PRG4

PRG4 appears to be a candidate that was selected due to a close grouping of

compact sources (Figure 2.12). Due to the very blue color, it was selected as a

high priority target. Although the BW size of the full grouping is roughly 6′′,

the observed Lyα at z ≈ 1.89 is only marginally extended along the direction of

the spectroscopic slit (2.8′′, 24 kpc). The source may be larger — there is diffuse

BW emission seen to the Southwest in the BW imaging — but without further

spectroscopy, we cannot determine if it is associated. No other lines are seen in

the spectrum.

2.4.6 LABd05

This is the source that was the inspiration for our broad-band Lyα nebula search

(Figure 2.13 Dey et al., 2005). One of the largest Lyα nebulae known (∼> 100 kpc),

it is located at z ≈ 2.66. From the BW imaging, it was clear that there are two

compact sources embedded with the nebula. Detailed study of ground-based

data revealed that the one to the Northeast is a Lyman break galaxy at the same

redshift and the one to the Southwest is an interloper galaxy at z ≈ 3.2. Dey

et al. (2005) presented a detailed analysis of the energetics of the system from

ground-based data. Chapter 4 presented high resolution imaging of LABd05

from HST/ACS and NICMOS, revealing that there are 7 compact galaxies within

the system alongside as well as an obscured AGN.

2.4.7 Survey Contaminants

The dominant contaminants in both the primary and secondary samples were

sources with spatially resolved blue continuum emission but no emission lines

visible over the entire observed range of 3200-8300Å. We found no sources that
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Figure 2.12 Imaging and MMT spectroscopic observations of PRG4, a Lyα neb-

ula at z ≈ 1.89. The top row shows the optical BW , R, and I imaging along

with the slit used for follow-up spectroscopy. The central panel contains the

two-dimensional spectrum versus observed wavelength and the bottom panel

presents the one-dimensional spectrum extracted from a 1.5×1.68′′ aperture. The

error spectrum (red line) and BW and R bandpasses (blue line) are shown. The

size of PRG4 is unknown; the source is very compact along the spectroscopic slit,

but additional diffuse emission is visible to the South in the BW imaging.
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Figure 2.13 Imaging and MMT spectroscopic observations of LABd05, a

previously-known Lyα nebula at z ≈ 2.656 (Dey et al., 2005). The top row shows

the optical BW , R, and I imaging along with the slit used for follow-up spec-

troscopy. The central panel contains the two-dimensional spectrum versus ob-

served wavelength and the bottom panel presents the one-dimensional spectrum

extracted from a 1.0×4.48′′ aperture. The error spectrum (red line) and BW and R

bandpasses (blue line) are shown.
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showed extended line emission in lines other than Lyα, which is consistent with

the argument we made against low redshift line-emitting contaminants in Sec-

tion 2.2.4. Sources either showed Lyα emission (with or without other emis-

sion lines or continuum) or showed nothing but continuum emission. Two of

the continuum-only cases from the second and third priority samples were so

large that they are almost certainly located within the Galaxy, e.g., low surface

brightness Galactic reflection nebulae. Since low redshift blue star-forming pop-

ulations or LSBs would be expected to show [O II], [O III], or Hα emission lines,

the remaining contaminants are likely sources at high redshift where Lyα is not

yet visible in the optical but where [O II] has been redshifted out of the red end

of the MMT/Blue Channel spectra (i.e., with redshifts 1.2 ∼< z ∼< 1.6, in the red-

shift desert). Despite the lack of line emission in the BW band, these sources

were selected as spatially-extended, blue sources by the morphological search ei-

ther due to sufficiently extended, blue continuum emission or a close grouping of

projected neighbors. These sources may in fact be galaxies or Lyα nebulae in the

redshift desert. The fact that one of the Lyα nebulae confirmed from this survey

(the case at z ≈ 1.67) is below the redshift where Lyα would be covered by the

BW -band gives weight to this hypothesis. This source was selected by our survey

due to the blue continuum emission, and thanks to the excellent blue sensitivity

of MMT/Blue Channel we were still able to detect its Lyα emission at 3250Å.

Without deeper spectroscopy capable of identifying stellar absorption features or

UV spectroscopy from space, however, it is not possible to confirm the origin of

the continuum-only sources on a case by case basis. The presence of continuum

does confirm that these are indeed real astrophysical sources and not artifacts

within the NDWFS imaging.



67

Due to the fact that sources either showed Lyα emission or continuum emis-

sion only and due to the faintness of our targets, we defined the primary purpose

of the follow-up spectroscopy to be determining whether or not there was in fact

an emission line in the system. Candidates with strong line emission in the BW -

band are easily detectable with the MMT/Blue Channel. However, sources with

only continuum emission are much fainter and require much longer integration

times in order to produce a high signal-to-noise ratio spectrum. We therefore in-

tegrated on each of the 26 targeted candidates up until the point where we could

either confirm the presence of a line or confirm the presence of continuum with no

strong lines. This strategy allowed us to target the largest number of candidates.

Deeper spectroscopy of continuum-only sources to detect absorption features is

left to future observations with larger telescopes.

2.5 The Selection Function

While narrow-band surveys effectively rely on the narrow width of the filter to

eliminate contaminant sources — because only a small subset of sources will

show the narrow-band excess required to be selected as a line-emitting candidate

— in using deep broad-band data, we have to contend with every blue object

in the field. Our iterative method is designed to remove as many contaminants

as possible, but this means that our survey is most sensitive within a restricted

range of size, surface brightness, and redshift. In this section, we discuss Monte

Carlo simulations used to probe our survey sensitivity as a function of the two

observables (angular size and BW surface brightness) and as a function of red-

shift.
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2.5.1 The Simulations

Here we discuss Monte Carlo simulations used to estimate the selection function

of our search and how our survey complements other systematic Lyα nebulae

surveys.

First, we generated a catalog of artificial sources that represent a range of

possible physical characteristics for Lyα nebulae, inserted the fake sources into

the imaging data, and determined what fraction are recovered when using the

same selection algorithm as in the science survey. Unlike in the case of Lyα-

emitting galaxy surveys, the reddening distribution, luminosity function, mor-

phology distribution, and equivalent width distributions of Lyα nebulae are not

well-constrained. We therefore chose to select source properties from flat dis-

tributions of observational rather than intrinsic properties (BW size and surface

brightness), since those are the parameters that most affect the surveys ability to

select a source as a Lyα nebula candidate. We start by randomly selecting the

angular size and BW surface brightness of the source, all drawn from flat distri-

butions spanning the ranges populated by Lyα nebulae (1-12′′angular sizes, 24-28

mag arcsec−2 BW surface brightnesses).

Next, we generated 2D images with the correct magnitudes and added them

to the survey images. While Lyα nebulae show a range of morphologies — some

smooth and others with multiple high surface brightness clumps or embedded

galaxies and AGN — in order to understand our selection function it is important

to keep our method simple, understandable, and reproducible when generating

the 2D images. For the primary selection function simulation we therefore model

simple Lyα nebulae using ellipses of constant surface brightness in order to un-

derstand how our survey’s sensitivity depends on the BW size and BW surface
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brightness of the source. We use a fixed axis ratio of 0.7 and assign a random

position angle. After adding Poisson noise, we insert artificial Lyα nebulae into

a representative 30′×30′ image at random positions. We run this artificial image

through the same selection algorithm as the science survey, and track how many

of the artificial sources are recovered as a function of angular BW size and BW

surface brightness.

2.5.2 Angular Size and BW Surface Brightness Selection Function

We define a source as having been successfully recovered if a candidate source

position is found within one semi-major axis of the inserted ellipse position. Fig-

ure 2.14 shows the fraction of fake Lyα nebulae recovered as a function of angular

size and BW surface brightness. The Lyα nebulae found in this survey are shown

for reference. Not surprisingly given our broad-band strategy, we are only sen-

sitive to large and luminous Lyα nebulae with BW angular sizes ∼> 4′′ and BW

surface brightness ≈ 27 ± 0.5 mag arcsec−2. At the bright end, we miss sources

if they are brighter than the bright star/galaxy threshold leading them to be re-

placed with sky; at the faint end, we are limited by sky noise. In the size dimen-

sion, our morphological search was tuned to select spatially extended sources

within a physically-motivated size range, i.e., similar in size to LABd05. Our

survey is therefore not sensitive to sources significantly smaller than this scale

by construction. The largest size scales probed by our survey are well beyond

the realm of known Lyα nebulae, thus our search is sensitive to the largest and

brightest Lyα nebulae.

Otherwise detectable sources are not recovered if they land in close proximity

to a bright star or galaxy or in a noisy area at the edge of the imaging. These losses

are included in the final recovery fractions and are the reason why the measured
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recovery fractions do not reach 100% even for the most sensitive region of the

survey.

2.5.3 Redshift Selection Function

In order to interpret the discovery of 5 Lyα nebulae within our survey volume,

we need to determine the redshift selection function of each source. To do this,

we compute the expected BW angular size and BW surface brightness for the ob-

served sources across the full redshift range of the survey. We use these size and

surface brightness measurements in combination with the simulations from Sec-

tion 2.5.1 to assign the correct recovery fraction for each source at each redshift.

In computing the angular size and surface brightness as a function of redshift,

we need to take into account both the cosmological effects as well as the effect

of the object spectrum moving through the non-square BW bandpass. Ideally, we

would use observed spectra to make the bandpass corrections, but in practice, the

spectra do not sample a wide enough range in rest-frame wavelength and are too

noisy to be used directly. Instead, we create a spectral model for each source using

the measured equivalent widths and a range of reasonable continuum templates

(5, 25, and 100 Myr unreddened single stellar populations; Bruzual & Charlot,

2003). This range of continuum templates brackets the observed colors of the

sources, with the exception of PRG1 for which a very red source to the West-

Northwest contaminates the measured colors. We use these spectral models to

calculate the factor by which the BW flux changes as the source redshifts through

the filter and scale the source flux and size to account for surface brightness dim-

ming.

Figures 2.15-2.19 show the recovery fraction for each Lyα source as a function

of redshift and the path that the source follows in surface brightness vs. angular
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Figure 2.14 The selection function of our survey as a function of angular size

and average BW surface brightness. The color range corresponds to recovery

fractions ranging from 0.1 (black) to 0.9 (red). The correspondence between the

modeled sources and the true Lyα nebulae is not exact, making it difficultly to

place actual Lyα nebulae accurately on this plot. None the less, for the purposes

of illustration the approximate locations of the Lyα nebulae found in this survey

are shown (white stars), derived by computing the equivalent major axis of an

ellipse with the same BW area as the Lyα nebula. The Lyα nebulae from other

surveys listed in Table 2.5 are shown (red open squares).
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size space. Each source has a very different redshift completeness curve, as a con-

sequence of the fact that our survey is based on broad-band imaging. In each of

the observed Lyα nebulae, the Lyα emission line contributes but does not dom-

inate the BW flux. which implies that the continuum contributes substantially.

This means that sources with Lyα outside the BW band can be selected by our

search if they are sufficiently diffuse in morphology and blue in color. Over the

large redshift range of our search, a source will fade by of order 1 mag arcsec−2

via surface brightness dimming, which is comparable to the range of BW surface

brightnesses over which our survey is sensitive. Thus, a source that is detectable

at the low redshift end of our survey will fade and drop out of our surface bright-

ness selection window if moved to higher redshift; conversely, a source that is de-

tectable at the high redshift end of our survey will brighten as it moves to lower

redshift and eventually be too bright to be selected. Simply put, sources discov-

ered at the low redshift end of our survey will therefore be intrinsically fainter

on average in terms of BW luminosity than those discovered at the high redshift

end and will therefore have a very different recovery fraction curve as a function

of redshift. In the case of our observed sources, the source was found roughly

near the middle of the redshift range for which it is detectable. The dashed lines

on the recovery fraction plots indicate the redshift at which the source fades into

or out of the surface brightness selection window; the same selection window

is shown on the bottom panel for reference. The shape of the recovery fraction

curve is driven primarily by this surface brightness effect and not by the Lyα line

redshifting in or out of the filter bandpass.

Figure 2.20 illustrates the sensitivity of these recovery fraction curves to the

choice of continuum template age for each source. With older and redder con-
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tinuum templates, the continuum in the region of Lyα is reduced, leading to a

narrower range of high recovery fractions. The final panel compares the recovery

fraction curves for all 5 Lyα sources in the case of a 25 Myr model.

We note that below z ≈ 1.2 the [O II] emission line will be visible in our follow-

up spectroscopy, but at redshifts of z ≈ 1.2 − 1.6 (the redshift desert) galaxies

and Lyα nebulae will appear as continuum-only sources. This is consistent with

the hypothesis that at least some fraction of the “contaminant” continuum-only

sources we discussed in Section 2.4.7 are in fact galaxies or Lyα nebulae in the

redshift desert.

2.5.4 Known Lyα Nebulae as Test Cases

The NDWFS Boötes field is a wide-area field that has received a lot of multiwave-

length attention. In addition to our broad-band search, traditional narrow-band

survey for both Lyα nebulae and Lyα-emitting galaxies have been carried out,

some by us and some by other researchers (Yang et al., 2009; Prescott et al., 2008).

In the process, a handful of other Lyα nebulae have been discovered within the

Boötes field that were not recovered by our broad-band search. These sources

provide real test cases for understanding the selection function of our survey. A

list of these sources is given in Table 2.5.

The known Lyα nebulae missed by our survey fall into two morphological

categories: either the Lyα emission surrounds a much brighter compact contin-

uum source (’core-halo” morphology) or the diffuse BW emission is too faint to

be selected by our search algorithm. In the first category are the Lyα nebulae dis-

covered by Yang et al. (2009). Two of their Lyα nebulae (Y09 1 and Y09 2) consist

of faint Lyα halos (undetected in the broad-band imaging) surrounding bright

continuum sources. Due to the bright central sources, both objects are rejected
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Figure 2.15 a) Recovery fraction as a function of redshift. The BW bandpass is

shown (blue dotted line), along with the redshifts where the source fades out of

the high sensitivity region of the survey (dashed lines). b) Path of the source (red

line) from low redshift (large red circle) to high redshift. The observed position

(white star) and the high sensitivity region of the survey (white dashed lines) are

shown. The colored contours span recovery fractions of 0.1 (black) to 0.9 (red).
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Figure 2.16 Same as Figure 2.15 but for PRG2.
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Figure 2.17 Same as Figure 2.15 but for PRG3.
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Figure 2.18 Same as Figure 2.15 but for PRG4.
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Figure 2.19 Same as Figure 2.15 but for LABd05.
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Figure 2.20 Recovery fractions as a function of redshift for all 5 sources using

a range of continuum template ages (simple stellar population, 5, 25, 100 Myr,

unreddened; Bruzual & Charlot, 2003). Panel (f) shows recovery fraction curves

for all 5 sources using the 25 Myr model.
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and replaced with sky noise during Steps 2-3 (high threshold star and galaxy re-

jection) of the search pipeline. The other two Lyα nebulae found in their survey

(their Blobs 3 and 4) are AGN-dominated with even brighter central sources dom-

inating the appearance in the broad-band imaging and suffer from the same treat-

ment. We discovered two other core-halo Lyα nebula candidates using a deep 1

square degree intermediate-band imaging survey with Subaru (Chapter 3). The

first (P10 4) has been confirmed to be a Lyα halo surrounding a pair of bright

continuum sources at z ≈ 2.6, one of which shows unambiguous AGN emis-

sion lines in the spectrum. The AGN is rejected during Steps 2-3 and the second

central source is rejected during Steps 4-5 used for intermediate threshold star

and galaxy rejection (Figure 2.21). Due to the large size and luminosity of the

Lyα halo, the wings of the Lyα emission are detected in the BW imaging, but

on larger size scales and much weaker wavelet power limits than probed by the

current survey. The second Lyα nebula candidate (P10 3, unconfirmed) has what

we assume to be a faint Lyα halo (undetected in BW ) around a bright continuum

sources, so it too is rejected during Steps 2-3. In all of these core-halo cases, the

presence of a bright compact source near the center of faint Lyα emission makes

it impossible for our broad-band search method to pick them out.

Our Subaru intermediate-band imaging survey also uncovered two Lyα neb-

ulae candidates in the second morphological category (P10 1, confirmed, and

P10 2). These sources do not have strong central sources, but in each case the

diffuse emission is too faint to be detected by our search algorithm.
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Figure 2.21 Lyα nebulae with a “core-halo” morphology are not selected by our

search algorithm. In this example, the bright, compact, central sources seen in

the Lyα and BW imaging (upper two panels) are removed during the pipeline as

discussed in the text (remaining panels). While some diffuse emission remains, it

is too faint to be detected by the search algorithm.
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Table 2.5. Other Known Lyα Nebulae in the Boötes Field

Source Surveya Redshiftb BW Size BW Surface Brightness Notesc

(arcsec) (mag arcsec−2)

P10 1 Prescott et al. (2010) - Subaru 2.7 1.2 27.1 Too Faint

P10 2 Prescott et al. (2010) - Subaru - 2.0 26.7 Core-Halo

P10 3 Prescott et al. (2010) - Subaru - 0.4 27.6 Too Faint

P10 4 Prescott et al. (2010) - Subaru 2.6 3.5 26.5 Core-Halo

P10 5 Prescott et al. (2010) - Mayall 1.9 2.6 27.0 Too Faint

Y09 1 Yang et al. (2009) 2.3 1.8 26.6 Core-Halo

Y09 2 Yang et al. (2009) 2.3 1.6 26.6 Core-Halo

aSources selected from a Subaru intermediate-band survey (Prescott et al. 2010, in preparation) and a Mayall

intermediate-band survey (Prescott et al. 2010, in preparation) are listed along with two Lyα nebulae from

Yang et al. (2009).
bSources without redshifts are Lyα nebulae candidates selected from intermediate-band Lyα imaging cen-

tered at z ≈ 2.7 but have not yet been spectroscopically confirmed.
c”Too Faint” indicates that only a small fraction of the source area exceeds the isophotal surface bright-

ness threshold, causing the source to be missed by our survey. ”Core-Halo” describes sources with a central

compact continuum source surrounded by the Lyα halo; these sources are removed from the images during

pipeline steps designed to remove bright stars and galaxies and are not selected by our survey.
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2.6 Results

2.6.1 The Space Density of Large Lyα Nebulae

Our survey was designed to find sources from the large and bright end of the

Lyα nebulae luminosity function, and is sensitive to diffuse, spatially extended

blue sources with BW sizes of > 37 kpc and BW surface brightnesses of 26.5-27.8

mag arcsec−2. The total redshift range of the survey spans from z ≈ 1.6, where

Lyα is no longer detectable with MMT/Blue Channel, to z ≈ 2.9 when sources

redshift out of the BW filter. The total survey comoving volume is 1.38×108 h70−3

Mpc3, by far the largest Lyα nebulae survey ever attempted. Within our survey

volume, we found 5 Lyα nebulae — 1 previously known (Dey et al., 2005) and

4 newly-discovered. Due to selection and spectroscopic incompleteness, each of

these sources represents a larger number of Lyα nebulae within the survey vol-

ume: Ntotal =
∑5

i=1
1

fselect,i
× 1

fspec,i
, where fselect,i corrects for the fact that our survey

does not select sources equally well across the full redshift window and fspec,i cor-

rects for the fraction of Lyα nebula candidates that we were not able to target for

follow-up spectroscopy. The selection incompleteness factors fselect,i were deter-

mined by calculating the comoving volume-weighted recovery fraction for each

Lyα nebula over 1.6 < z < 2.9, using the redshift recovery fraction curves de-

veloped in Section 2.5.3. In doing this calculation, the recovery fraction is set to

zero for redshifts where a source no longer meets the color cut BW − R < 0.65.

The spectroscopic incompleteness factor is fspec,i = Ntargets/Ncandidates = 0.38

for sources in the high priority region and 0.13 for sources in the second prior-

ity region, where Ntargets and Ncandidates are the number of spectroscopic targets

and total Lyα nebula candidates, respectively. The total number of Lyα nebulae
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within our survey volume is Ntotal = 30.9 ± 16.0, yielding a number density of

2.2 ± 1.2 × 10−7 h703 Mpc−3 for sources with BW sizes of > 37 kpc. If we consider

only the four brightest Lyα nebulae (with total LLyα ∼> 1.5 × 1043 erg s−1), the

measured number density is 1.9 ± 1.1 × 10−7 h703 Mpc−3.

2.6.2 Sources of Uncertainty

Thanks to the enormous volume of our survey, cosmic variance is not a substan-

tial contribution to the uncertainty in our number density estimate (1−2%; Trenti

& Stiavelli, 2008). Instead, the main source of uncertainty in this estimate is the

effect of morphology. Lyα nebulae are complex sources, some with a bright com-

pact central continuum source embedded within the Lyα cloud, others with a

predominantly diffuse morphology. As discussed in Section 2.5.4, cases with

a strong central source are not selected by our survey, whereas they are easily

selected by traditional narrow-band approach. Since the fraction of Lyα nebu-

lae with this morphology is unknown, it is difficult to assess the impact of this

aspect of our survey design. Within a 1 square degree intermediate-band Lyα

imaging survey that overlaps the NDWFS Boötes field, we know there are three

bright Lyα nebulae (P10 2, P10 4, and LABd05 in Table 2.5) — one, LABd05, has

a predominantly diffuse morphology while the other two have a core-halo mor-

phology that removes them from our survey, as discussed in Section 2.5.4. If this

is representative of the class as a whole, this would imply that a factor of 3 correc-

tion should be applied to our number density estimate: ≈ 5.8 × 10−7 h3
70 Mpc−3.

We discuss this point further in Section 2.7.2.
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2.7 Discussion

2.7.1 A Broad-band Lyα Nebula Survey

This work has shown that it is possible to find large Lyα nebulae using deep

broad-band imaging data. There are many advantages to this unusual approach.

The rarity of Lyα nebulae necessitates surveys that cover enormous comoving

volumes, a requirement which is observationally expensive when using a narrow-

band filter. A narrow-band survey using a 100Å filter at z ≈ 2.3 would need to

search over 100 square degrees to reach the same comoving volume covered in

our broad-band survey. Our technique builds on existing deep datasets, requir-

ing much less observational overhead. Our survey is also completely unbiased

in terms of environment. The early, successful Lyα surveys often targeted known

overdensities and were limited to smaller areas (Steidel et al., 2000; Matsuda et

al., 2004; Francis et al., 1996; Palunas et al., 2004), introducing a bias to the num-

ber density estimate. By contrast, our 9 square degree survey spans a ∆z ≈ 1.3

covers a comoving transverse distance of ≈290 h−1
70 Mpc (at the redshift midpoint,

z ≈ 2.25) and a comoving line-of-sight distance of ≈1700 h−1
70 Mpc.

The drawbacks of using broad-band data to select line-emitting sources stem

from the need to restrict our search to the largest Lyα nebulae in order to re-

duce the number of contaminants. While our survey does not have a formal

equivalent width limit, to be selected a source must be bright in terms of total

BW (line+continuum) flux. Thus, smaller and fainter Lyα nebulae are not easily

found with this technique. In addition, as discussed in Section 2.5.4, Lyα nebulae

with a “core-halo” morphology, in which the Lyα forms a halo around a bright,

compact continuum source, are not selected in our survey.
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2.7.2 Comparisons to Other Surveys

This Lyα nebula survey is fundamentally different and complementary to stan-

dard narrow-band surveys. Our survey design is primarily a morphology-based

selection — searching for diffuse, spatially extended sources in the BW band —

and is less biased to high Lyα equivalent widths due to the broad BW filter. By

contrast, narrow-band surveys are highly sensitive to the Lyα equivalent width

of a source and are much less affected by morphology (Section 2.5.4).

Due to the unique nature of our survey, it is difficult to compare our measured

number density directly with measurements from narrow-band Lyα surveys. Af-

ter generating a catalog of narrow-band sources, a standard narrow-band survey

will first apply a color-excess cut, selecting sources with excess flux in the narrow-

band relative to a nearby broad-band, in order to find line-emitting candidates

above a certain Lyα equivalent width (WLyα,nb). The final Lyα nebula candidate

sample is then derived by selecting only those sources in the color-excess sample

that are larger than a certain Lyα size (θLyα,nb) and brighter that a certain Lyα

luminosity (LLyα,nb). The number density can then be quoted as nLyα,nb for Lyα

nebulae with W > WLyα,nb, θ > θLyα,nb, and LLyα > LLyα,nb (e.g., Yang et al., 2009),

or for sufficiently large samples, a Lyα luminosity function can be constructed

(e.g., Saito et al., 2006). At the conclusion of our survey, on the other hand, we

have a sample of Lyα nebulae for which we know the Lyα equivalent widths

and Lyα luminosity within a spectroscopic slit, and the total size and surface

brightness of the source in the BW image. Without a narrow-band image or more

extensive spectroscopy, we do not know the total Lyα luminosity nor the full Lyα

size, both of which are needed for a direct comparison to narrow-band number

density results.



87

Very approximate estimates of the total Lyα luminosity and Lyα size can be

derived by assuming that Lyα traces the emission in the BW image. We scale

the Lyα luminosity measured within the spectroscopic slit using the ratio of the

measured size of the source in the BW image to the aperture size and by the ratio

of the Lyα and BW sizes as measured within the slit. The Lyα size measurements

were estimated down to a surface brightness limit of ≈ 7 × 10−18 erg s−1 cm−2

arcsec−2 (≈ 3.2 × 10−18 erg s−1 cm−2 arcsec−2 for PRG1 at z ≈ 1.67), which is

roughly equal to that used in Yang et al. (2009). The resultant values are listed

in Table 2.4. The total Lyα luminosities of our sample of Lyα nebulae are in the

range ≈ 0.2 − 12 × 1043 erg s−1 and the Lyα sizes are ≈30-45 arcsec2. These are

almost certainly underestimates of the true Lyα luminosity and Lyα size, but it

is instructive to make the comparison to other surveys none the less.

To compare with the results of other surveys, we follow Yang et al. (2009) and

compute the number density of the 4 sources in our sample with Lyα luminosities

greater than a Lyα luminosity limit of (1.5 × 1043 erg s−1) — 1.9 ± 1.1 × 10−7 h−3
70

Mpc3 over 1.6 < z < 2.9. Given that all 4 of these sources are larger than 30 arcsec2

we recompute the Yang et al. (2009) number density estimate to what it would be

for this size threshold (1.2×10−6 h3
70 Mpc−3 at z ≈ 2.3). The estimate from Saito et

al. (2006) for sources above this Lyα luminosity is an order of magnitude higher

(∼< 6.7×10−6 h3
70 Mpc−3) at z ≈ 4 while that from Ouchi et al. (2009) is ∼ 1.2×10−6

h3
70 Mpc−3 at z ≈ 6.6. The number density comparison is shown in Figure 2.22.

Despite the uncertainties, it is clear that our derived number density is roughly

an order of magnitude lower than that derived using systematic narrow-band

studies (Saito et al., 2006; Ouchi et al., 2009; Yang et al., 2009). This discrepancy

could be due to a number of factors. First, we know that our survey is insen-
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Figure 2.22 The Lyα number density measured by our broad-band survey (blue

points) compared with that from narrow-band surveys (black points; Yang et al.,

2009; Matsuda et al., 2004; Saito et al., 2006; Ouchi et al., 2008). The comparison

between broad-band and narrow-band surveys is complicated by a number of

factors, as discussed in Section 2.7.2. The lower point from our survey (filled blue

circle) is the measured number density; the upper value (blue open circle) in-

cludes an approximate morphology correction. The upper value shown for Yang

et al. (2009) is the final number density they derive; the lower value represents

the value for non-AGN-dominated Lyα nebulae only.
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sitive to Lyα nebulae with a core-halo morphology, which means our number

density estimate should be boosted by some factor to represent all Lyα nebulae.

A factor of at least 10 would be required to explain the discrepancy between our

value and that of Yang et al. (2009), but this seems unlikely given what we know

about the small sample of large Lyα nebulae discovered to date. For example, for

sources with Lyα luminosity > 1.5× 1043 erg s−1 within the Matsuda et al. (2004)

survey, roughly 5 out of 9 appear to have a strong compact continuum source in

the center. The Lyα nebulae found by Nilsson et al. (2006), Smith & Jarvis (2007),

and Ouchi et al. (2009) do not appear to have the core-halo morphology, while

all 4 cases found by Yang et al. (2009) do. These fractions point towards a factor

of 2-3 correction. Similarly, in Section 2.6.2 we discussed the comparison of our

survey with that of an overlapping Lyα survey at z ≈ 2.7, which suggests that

the correction for core-halo Lyα nebulae is roughly a factor of 3. We note, how-

ever, that it is not clear whether these two morphological classes should in fact

be considered together, since the core-halo morphology will in some cases host

an unobscured AGN and may indicate different powering mechanisms or a more

mature system.

A second consideration is the effects of cosmic variance. While cosmic vari-

ance is not the dominant source of noise in our survey, it will cause scatter in

number density estimates derived from smaller survey volumes. If we assume

our number density estimate (or apply a factor of 3 “morphology correction”) the

calculated cosmic variance for a survey similar to Yang et al. (2009) is a factor of

2.8 (1.7). Thus, cosmic variance alone cannot account for the discrepancy in our

number density estimates, but it is likely a contributing factor.

Finally, in this comparison we may inadvertently be comparing different pop-
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ulations of Lyα nebulae due to the fact that our total Lyα luminosity and size

estimates are very approximate. Since we are working at the steep end of the

luminosity function a small change in the luminosity estimate will have a sub-

stantial effect on the number density. For one Lyα nebula for which we have

intermediate-band Lyα imaging, we find that approximate Lyα luminosities and

sizes are underestimated by roughly 30%. If this is true in general, our number

density estimates are appropriate for larger and brighter Lyα nebulae, which we

expect to be rarer. Indeed, Yang et al. (2009) note that their survey suggests Lyα

nebulae larger and more luminous than their sample have a number density of

< 5 × 10−7 h3
70 Mpc−3, which is consistent with our measurement after including

the morphology correction.

We suspect that all three of these factors — morphology, cosmic variance,

and luminosity/size underestimates - contribute to the discrepancy between our

number density estimate and those of smaller volume surveys. Two of these fac-

tors (morphology and luminosity/size underestimates) will tend to increase our

number density measurement, while cosmic variance will decrease the number

density estimates from smaller volume surveys. Our Lyα nebula survey provides

the first strong lower limit on the space density of Lyα nebulae. Deep narrow-

band imaging of our sample of Lyα nebulae will be required to measure the total

Lyα luminosity and Lyα size measurements of our 5 Lyα nebulae and to perform

a robust comparison with other surveys.

2.7.3 Host Dark Matter Halos

The idea that large Lyα nebulae should be so rare is not surprising, given the

emerging consensus that Lyα nebulae are found in the highest density regions.

The largest Lyα nebulae have been shown to be strongly associated with over-
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densities (e.g., Chapter 3); comparisons with the Millennium Simulation suggest

that the overdensity hosting LABd05 is in fact the largest it would be possible to

observe, given the relatively large filter bandpass used in the study (∆λ ≈ 201Å;

Prescott et al., 2008). With a number of examples of multiple Lyα nebulae lo-

cated within a small region, we have independent evidence that Lyα nebulae are

a highly clustered phenomenon (Steidel et al., 2000; Matsuda et al., 2004; Palunas

et al., 2004; Yang et al., 2009).

If we assume that all dark matter halos above a given minimum mass have

Lyα nebulae, we can use our number density measurement to estimate the mass

of these host halos. ΛCDM simulation predictions for the dark matter halo mass

function at z ≈ 2− 3 predict that halos of mass ∼ 1.3× 1014 h−1
70 M¯ have number

densities similar to our original value; the estimate is ∼ 0.9 × 1014 h−1
70 M¯ if we

apply the factor of 3 “morphology correction” (Trenti & Stiavelli, 2008). If Lyα

nebulae require certain conditions not found in all halos (a filling factor) or have a

duty cycle less than unity, that will lower the dark matter halo mass. For example,

a duty cycle or filling factor of 0.1 translates into a minimum halo mass of 6.0 ×

1013 h−1
70 M¯ (3.8×1013 h−1

70 M¯ for the morphology-corrected value). The number

density derived by Yang et al. (2009) corresponds to slightly lower minimum halo

masses of 4.7 × 1013 h−1
70 M¯ (1.5 × 1013 h−1

70 M¯ for a duty cycle of 0.1). For

comparison, at z ≈ 3 LBGs and LAEs reside in ∼ 1011 M¯ halos (Adelberger

et al., 2005; Gawiser et al., 2007); red star-forming or passively evolving BzK-

selected galaxies are found in 1012-1013 M¯ mass halos (Blanc et al., 2008). Lyα

nebulae are a highly unusual phenomenon and live in much more massive halos

than other well-studied galaxy populations. A 1014 M¯ dark matter halo at z ≈ 2

will evolve into a ∼ 5 × 1013 − 1015 h−1
70 M¯ halo at z = 0 (McBride et al., 2009).



92

Thus it seems clear that Lyα nebulae reside in the most massive dark matter halos

at high redshifts and likely evolve into the most massive structures in the local

universe.

2.8 Conclusions

We have designed an innovative systematic search for large Lyα nebulae using

deep broad-band data. While our technique is only sensitive to the largest and

brightest Lyα nebulae (BW sizes > 37 kpc and surface brightnesses SB = 26.5 −

27.8 AB mag arcsec−2), it is able to probe enormous comoving volumes (1.4× 108

h−3
70 Mpc3) using existing deep broad-band datasets. Within our ∼9 square degree

survey area and a redshift range of z ≈ 1.6−2.9 we recovered 1 previously known

Lyα nebula and 4 newly-discovered cases. The brightest 4 Lyα nebulae have

Lyα luminosities of ∼ 2 − 12 × 1043 erg s−1 and sizes >60kpc. The results of this

search provide the first strong lower limit on the Lyα nebula number density of

≈1.9×10−7 h3
70 Mpc−3. This is comparable to the number density of ∼ 1014 M¯

mass halos.
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CHAPTER 3

THE OVERDENSE ENVIRONMENT OF A LARGE Lyα NEBULA AT z ≈ 2.7

Large nebulae (∼>50 kpc) emitting strongly in Lyα (also known as Lyα “blobs”)

are likely signposts of ongoing massive galaxy formation. The relative rarity

of these sources and their discovery in well-studied galaxy overdensities sug-

gest that they may be associated with regions of high galaxy density. One of

the largest Lyα nebulae, discovered at a redshift of z ≈ 2.7 via its strong mid-

infrared emission, provides an unbiased test of this association. We have carried

out a deep intermediate-band imaging survey for Lyα-emitting galaxies (LAEs)

within a 30′×26′ field of view around this Lyα nebula. This is the first study of

the environment of a Lyα nebula found without a priori knowledge of its sur-

roundings. We find that the nebula is located in an overdense region, at least

20×50 h−1
70 comoving Mpc in size, showing a factor of ∼3 LAE number density

enhancement relative to the edge of the field. Given the predicted number of

such overdensities, we rule out the possibility of a chance coincidence at the ∼<1%

level. This study, in conjunction with previous work, provides strong confirma-

tion of the association between the largest Lyα nebulae and overdense regions of

the Universe.

3.1 Introduction

Studies of massive galaxy populations show that the most massive galaxies are

in place and in possession of the majority of their stellar mass by z ∼ 1 − 2 (Mc-

This chapter originally appeared in Prescott, M. K. M., Kashikawa, N., Dey, A., & Matsuda,
Y. 2008, ApJL, 678, L77.
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Carthy et al., 2004; van Dokkum et al., 2004; Daddi et al., 2005; Bundy et al., 2005;

Brown et al., 2007). Thus, while dark matter halos in a ΛCDM cosmology build

up hierarchically with the gradual accretion and merging of smaller halos, the

most massive galaxies within that context likely have more dramatic origins. The

details of this process are uncertain, and ideally we would like to study sites

of ongoing massive galaxy formation. Lyα nebulae or Lyα “blobs” (LABs) –

large (∼>50 kpc) clouds of gas emitting strongly in Lyα (∼ 1044 erg s−1) – pro-

vide such an opportunity. The large Lyα equivalent widths and the association

with galaxy populations such as Lyman break galaxies (LBGs) and submillimeter

galaxies (SMGs) strongly suggest that LABs are sites of ongoing galaxy forma-

tion. They have been found in small numbers (only 16 ∼>50 kpc LABs are known)

around z ∼ 2-3, a key epoch of black hole and galaxy growth (Steidel et al. 2000,

hereafter S00; Francis et al. 2001; Palunas et al. 2004; Matsuda et al. 2004; Dey et

al. 2005; Nilsson et al. 2006; Smith & Jarvis 2007; Greve et al. 2007). LABs span

a range in size and surface brightness from the scales of Lyα-emitting galaxies

(LAEs) to the largest LABs known (∼150 kpc, ∼27 mag arcsec−2; e.g., Matsuda et

al., 2004). LABs are similar to the large Lyα halos observed in the overdensities

around higher redshift radio galaxies (e.g., Venemans et al., 2007; Overzier et al.,

2008) but are found in radio quiet environments. The dominant power source in

LABs is difficult to determine; among the limited sample of large LABs, there is

evidence for embedded AGN, starburst-driven superwinds, gravitational cool-

ing radiation, and spatially-extended star formation, all of which may play a role

in powering the Lyα emission (Prescott et al. 2008, in preparation; S00; Chapman

et al. 2004; Nilsson et al. 2006; Taniguchi & Shioya 2000; Matsuda et al. 2004; Dey

et al. 2005; Matsuda et al. 2007).
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Most known LABs, including two of the largest cases, have been discovered

via narrow-band surveys, often by targeting known galaxy overdensities (S00;

Francis et al. 2001; Palunas et al. 2004; Matsuda et al. 2004). Follow-up narrow-

band imaging of the SSA22 region surrounding the S00 LABs revealed fainter

LABs associated with the same overdensity traced by the LAEs (Matsuda et al.,

2004). This suggests that LABs may be confined to overdense regions, as would

be expected for sites of massive galaxy formation. A blank field survey by Saito et

al. (2006) supported this claim, finding no LABs with sizes greater than ∼30 kpc

and an order of magnitude lower number density of LABs relative to that found

within the SSA22 galaxy overdensity. However, the association between LABs

and galaxy overdensities may be misleading, as a truly systematic wide-area

search has yet to be completed. A thorough environmental study has only been

done for the S00 LABs, which were found by targeting a known galaxy overden-

sity.

In contrast, one of the largest LABs uncovered recently was found by en-

tirely different means. While conducting a study of mid-infrared (24µm) sources

detected by the Spitzer Space Telescope, Dey et al. (2005) discovered a LAB at

z = 2.656 within the NOAO Deep Wide-Field Survey Boötes field (NDWFS1;

Jannuzi & Dey, 1999). Follow-up observations revealed complexity typical of the

LAB class: the region hosts a buried AGN, many young galaxies, an LBG, and dif-

fuse HeII and continuum emission suggestive of spatially-extended star forma-

tion (Prescott et al. 2008, in preparation). One of the largest and most luminous

LABs known, and found without any a priori knowledge of its surroundings, this
1This research draws upon data provided by Dr. Buell Jannuzi and Dr. Arjun Dey as dis-

tributed by the NOAO Science Archive.
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source represents a unique opportunity to perform an unbiased, complementary

test of the association between LABs and overdense regions.

In this work, we present the first results from an ongoing deep intermediate-

band Lyα imaging survey of the environment of the Dey et al. (2005) LAB (here-

after, LABd05) and report on the spatial distribution of the LAEs in the imme-

diate vicinity. A detailed analysis of the multiwavelength properties of LABd05

and the properties and clustering of the LAEs in the region will be presented by

Prescott et al. (2009, in preparation). We assume the standard ΛCDM cosmol-

ogy (ΩM=0.3, ΩΛ=0.7, h=0.7); the angular scale at z = 2.656 is 7.96 kpc/′′. All

magnitudes are in the AB system.

3.2 Observations & Reductions

We obtained deep imaging of the field around LABd05 using the Subaru tele-

scope and the SuprimeCam imager (Miyazaki et al., 2002) on U.T. 2007 May

10-14 and June 17. The survey covers 0.22 deg2 in an intermediate-band filter,

IA445 (λc ≈4458Å, ∆λFWHM ≈201Å), centered on the Lyα line at the redshift

of the nebula; this corresponds to a comoving volume of 4.27×105 h−3
70 Mpc3

(52×45×180 h−1
70 Mpc). Conditions during the May observations were variable

(clouds, variable seeing 0.7′′-1.2′′) and good in June (clear with 0.7′′ seeing). We

obtained a total of 3 hours of observations.

We reduced the data using the SDFRED software (Yagi et al., 2002; Ouchi et al.,

2004). The data were overscan-subtracted and corrected for geometric and atmo-

spheric distortions. We generated the sky flat using object frames that were free

of bright stars in combination with other images taken in the same intermediate-

band filter (Y. Taniguchi, private communication). Small portions of the Suprime-
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Cam field of view are vignetted by the autoguider probe; the affected areas were

masked, as were bad columns, bright star ghosts, and satellite trails. Images were

aligned and scaled using common stars and then combined using a clipped mean

algorithm, which successfully removed cosmic rays. Of the SuprimeCam field-

of-view (0.26 deg2), 73% was usable (the remainder being of lower signal-to-noise

along the edge of the field or in the vicinity of bright stars).

The limiting magnitude of the stacked image is 28.3 AB mag (1σ, 2′′ diameter

aperture), calculated using 10,000 random apertures. An approximate magnitude

zeropoint was calculated from observations of the standard stars BD+25d4655

and Feige 34. For the NDWFS broad-band imaging, the limiting magnitudes are

BW limit=27.9 mag, Rlimit=27.1 mag, Ilimit=26.0 mag (1σ, 2′′ diameter aperture).

A portion of the field was observed in a custom U -band filter (Ud; λ ≈3590Å,

∆λFWHM ≈116Å) using the Mayall 4m Telescope over 6 nights (U.T. 2007 June 8-

13). These data will be described elsewhere (Prescott et al. 2008, in preparation)

but here provide a useful check on interlopers in our z ≈ 2.7 LAE sample.

3.3 Lyα-Emitting Galaxy Candidate Selection

We used Source Extractor (Bertin & Arnouts, 1996) to select a sample of ≈38,600

sources detected in the IA445 band down to the 5σ limit of IA445=26.5 mag (2′′

diameter aperture; LIA445(z = 2.656)=1.5×1042 erg s−1) with the following search

parameters: at least 5 contiguous pixels, a threshold of 2σ per pixel, and a Gaus-

sian filter matched to the seeing (FWHM≈0.8 arcsec). We measured matched

aperture photometry using 2′′ diameter apertures from the IA445, BW , R, and

I imaging datasets, which were registered and resampled to match the BW as-

trometry and pixel scale (0.258 arcsec/pix). Aperture corrections were neglected
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(≈1.08 for an unresolved source). Line-emitting sources are strongly detected in

IA445 relative to BW , i.e., they have large negative IA445−BW colors relative to

the normal galaxy locus (see Figure 3.1). We removed bright stars (IA445≤ 25.0)

using the CLASS STAR parameter in Source Extractor (>0.91) and employed a

cut of IA445−BW≤ −0.85 mag yielding 1500 candidates. Shifting the IA445−BW

cut by ±0.2 mag causes no significant change to the main results presented in

Section 4. For a Fν ∝ ν0 continuum source, this corresponds to an observed

equivalent width (EW) cut of Wobs ≥148 Å. LAEs are known to be young, with

estimated ages of 4-200 Myr (Finkelstein et al., 2007; Lai et al., 2008; Gawiser et

al., 2007). For the case of a young galaxy (25 Myr old simple stellar population,

solar metallicity, Chabrier IMF; Bruzual & Charlot, 2003; Tremonti et al., 2004) at

z = 2.7 with standard intergalactic absorption (Madau, 1995), this is equivalent

to a rest-frame EW cut of Wrest ≥50Å.

We expect our LAE candidate sample to be contaminated by high EW, low-

redshift [OII]λλ3727,3729-emitting galaxies at z ≈ 0.2. Since the IA445 bandpass

lies on the red side of the BW filter (Figure 3.1, see inset), we also expect contami-

nation from higher redshift galaxies (z ∼> 2.9− 4.0) for which the Lyman limit has

entered the BW filter, thus depressing the BW flux relative to the IA445 flux. Us-

ing the publicly available NDWFS imaging (Jannuzi & Dey, 1999), we employ a

cut of BW−R ≤0.8 to remove both contaminant populations (see Figure 3.2). The

final sample of 785 LAE candidates corresponds to a mean LAE surface density

of ≈4200 deg−2. The properties and sizes of the LAE sample will be discussed in

an upcoming paper (Prescott et al. 2008, in preparation). There are no other large

(∼>50 kpc) LABs in the vicinity of LABd05.

Sources at these redshifts should show very little flux in the Ud-band, which
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Figure 3.1 IA445−BW color-magnitude diagram for sources detected in the IA445

image (dots). Initial candidates were selected to meet the color cut IA445−BW≤

−0.85 (dashed line, which corresponds to an observed equivalent width of

Wobs ≥148Å) and to be brighter than the 5σ limiting magnitude in IA445 band

(IA4455σ,limit=26.6; dotted line). LABd05 is shown as a star, and non-detections in

the BW band are set to the BW limiting magnitude. Typical error bars are shown.

The inset shows the effective transmission curves for the BW and IA445 filters

and the wavelength of Lyα at the redshift of the system (dotted line).
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Figure 3.2 BW−R vs. R − I color-color diagram of the 1500 line-emitting can-

didates (open and filled circles). A typical error bar is shown. Expected color

tracks for low redshift galaxy templates are shown for 0.1< z <0.3 (Leitherer et

al., 1996); the color track for high redshift LAE/LBG contaminants is based on a

young galaxy template at 2.9< z <4.0 (25 Myr old simple stellar population, so-

lar metallicity, Chabrier IMF; Bruzual & Charlot, 2003) with standard intergalac-

tic absorption (Madau, 1995). To remove both low and high redshift interlopers,

candidates were required to have BW−R ≤0.8. The final sample of 785 LAE can-

didates is shown (filled circles).
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Figure 3.3 Spatial distribution of LAE candidates (filled circles). After smoothing

on 3.2′×2.8′ scales, isodensity contours were laid down at 0.7, 1.0, 1.8, and 2.3

times the average LAE density at the edge of the field. The four circle sizes rep-

resent four bins in IA445 luminosity: LIA445 ≤ 2.5 × 1042, 2.5 × 1042 < LIA445 ≤

5×1042, 5.0×1042 < LIA445 ≤ 1.0×1043, LIA445 > 1.0×1043. The position of LABd05

is indicated with a star. Regions masked along the edge and due to bright stars

are shown in grey. There is evidence for an extended structure stretching from SE

to NW and a ∼10 h−1
70 Mpc void at [218.36,33.07].



102

Figure 3.4 The radial density profile measured in circular annuli centered on

LABd05. The LAB lies in an overdense region that is a factor of ∼3 times the

density at the edge of the field of view. The dashed line represent the predicted

number density at z ≈ 3 if we assume a uniform redshift distribution and no evo-

lution (Gronwall et al., 2007; Ouchi et al., 2008). The shaded areas correspond to

the range covered by 1σ error bars; all three parameters (α,L∗,φ∗) from Gronwall

et al. (2007) were allowed to vary in turn (light shading), while in the comparison

to Ouchi et al. (2008) the faint-end slope α is fixed at −1.5 (dark shading). The

predicted LAE number density is consistent with what we measured at the edge

of the field. Since the redshift distribution of our sample can only be narrower

than assumed, the overdensity measured within the structure is likely a lower

limit.
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straddles the Lyman limit (λrest ≈970-1000Å at z ≈ 2.656). Using the 25 Myr old

model above to represent the typical LAE continuum shape, the z ≈ 3 galaxy lu-

minosity function from Reddy et al. (2008), and standard intergalactic absorption

(Madau, 1995), we predict that ∼1-2% of the LAE sample should have Ud detected

at the 5σ level (Ud=25.3). Only 1 LAE candidate (<1%) is detected with Ud ≤25.3,

giving us confidence that we have selected a clean sample of LAEs. More so-

phisticated interloper rejection would require deeper Ud imaging over the entire

field.

3.4 Results & Discussion

Figure 3.3 shows the spatial distribution of LAEs in the vicinity of LABd05. We

find an overabundance of LAEs in the immediate vicinity of the LAB and clear

evidence of an elongated overdense structure, with what appears to be a ∼10 h−1
70

Mpc underdensity at [218.36,33.07]. In Figure 3.4, we plot the surface density of

LAEs versus distance from LABd05. This shows a peak overdensity of a factor of

3.0 relative to the edge of the field, or a factor of 2.6 when averaged over the cen-

tral 10 h−1
70 Mpc radius. For comparison, the dashed line shows the expected LAE

surface density estimated from the z ≈ 3.1 luminosity functions of Gronwall et

al. (2007) and Ouchi et al. (2008) assuming a uniform redshift distribution across

our bandpass and no evolution. The overdensity spans at least ≈17×47 h−1
70 Mpc

(comoving). A study of the LAE population around the two S00 LABs, which

are of comparable size and luminosity to LABd05, also found a factor of ∼3 over-

density relative to the field that was ∼60 Mpc across (Hayashino et al., 2004).

Thus, although it was found without any a priori knowledge of its surroundings,

LABd05 appears to reside in a similarly overdense environment.
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Without follow-up spectroscopy, we cannot know the true redshift distribu-

tion of the sample within the intermediate-band filter. Assuming a uniform dis-

tribution across the filter (∆z ≈ 0.17, 180 h−1
70 Mpc, comoving, along the line-of-

sight), our survey yields a mean number density of ρ ≈2.1×10−3 h3
70 Mpc−3 for

LAEs with LIA445 ∼>1.5×1042 erg s−1 cm−2. The inner contour in Figure 3.3 corre-

sponds to ρ ≈2.8×10−3 h3
70 Mpc−3 while at the edge of the field ρ ≈1.2×10−3 h3

70

Mpc−3. Given the presence of an overdensity, we expect the true redshift dis-

tribution to be significantly narrower. If we assume the overdensity resembles

that hosting the S00 LABs, which extends 40 h−1
70 Mpc comoving (22% of the fil-

ter width) along the line-of-sight (Matsuda et al., 2005), and that it is centered

within the IA445 filter, the inner contour corresponds to a number density of

ρ ≈12×10−3 h3
70 Mpc−3. Alternately, if the structure is cylindrical in shape with a

radius of 10 h−1
70 Mpc, the corresponding number density at the inner contour is

ρ ≈25×10−3 h3
70 Mpc−3.

We estimate the expected frequency of such overdense structures using the

galaxy catalog of Bower et al. (2006), which is based on the Millennium Simula-

tion (Springel et al., 2005). We approximate our observational set-up by sampling

the simulation volume randomly with cylinders that are 10 h−1
70 Mpc in radius

(the size of the overdensity peak) and 180 h−1
70 Mpc in depth (the full span of the

filter). We assumed a Lyα/Hα ratio of 10 (Osterbrock, 1989) and scaled from the

predicted Hα luminosity to select model LAE galaxies down to the Lyα limit of

our observations (under the assumption that Lyα dominates the measured IA445

flux) at a redshift of z ≈ 2.7. The number density of model LAEs in this case is

10.8×10−3 h3
70 Mpc−3, which is a factor of ∼5 higher than the mean density we ob-

serve. Taken at face value, this could imply that LAEs have a duty cycle of ∼20%
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or that they are a younger, less massive subset of this population. If we restrict

the model galaxies to be younger than the sample’s median age (≤172 Myr) and

less massive than the median stellar mass (≤9×108 M¯), the number density of

model LAEs is 3.5×10−3 h3
70 Mpc−3. In either case, we uncover overdensities of

greater than a factor of 2 at a rate of ≈0.3%. Therefore, within the large span of

our filter, which will tend to average out inhomogeneities and reduce the signal,

our imaging survey had only a ≈0.3% chance of randomly uncovering such an

overdense region if LABs and overdensities are independent phenomena. The

space density of large Lyα nebulae is very uncertain, but at the high end is the

range quoted for the S00 Lyα nebulae; ∼3-400×10−6 Mpc−3 (Saito et al., 2006).

Taking these values (equivalent to a ∼17-100% chance of finding one large LAB

within the peak of the overdensity), the likelihood of a chance coincidence be-

tween a factor of >2 overdensity and a large Lyα nebulae would be ∼<0.05-0.3%.

Preliminary results from more recent systematic Lyα nebulae surveys hint that

their true space density may be orders of magnitude lower (e.g., Prescott et al.

2008, in preparation), making the likelihood of chance coincidence vanishingly

small.

In terms of the relevant emission mechanisms the Lyα nebula class appears to

be a highly heterogeneous mix, and this diversity could in principle derive from

environmental differences. The largest Lyα nebulae (∼>100 kpc), including the

case studied here, often show evidence for obscured AGN and extended star for-

mation (e.g., Matsuda et al., 2007; Basu-Zych & Scharf, 2004, Prescott et al. 2008,

in preparation) and have received the most scrutiny in terms of their proper-

ties and environments. Presumably, the somewhat smaller “cooling” LABs (e.g.,

Nilsson et al., 2006; Smith & Jarvis, 2007) must also reside in dense regions with
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sufficient gas supply, but thorough environmental studies of these sources have,

to our knowledge, not yet been completed.

3.5 Conclusions

The discovery of a large Lyα nebula at z ≈ 2.7 via its strong mid-infrared emis-

sion has provided an unbiased test of the association between these rare sources

and galaxy overdensities. Using deep Lyα imaging of the environment surround-

ing this LAB, we identify 785 LAE candidates and find evidence for a factor of

∼3 LAE overdensity which spans 20×50 Mpc (comoving). This is comparable to

what is found in the vicinity of the well-known S00 Lyα nebulae. We rule out a

chance coincidence at the ∼<1% level. In conjunction with previous work, these

results point conclusively to a strong association between the largest Lyα nebulae

and overdense regions of the Universe.
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CHAPTER 4

DISSECTING A LARGE Lyα NEBULA AT z ≈ 2.7

Using high resolution imaging from HST/ACS and NICMOS, we investigate the

sources of ionization within a large Lyα nebula at z ≈ 2.656. The local environ-

ment is filled with numerous compact galaxies — all with disk-like morpholo-

gies. At least 8 galaxies are likely at the redshift of the system, but they are offset

by tens of kiloparsecs from the peak of the Lyα emission. We pinpoint the loca-

tion of an obscured AGN (discovered previously via mid-infrared imaging) by

identifying the near-infrared counterpart in the NICMOS J110 and H160 imaging

and confirm that it too is offset ≈20 kpc in projection from the Lyα cloud. The

He II-emitting source seen in a ground-based spectrum is shown to be spatially

extended by 0.79-1.0′′ (6-8 kpc), and the Lyα nebula itself is smooth with no knots

or high surface brightness clumps, suggesting it cannot be powered by compact

sources within the cloud. The system shows diffuse V606 continuum emission

that is nearly coincident with the Lyα and He II emission and that may either re-

sult from scattered light or a spatially extended stellar population. Since we find

that the continuum sources are a negligible contribution to the ionization of the

nebula, we suspect that the ionization of the system is dominated either by an

obscured AGN that is directed towards the Lyα cloud, or by a combination of an

obscured AGN and a spatially extended stellar population.

4.1 Introduction

Giant Lyα nebulae (or Lyα ’blobs’) are an extremely energetic and rare phe-

nomenon. The handful of cases that have been studied in detail show complex
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morphologies, high Lyα luminosities, numerous associated star-forming galax-

ies, and obscured AGN (e.g., Francis et al., 1996; Steidel et al., 2000; Palunas et

al., 2004; Chapman et al., 2004; Geach et al., 2007; Basu-Zych & Scharf, 2004; Dey

et al., 2005; Smith et al., 2008). The largest examples of the Lyα nebula class are

over 100 kpc in size with Lyα line luminosities of 1044 erg s−1. There is now

strong evidence that Lyα nebulae are confined to the most overdense regions of

the Universe (Chapter 3; e.g., Palunas et al., 2004; Matsuda et al., 2004; Saito et al.,

2006; Prescott et al., 2008; Yang et al., 2009). All of these factors suggest that these

sources may be sites of ongoing massive galaxy formation.

As the number of large Lyα nebulae remains small, attempts to understand

their inner workings have focused on studies of individual objects. Individual

cases yield valuable insights into the range of physical processes involved in

powering Lyα nebulae and demonstrate the regimes in which each process dom-

inates. For example, the two Lyα nebulae that were found in close proximity

within the SSA22 field at z≈3.1 appear to be distinct in terms of their ionization

mechanisms (Steidel et al., 2000). One is thought to be powered by a heavily-

obscured starburst galaxy, while the other shows evidence of being ionized by an

AGN (Geach et al., 2007). In contrast, a Lyα nebula found in the GOOD-S field

cannot be easily explained either by AGN activity or by the starburst hypothe-

sis, and is claimed to be a candidate for the gravitational cooling radiation model

(Nilsson et al., 2006).

One particularly interesting Lyα nebula was discovered at z ≈ 2.656 via its

extreme MIPS 24 micron emission and its extended morphology in broad-band

BW imaging (Paper I; Dey et al., 2005). Roughly 20′′ (∼160 kpc) in size with a

Lyα luminosity of ≈1.7×1044 erg s−1, it rivals other known Lyα nebulae both
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in terms of energetics and complexity. The ground-based spectrum revealed at

least three potential sources of ionization in the system. First, there is the strong

24µm source, which is likely dominated by an obscured AGN. Second, there is a

Lyman break galaxy to the Northeast of the nebula, and third, there is an uniden-

tified source near the center of the Lyα emission that has narrow He II and C IV

emission lines, suggesting a hard ionizing source.

From the ground-based study it was unclear whether the 24µm sources and

the Lyman break galaxy can provide the necessary ionization to power the Lyα

nebula. The geometry of the system, with both the 24µm source and the Lyman

break galaxy offset from the centroid of the Lyα by 2.′′5 (∼20 kpc in projection),

argues against this possibility. In addition, the observed SED of both sources sug-

gests that they are unlikely to power more than ∼20% of the Lyα emission. On

the other hand, the source of He II and C IV emission appears to be centered on

the nebula but the line ratios are inconsistent with shocks and no obvious contin-

uum source could be identified in the ground-based data. At the conclusion of

this initial study, it appeared likely that the Lyα nebula is powered by multiple

sources.

The high resolution HST imaging presented here allowed us to take a cen-

sus of all the compact ionization sources in the system. We use HST/ACS V606

and NICMOS J110 and H160 imaging to determine the locations of continuum

sources relative to the line-emitting gas, and measure their luminosities and mor-

phologies. We address the question of the location and morphology of the He II-

emitting region and investigate the clumpiness of the Lyα nebula itself. In Sec-

tion 4.2 we describe our observations and reductions and in Section 4.3 we present

our results on the different components of the Lyα nebula system. Section 4.4 dis-
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Table 4.1. Multiwavelength Observations of a Large Lyα Nebula at z ≈ 2.656

Instrument Filter/Grating/Configuration Exposure Time λC Bandpass Width Restframe λ

Description (min) at z ≈ 2.656

HST/ACS FR462N ([O II] outer ramp) 216 4448.9 Å 89 Å Lyαλ1216

HST/ACS F606W (Broad-band V ) 129 5917.7 Å 2342 Å 1298-1939 Å

HST/ACS FR601N ([O III] outer ramp) 129 5998.1 Å 120 Å He IIλ1640

HST/NICMOS NIC2 F110W (Broad-band J) 141 1.1 µm 0.52 µm 2298-3720 Å

HST/NICMOS NIC2 F160W (Broad-band H) 141 1.6 µm 0.40 µm 3829-4923 Å

cusses the sources of ionization and the total energy budget of the system, and

we conclude in Section 4.5. In this paper, we assume the standard ΛCDM cos-

mology (ΩM=0.3, ΩΛ=0.7, h=0.7); the angular scale at z = 2.656 is 7.96 kpc/′′. All

magnitudes are in the AB system (Oke, 1974).

4.2 Observations & Reductions

Previous work looked at the properties and large scale environment of LABd05

using Keck/LRIS spectroscopy, NDWFS optical imaging, Spitzer/IRAC and MIPS

imaging (Paper I, Jannuzi & Dey, 1999; Eisenhardt et al., 2004, , E. Le Floc’h, pri-

vate communication), and Subaru/SuprimeCam intermediate-band Lyα imag-

ing (Prescott et al., 2008). In this paper we use high resolution HST/ACS and

NICMOS imaging to study the local environment of this large Lyα nebulae and

locate the potential sources of ionization in the system. Table 4.1 lists the instru-

ments, filters, and total exposure times for the dataset used in this work; Fig-

ure 4.1 shows postage stamps of the entire multiwavelength dataset.
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Figure 4.1 Multiwavelength imaging of LABd05. In each panel, the white dia-

mond denotes the location of the obscured AGN (Section 4.4.1).
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4.2.1 HST ACS Data

We obtained HST Advanced Camera for Surveys (ACS) imaging of LABd05 on

UT 2006 January 13, 14, and 24 using the F606W (V606) and two ramp filters,

FR462N (centered on Lyα at z≈2.7) and FR601N (centered on He II at z≈2.7) fil-

ters, respectively. Basic image calibrations (overscan, bias, and dark subtraction,

flat-fielding) were provided by the standard HST ACS pipeline with On-The-Fly-

Reprocessing (OTFR) and the task calacs. We removed a residual offset in the

bias level of the individual amplifiers on each of the ACS detectors (roughly a

2% effect relative to the background) by estimating the sky background in each

amplifier separately using a sigma-clipped mean and subtracting it from the cal-

ibrated, flat-fielded individual exposures (file suffix FLT). Using MultiDrizzle’s

default settings and no sky subtraction, we performed the distortion correction,

cosmic-ray rejection, and image combination. The point-spread-function (PSF)

size measured from the F606W imaging is 0.11′′. The 5σ point source limiting

magnitudes for the ACS imaging are 28.33, 25.67, and 25.70 mag (0.4′′ diameter

aperture) for the F606W, FR462N, and F601N filters, respectively.

As the narrow-band Lyα and He II imaging contains both line and continuum

emission, we had to subtract off the continuum in order to generate a line-only

image. We scaled the V606 image by a factor of 51.52 and 23.95, respectively (es-

timated empirically based on sources common to both images) and subtracted

it from the original narrow-band image. The He II and C IV lines are contained

within the V606 bandpass but contribute only 6% of the flux, so we do not apply

a correction for the lines. The continuum-subtracted Lyα and He II images are

shown in Figure 4.7.
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4.2.2 HST NICMOS Data

Using the HST NICMOS NIC2 camera, we obtained high-resolution imaging of

the source in the F110W (J110) and F160W (H160) filters, which at z≈2.7 bracket

the Balmer/4000Å break. The observations were taken during UT 2006 March

25 and 31. The raw data (file suffix RAW) were processed using nicpipe, which

controls the operation of the main calibration task, calnica, the tasks biaseq and

pedsky, which attempt to remove the pedestal, and the task calnicb, which com-

bines the images. The pedsky task was used, following the procedure outlined

in the NICMOS Data Handbook1, to mitigate the problem of variable quadrant

bias or “pedestal” - a well-known issue with NICMOS data. To remove residual

pedestal structure, we then created a background map by masking all the objects

and boxcar smoothing the image using a 20×20 pixel (1.5×1.5′′) kernel; this back-

ground map was subtracted off to create the final image. The measured PSF sizes

are 0.11 and 0.16′′, and the 5σ point source limiting magnitudes are 26.83 and

26.60 mag (0.4′′ diameter aperture) for the J110 and H160 imaging, respectively.

There is a ∼1% uncertainty in the magnitude zeropoint2. After the data reduction

was completed, the NICMOS team discovered that NICMOS has a substantial

count rate non-linearity that depends on wavelength. The magnitude of the off-

set for faint sources is at most ∼ −0.2 mag in J110; the effect in H160 is smaller

∼ −0.03 mag3. A complete correction to the problem involves redoing some of

the data reduction using the task rnlincor. As of this writing we have applied a

generic correction of −0.2 mag to our J110 photometry, but we will complete the

full correction prior to publication. All conclusions regarding the energy budget
1http://www.stsci.edu/hst/nicmos/documents/handbooks/DataHandbookv6/
2NICMOS Data Handbook — http://www.stsci.edu/hst/nicmos/
3NICMOS ISR 2006-001 — http://www.stsci.edu/hst/nicmos/documents/isrs/isr 2006 001.pdf
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and membership in the system will be unaffected.

4.2.3 Image Registration

Much of our analysis relies on understanding the relative positions of a sources

within this complex object, making correct image registration essential. To ensure

accurate registration, we generated catalogs of source positions in each image

using SExtractor and registered all images to the NDWFS frame using the IRAF

tasks ccmap and ccsetwcs. We carried out the registration in three steps. First, the

ACS V606 was convolved with a Gaussian kernel of FWHM=20 pixels in order

to match the PSF of the BW image. We matched the smoothed ACS V606 images

to the NDWFS BW image and then registered the HST ACS He II and NICMOS

(J110 and H160) images to the unsmoothed HST V606. Finally, we registered the

HST ACS Lyα image to the HST ACS He II image. This sequential procedure

was used to maximize the number of common sources available to compute the

astrometric solution for each image pair and to avoid compounding registration

errors. Table 4.2 details the number of sources used in the registration and the

estimated astrometric errors.

4.3 The Components of the Nebula

Using these HST observations we find that LABd05 contains a number of com-

pact galaxies, smooth Lyα emission, spatially-extended He II emission, diffuse

continuum emission, and an obscured AGN, all within a ∼10′′ region. Here we

discuss each of these components of the Lyα nebula system in detail.
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Table 4.2. Astrometric Uncertainty

Band Nobj
a σα σδ

(arcsec) (arcsec)

NDWFS BW - - -

ACS Lyα 17 0.19 0.17

ACS HeII 37 0.13 0.12

ACS V 402 0.13 0.11

NICMOS J 5 0.13 0.12

NICMOS H 6 0.13 0.11

Note. — Astrometric uncertainty relative to

the NDWFS BW image.
aNumber of common sources used to com-

pute astrometric correction.

4.3.1 Compact Sources

The high resolution ACS and NICMOS images reveal a large number of com-

pact sources in the vicinity of LABd05. Only two of these neighboring sources

were previously identified from ground-based data: a Lyman Break Galaxy to

the Northeast and at the redshift of the system, and an interloper galaxy to the

Southwest at z ≈ 3.2 (Paper I). In the ACS imaging, we find that both of these

sources are resolved into two components and are possibly interacting systems.

We determined the relative positions of all the sources in the vicinity of the Lyα

nebula by generating an initial list of source positions using SExtractor to the

V606 image (3σ threshold, 4 pixel minimum contiguous area) (Bertin & Arnouts,

1996). For the 27 compact sources within 7′′ of the Lyα nebula, we then used

GALFIT (Peng et al., 2002) to fit Sérsic profiles in order to derive precise cen-



116

troids, radii, and morphologies (Figure 4.2). The morphology results are given in

Table 4.3. Aside from a large, diffuse V606 continuum component (Section 4.3.4),

all the galaxies in the vicinity of LABd05 are all small (Re = 1− 3 kpc) with Sérsic

n ≈ 1, indicative of exponential disk morphologies (Figure 4.3).

Since the NICMOS bands straddle the Balmer/4000Å break at the redshift of

the nebula, sources at the redshift of the nebula should show a break in the SED

and red J110 − H160 colors; we attempt to use this fact to identify sources that

are likely associated with the system. To derive colors for the compact sources

in the vicinity of the Lyα nebula we smoothed the ACS V606 and NICMOS J110

band images to match the PSF of the NICMOS H160 band and then measured

aperture photometry (0.4′′ diameter apertures) using the positions derived from

the V606 imaging. Since the images were PSF-matched, no aperture correction was

applied. Figure 4.4 shows the V606, J110, and H160 images with the positions of the

sources indicated. In Figure 4.5 we plot the J110 − H160 versus V606 − J110 colors

of the compact sources in the vicinity of the Lyα nebula; the V606, J110, and H160

aperture photometry of the compact sources are included in Table 4.3. We discuss

using the ACS and NICMOS photometry to determine system membership in

Section 4.4.2.

4.3.2 Diffuse Lyα Emission

We used the high resolution ACS Lyα imaging to determine whether the Lyα

nebula is spatially resolved into discrete knots or clumps that could signal the

locations of the ionizing sources for the nebula. We find that the morphology of

the Lyα nebula is smooth, with no significant substructure (Figure 4.6). At the

depth of these observations we would have detected point-source regions to Lyα

line fluxes of 3.0×10−17 erg s−1 cm−2 (5σ). This corresponds to a mass limit of
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Figure 4.2 GALFIT parametric fit to the V606 imaging of LABd05. The top two

panels show the original V606 image and GALFIT model. The residual image and

smoothed residual image (FWHM = 10 pix=0.5′′Gaussian kernel) in the bottom

two panels reveal a diffuse continuum component that is nearly coincident with

the Lyα emission.
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Table 4.3. Compact Sources within a Large Lyα Nebula at z ≈ 2.656

ID Right Ascension Declination Re n mV
a mJ

a mH
a

(hours) (degrees) (arcsec) (AB) (AB) (AB)

3 14:34:10.945 33:17:29.93 0.36 2.04 27.42± 0.05 26.71± 0.11 26.97± 0.23

6 14:34:10.854 33:17:30.05 0.10 0.96 27.46± 0.05 < 27.39 < 27.15

8 14:34:10.849 33:17:29.85 0.16 0.44 27.53± 0.06 26.77± 0.11 < 27.15

10 14:34:11.063 33:17:29.61 0.29 0.97 26.96± 0.04 26.61± 0.10 26.45± 0.15

11 14:34:10.902 33:17:32.28 0.22 0.74 26.75± 0.04 26.53± 0.09 26.49± 0.15

12 14:34:11.015 33:17:31.16 0.15 0.86 25.61± 0.02 25.80± 0.05 25.63± 0.07

13 14:34:10.987 33:17:32.89 0.34 1.64 26.32± 0.03 26.13± 0.07 25.99± 0.10

15 14:34:11.061 33:17:32.78 0.09 1.00 27.06± 0.05 26.89± 0.12 26.19± 0.12

16 14:34:11.004 33:17:32.33 0.12 1.48 27.16± 0.05 27.15± 0.16 26.69± 0.18

17 14:34:10.981 33:17:32.49 0.34 0.65 27.48± 0.06 27.20± 0.16 26.17± 0.12

18 14:34:11.036 33:17:34.48 0.32 2.87 26.73± 0.04 26.22± 0.07 25.27± 0.05

19 14:34:11.040 33:17:34.14 0.12 0.80 26.99± 0.04 26.28± 0.07 25.09± 0.05

20 14:34:10.926 33:17:34.82 0.10 1.39 27.94± 0.08 < 27.39 26.63± 0.18

21 14:34:10.913 33:17:33.79 0.11 0.72 27.68± 0.06 < 27.39 < 27.15

22 14:34:10.956 33:17:36.06 0.16 0.11 27.85± 0.07 < 27.39 < 27.15

23 14:34:10.956 33:17:38.48 0.07 0.54 < 28.88 < 27.39 < 27.15

24 14:34:11.255 33:17:37.92 0.09 0.88 27.83± 0.07 26.41± 0.08 24.83± 0.04

25 14:34:10.763 33:17:36.74 0.14 1.00 26.14± 0.03 26.36± 0.08 26.26± 0.12

26 14:34:10.743 33:17:33.85 0.10 0.85 25.72± 0.02 25.92± 0.05 26.05± 0.10

27 14:34:10.554 33:17:31.90 3.11 1.10 28.41± 0.10b < 27.39 < 27.15

28 14:34:10.512 33:17:30.64 0.17 0.73 28.00± 0.07 < 27.39 < 27.15

29 14:34:10.542 33:17:29.11 0.08 0.74 27.73± 0.06 < 27.39 26.99± 0.24

30 14:34:10.551 33:17:28.62 0.17 0.84 27.97± 0.07 < 27.39 < 27.15

31 14:34:11.259 33:17:30.25 0.10 0.91 28.33± 0.09 < 27.39 < 27.15

33 14:34:11.413 33:17:29.16 0.10 0.53 26.95± 0.04 26.76± 0.12 26.77± 0.22

34 14:34:10.968 33:17:27.99 0.23 1.51 26.83± 0.04 26.13± 0.08 25.53± 0.08

39 14:34:10.845 33:17:27.10 0.06 0.71 28.55± 0.12 26.78± 0.11 25.29± 0.05

40 14:34:11.036 33:17:25.74 0.14 0.88 28.16± 0.08 < 27.39 < 27.15

aAperture magnitudes (0.4′′ diameter apertures). The V606 and J110 images were smoothed to match

the H160 PSF; no aperture corrections were applied. Magnitude upper limits are 3σ values.
bDue to the large size of this source — the diffuse continuum component — the aperture magnitude

listed here underestimates the total flux, mV,total=23.20±0.07 (AB), as discussed in Section 4.3.4.



119

Figure 4.3 Half-light radii and morphologies derived by GALFIT for galaxies near

a Lyα nebula. The left panel shows a histogram of galaxy half-light radii; the size

of the ACS PSF is shown (dotted line). The right panel shows a histogram of

Sérsic n values for all galaxies in the vicinity of LABd05, with the exception of the

diffuse V606 continuum component (Section 4.3.4). For reference, the values for

exponential (n = 1) and De Vaucouleurs (n = 4) profiles are shown (dotted lines).
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Figure 4.4 Compact sources within LABd05. (Upper panels) ACS V606 imaging

is shown with and without source labels. All compact sources located within 7′′

of the obscured AGN at [0′′,0′′] are labeled with the ID number used in Table 4.3.

(Lower panels) NICMOS J110 and H160 imaging.
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Figure 4.5 J110 − H160 vs. V606 − J110 color of compact sources in the vicinity of

LABd05 (filled circles), with likely interlopers indicated (open circles). Upper and

lower limits are 3σ values. A series of single stellar population model age tracks

(unreddened burst, solar metallicity, spanning burst ages of 5, 25, 100, 290, and

640 Myr; Bruzual & Charlot, 2003) are overplotted for different redshifts (colors

signify z = [1.5, 2.0, 2.4, 2.656, 3.2, 3.5, 4.0] with red indicating high redshift). The

dashed line corresponds to z ≈ 2.656, the redshift of LABd05. The appropriate

reddening vector is shown for E(B − V ) = 0.1 computed at z ≈ 2.656.
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1.7 × 108 M¯, assuming a 25 Myr single stellar population and a rest-frame Lyα

equivalent width of 100Å (Bruzual & Charlot, 2003). We can also rule out high

surface brightness clumps within the cloud down to a peak surface brightness

limit of ≈4.0×10−16 erg s−1 cm−2 arcsec−2(3σ).

4.3.3 Diffuse He II Emission

LABd05 is known to have strong He II and C IV emission (FHeII = 4.07 ± 0.04 ×

10−17 erg s−1, FCIV = 4.17 ± 0.04 × 10−17 erg s−1; Keck/LRIS spectrum) near

the center of the Lyα nebula [0.08′′,−2.5′′]. We obtained He II imaging in order

to localize the He II-emitting region within the system; the depth of the imaging

should have revealed a point source detection at SNR ≈ 10. However, we find

that the ACS He II imaging showed no detection down to a 5σ point source lim-

iting magnitude of 2.1 × 10−17 erg s−1 cm−2 and a 3σ surface brightness limit of

3.27 × 10−16 erg s−1 cm−2 arcsec−2 (0.4′′ diameter aperture). This non-detection

puts a constraint on the size of the He II-emitting region. We used a series of

simulated He II sources, modeled as Gaussian profiles with the measured He II

flux and a range of FWHM sizes of 0.1 − 1.5′′ and inserted them into the He II

image (Figure 4.7). For each of 100 Monte Carlo trials, we measured the SNR as

a function of FWHM and determined the FWHM for which the model is de-

tected at SNR = 3. We conclude that the source of He II must be extended by

at least FWHM > 0.79′′ in order to be undetected in our He II imaging. At the

same time, the fact that the previous long-slit spectroscopy did not resolve the

He II line puts an upper limit of 1′′ on the size of the He II-emitting region. This

size range corresponds to ∼ 6.3 − 8.0 kpc at the redshift of the nebula.
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Figure 4.6 Lyα imaging of LABd05. The NDWFS BW , the ACS V606, and the ACS

continuum-subtracted Lyα imaging along with a smoothed version (Gaussian

FWHM=10 pix=0.5′′).
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Figure 4.7 Limits on the size of the He II-emitting region derived from the

continuum-subtracted ACS He II imaging. (Upper panels) ACS V606 and

continuum-subtracted He II imaging. (Lower left) The measured signal-to-noise

ratio (SNR; 0.4′′ diameter aperture) for a Gaussian model source with the known

He II flux as a function of FWHM; a SNR = 3 is shown (dotted line) as well as

the derived lower limit on the size of the He II-emitting region (FWHM> 0.79′′;

dashed line). (Lower right) A simulated He II image containing a representative

set of model sources (FWHM=[0.1′′,0.3′′,0.6′′,0.9′′]).
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4.3.4 Diffuse Continuum Emission

In addition to the population of compact sources, the broad-band ACS V606 data

also revealed diffuse continuum emission located near the center of the Lyα neb-

ula (Figure 4.2). To measure the size and luminosity of this component, we again

used GALFIT (Peng et al., 2002). We took care to avoid contamination from

nearby compact sources by fitting the diffuse component while constraining all

compact sources to the previously-derived parametric fits. Table 4.3 gives the

position, size, and Sérsic index of the diffuse component. As with the compact

sources in the system, the diffuse continuum component is well-fit by an expo-

nential disk profile. We find that the centroid is nearly coincident with the Lyα

emission and derived a total flux using the GALFIT model fit of mV,total=23.20±0.07

mag. (The aperture photometry listed in the table was measured using small 0.4′′

diameter aperture, and therefore substantially underestimates the flux in this ex-

tended component.) While there is no spatial coincidence between the continuum

component and the compact sources, the diffuse continuum is nearly coincident

with the Lyα emission.

4.4 Discussion

4.4.1 The Location of the Obscured AGN

Paper I postulated the existence of an embedded AGN at the position of the

MIPS source due to strong 24µm emission and the fact that the source shows

a power-law SED in the mid-infrared IRAC bands. The location of the AGN was

more uncertain due to the low resolution of the IRAC and MIPS imaging (PSF

FWHM = 2.0 − 6.6′′). The addition of the HST/NICMOS imaging shows that

there is a very red source (#39; Figure 4.4) at the centroid of the MIPS 24 micron
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emission. The source shows a strong Balmer/4000Å break; it is barely detected in

V606 and J110 but very bright in H160. From the morphology estimate, the source

appears unresolved (< 0.07′′) in the V606 imaging with a Sérsic index of n ≈ 0.7

(approaching the value for a Gaussian, n = 0.5). All of these pieces of evidence

are consistent with this source being the rest-frame optical counterpart of an ob-

scured AGN. Assuming that this is correct, the measured projected offset between

the AGN and the centroid of the Lyα emission and diffuse continuum emission

is ≈2.6′′ (≈21 kpc).

4.4.2 Sources of Ionization

The high resolution HST imaging provides a census of all of the compact sources

of emission in the region. In addition to the obscured AGN, there are a large

number of galaxies in the vicinity, more than expected for a region of this size in

the field. The observed number counts in the Hubble Deep Field for sources with

F606W = 27 ± 0.5 translate into a number density of ∼ 4 × 105 AB mag−1 deg−2

(Metcalfe et al., 2001; Marı́n-Franch & Aparicio, 2003). Within a 7′′ radius of the

AGN, we would expect 3.98 × 105 AB mag−1 deg−2 × π(7/3600)2 = 4.7 galaxies

with F606W = 27 ± 0.5. By contrast, in the vicinity of this Lyα nebula, we find

10 galaxies in this magnitude range, an overdensity of at least a factor of 2.

The ACS and NICMOS photometry allow us to determine which sources are

likely to be associated with the Lyα nebula system. We do not attempt to do

sophisticated SED-fitting using the limited data presented here, but instead com-

pare to simple stellar population model tracks spanning a range of ages and red-

shifts (Figure 4.5; 5-640 Myr single unreddened bursts, solar metallicity; Bruzual

& Charlot, 2003). Of the sources that are detected in all three bands, we find 8

that hug the color locus for single burst models at the redshift of LABd05 (#12,
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15, 16, 17, 18, 19, 24, 39) and are easily understood as being associated with the

Lyα nebula system. One of these sources is the spectroscopically-confirmed LBG

(#12) and another is the rest-frame optical counterpart of the AGN (#39). These

8 well-detected compact sources that we believe to be associated with the system

are located 2.4-5.0′′ (19-39 kpc) away from the peak of the Lyα emission. The rest

of the continuum sources, i.e. those with colors to the lower right in J110 − H160

vs. V606 − J110 color space, are consistent with galaxies at significantly lower or

higher redshift, so we flag these cases as interlopers (#3, 10, 11, 13, 33, 34) along

with those previously identified as a Lyα-emitting system at z ≈ 3.2 (#25 and 26).

Under the naive assumption that dust properties do not vary strongly across

the system, it is tempting to interpret the distribution of the 8 continuum sources

in color-color space an age gradient across the system. In this simplified picture,

the LBG and nearby systems are consistent with young 25-100 Myr models (#12,

15, 16), sources in the center of the system surrounding the AGN have intermedi-

ate ages of 100-290 Myr ages (#17, 18, 19), and a source to the East of the system

(#24) and the rest-frame optical counterpart to the AGN (#39) appear to be older

than 290 Myr. In reality, these estimates should be treated with caution as we

know that the system contains both strong Lyα and strong dust emission and

that the AGN is highly obscured, although we note that the fact that these galax-

ies do seem to closely follow the unreddened track may be indicative that the

dust properties of the compact galaxies are relatively uniform.

The fact that the ACS Lyα imaging shows that the Lyα emission is smooth and

diffuse, with no significant knots of high surface brightness clumps, and that the

Lyα emission is nearly coincident with both diffuse continuum emission (Re ≈

3.0′′) and spatially extended He II emission (0.76 < FWHM < 1.0′′) suggests that
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there may be an additional spatially extended source of ionization within the

nebula. We discuss this possibility in Section 4.4.3.

4.4.3 The Energy Budget of LABd05

A detailed energetic model is beyond the scope of this work, but it is already

clear from the high resolution imaging that compact continuum sources are a mi-

nor contribution to the ionization of the Lyα nebula. The total ionizing photon

flux needed to power the Lyα is 1.7 × 1055 photons s−1. Even if we assume that

all 8 well-detected nearby galaxies at the system redshift have escape fraction of

100% and ignore the effects of distance, the total ionizing luminosity (L
200−912Å

) of

the entire system (excluding the AGN) is 3.4×1053−4.4×1051 photons s−1 (unred-

dened, 5-25 Myr single bursts Bruzual & Charlot, 2003). Furthermore, since all

the compact continuum sources lie tens of kiloparsecs away from the Lyα nebula

and there are no compact sources seen within the core of the Lyα nebula itself,

the system is inconsistent with a scenario in which the Lyα emission is powered

via outflows from a central starburst. By contrast, Dey et al. (2005) found that

the total ionizing luminosity of the AGN was > 1.8× 1054 photons s−1, estimated

from an extrapolation of the mid-infrared SED, at least an order of magnitude

larger than the contribution from the compact continuum sources. Taken at face

value, however, the AGN can still only contribute about 18% of the necessary

ionizing photons, unless the geometry is such that the AGN is obscured to the

line of sight, but unobscured in the direction of the nebula (hence it is quoted as

a lower limit).

The presence of both diffuse He II and diffuse V606 continuum emission within

the Lyα nebula itself may either be due to scattering processes, gravitational cool-

ing radiation, or a spatially extended population of lower luminosity ionizing
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sources below the detection limits of the HST imaging. We know that one other

Lyα nebula does show evidence for a spatially extended stellar population (Mat-

suda et al., 2007). If the diffuse continuum is due to a stellar population, the

mass of the population would need to be roughly 3.4 × 109 M¯ to match the ob-

served V606 flux, assuming a 5-25 Myr single stellar population (solar metallicity;

Bruzual & Charlot, 2003), and the corresponding ionizing photon flux from this

stellar population would be 1 × 1052 photons s−1. For solar metallicities, only in

the case of a very young (5 Myr) stellar population with a mass of 3.7 × 108 M¯

would the ionizing photon flux begin to approach that required to explain the

Lyα (1.3 × 1054 photons s−1). In addition, Dey et al. (2005) point out that a spa-

tially extended stellar population would need to be very young and very metal

poor in order to explain the He II emission as well (< 2 Myr, Z < 10−7 Schaerer,

2003).

It does not seem likely that gravitational cooling dominates the ionization of

this system. While the fact that the Lyα is over 10 times more extended that the

He II emission fits the picture of gravitational cooling radiation (Fardal et al., 2001;

Yang et al., 2006), the lack of a central massive galaxy is inconsistent (Fardal et al.,

2001; Furlanetto et al., 2005) and the He II/Lyα = 0.13 is higher than expected

(Haiman et al., 2000; Yang et al., 2006). We note, however, that gravitational cool-

ing may play a larger role in the outskirts of the system.

It is difficult to quantify the contribution of scattering to the diffuse contin-

uum emission given the uncertainty in dust content, densities, and temperatures

within this complex system. We do not attempt a detailed calculation here, but

we note that the scattered light cannot exceed the total V606 continuum from all

of the compact sources within the system. The flux of the diffuse V606 continuum
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component (2.2 × 1044 erg s−1) is a factor of 4 more than the total V606 continuum

flux from the 8 well-detected compact sources thought to be at the redshift of the

system (6.0 × 1043 erg s−1) plus that from the AGN (> 1.6 × 1042 erg s−1). While

scattering likely contributes to the observed flux, it can only explain the entire

diffuse continuum component if the flux from the AGN in the direction of the

cloud is two orders of magnitude greater than that along the line of sight.

4.5 Conclusions

Using high resolution HST imaging we have taken a census of all the compact

sources of ionization within a large Lyα nebula at z ≈ 2.656. We find that the

Lyα nebula system is surrounded by numerous compact galaxies with small sizes

(≈ 1 − 3 kpc) and disk-like morphologies, of which at least 8 are associated with

the system. However, these continuum sources are all located tens of kilopar-

secs from the peak of the Lyα emission and provide a negligible contribution to

the ionization of the nebula. The Lyα nebula itself is smooth and shows no ev-

idence for central knots or clumps that could explain the ionization. The source

of He II emission seen in a ground-based spectrum is likely spatially extended by

6-8 kpc. The diffuse Lyα and He II emission is accompanied by diffuse V606 con-

tinuum emission which may be due to scattering or a spatially extended stellar

population. At the conclusion of this study, the energetics of the system appear

to be dominated either by an obscured AGN that is directed towards the cloud or

by a combination of the AGN and a spatially extended stellar population. Un-

derstanding the full energetics of this complex system will require improved

measurements of the color of the diffuse continuum emission and performing

detailed photoionization modeling of the system.
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CHAPTER 5

THE DISCOVERY OF A LARGE Lyα+He II NEBULA AT z ≈ 1.67: A CANDIDATE

LOW METALLICITY REGION?

We have discovered a ≈45 kpc Lyα nebula (or Lyα “blob”) at z ≈ 1.67 which

exhibits strong, spatially extended He II emission and very weak C IV and C III]

emission. This is the first spatially extended Lyα+He II emitter observed and

the lowest redshift Lyα blob yet found. Strong Lyα and He IIλ1640 emission in

the absence of metal lines has been proposed as a unique observational signa-

ture of primordial galaxy formation (e.g., from gravitational cooling radiation or

Population III star formation), but no convincing examples of spatially extended

Lyα+He II emitters have surfaced either in Lyα-emitting galaxy surveys at high

redshifts (z > 4) or in studies of Lyα nebulae at lower redshifts. From compar-

isons with photoionization models, we find that the observed line ratios in this

nebula are consistent with low metallicity gas (Z ∼< 10−2 − 10−3Z¯), but that this

conclusion depends on the unknown ionization parameter of the system. The

large He II equivalent width (≈37±10Å) and the large He II/Lyα ratio (0.12±0.04)

suggest that the cloud is being illuminated by a hard ionizing continuum, either

an active galactic nucleus (AGN) or very low metallicity stars, or perhaps pow-

ered by gravitational cooling radiation. Thus far there is no obvious sign of a

powerful AGN in or near the system, so in order to power the nebula while re-

maining hidden from view even in the mid-infrared, the AGN would need to

be heavily obscured. Despite the strong Lyα+He II emission, it is not yet clear

This chapter originally appeared in Prescott, M. K. M., Dey, A., & Jannuzi, B. T. 2009, ApJ,
702, 554.
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what is the dominant power source for this nebula. The system therefore serves

as an instructive example of how the complexities of true astrophysical sources

will complicate matters when attempting to use a strong Lyα+He II signature as

a unique tracer of primordial galaxy formation.

5.1 Introduction

Understanding primordial galaxy formation is a major science driver for the next

generation of large space- and ground-based telescopes and has inspired a sub-

stantial amount of theoretical literature due to the potential contribution of the

first generations of stars to reionization and the early stages of galaxy evolution.

According to theoretical predictions, the observational signpost of primordial

galaxy formation is the presence of strong Lyαλ1216 and He IIλ1640 emission

lines, either due to photoionization by very low metallicity and Population III

(Pop III, i.e., zero metallicity) star formation (e.g., Tumlinson et al., 2001; Schaerer,

2003, 2008) or due to gas cooling during gravitational collapse (e.g., Haiman et al.,

2000; Yang et al., 2006). In the case of Pop III stars, the strong Lyα and He II is a

direct consequence of the low metallicities, where, in the absence of metals, H

and He become the dominant line coolants for the gas, and of the hot effective

temperatures of Pop III stellar clusters, which are predicted to show a top-heavy

initial mass function (IMF) and low stellar atmospheric opacity due to the lack

of metals (e.g., Ezer & Cameron, 1971; Bromm et al., 2001). In the case of grav-

itational cooling radiation, Lyα and He II are the primary ways for pristine gas

to cool as it is collisionally excited during gravitational collapse; the predicted

He II/Lyα ratios may be as high as 10% (e.g., Haiman et al., 2000; Yang et al.,

2006). Strong Lyα and He II emission lines are commonly seen in other astro-
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physical sources with hard ionizing continua, but at normal metallicities they are

generally accompanied by strong metal lines such as C III] and C IV, as seen for

example, in active galactic nuclei (AGN), radio galaxy halos, Wolf-Rayet (W-R)

galaxies, or cases of shock ionization (e.g., Reuland et al., 2007; Leitherer et al.,

1996; Dopita & Sutherland, 1996). The presence of strong Lyα and He II emission

in the absence of strong metal lines has been put forward as a potentially unique

observational signature of primordial galaxy formation.

Although theoretical studies suggest that Pop III and very low metallicity star

formation may persist down to lower redshifts, this depends on the feedback ef-

ficiency, i.e., the ability of a Pop III stellar population to pollute the large-scale

surroundings with metals (e.g., Tornatore et al., 2007). Searches for Pop III stars

have understandably pushed to higher redshift (z > 4), where the Pop III star

formation rate (SFR) density should increase dramatically relative to that found

in the local universe (Scannapieco et al., 2003). Thus far, no unambiguous case

of a Pop III stellar population has been observed. Several Lyα-emitting galaxy

studies at z ∼ 4− 5 have uncovered sources with unusually high Lyα equivalent

widths (Wrest > 240 Å) — larger than that expected from a normal stellar popula-

tion — suggesting either a top-heavy IMF, a very low metallicity, and/or a very

young age (Malhotra & Rhoads, 2002; Rhoads et al., 2003). However, the compli-

cated radiative transfer of Lyα in a clumpy interstellar medium (ISM) could also

be responsible for boosting the Lyα (Finkelstein et al., 2008), and in these studies,

no corroborating evidence for the Pop III scenario in the form of a strong He II

detection was found in either the individual or stacked LAE spectra, leaving the

matter unresolved (Dawson et al., 2004; Ouchi et al., 2008). Deep spectroscopic

observations of a strong Lyα-emitting galaxy at z ≈ 6.33 showed no evidence for
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He II emission (Nagao et al., 2005), and a more recent Lyα+He II dual emitter sur-

vey at z ∼ 4 − 5 found no convincing candidates (Nagao et al., 2008). The limits

from each of these studies suggest that Pop III star formation does not dominate

in these z ∼ 4 − 5 samples, prompting the authors to encourage searches at ever

higher redshifts (z ∼> 7). Additional high redshift Lyα+He II surveys are under-

way (e.g., di Serego Alighieri et al., 2008).

In this paper we report on the discovery of a z ≈ 1.67 Lyα nebula with strong,

spatially extended He II emission and very weak C IV and C III] emission. This

is the first spatially extended source that resembles the predicted Lyα+He II sig-

nature of primordial galaxy formation. However, the system is more complex

than it first appears. The observed line ratios suggest that the nebula may con-

tain low metallicity gas, but this depends on the unknown ionization parame-

ter of the system. Detailed analysis of the spectra along with extensive multi-

wavelength data reveals that the source of ionization is uncertain: the nebula is

either an H II region ionized by a hard spectrum source, i.e., an AGN or a very

low metallicity stellar population, or a gravitationally cooling cloud. The fact

that multiwavelength follow-up observations are required in order to better con-

strain the source(s) of ionization and metallicity of the nebula has implications for

Lyα+He II searches at higher redshift. In Section 5.2, we summarize the system-

atic search for Lyα nebulae that led to this discovery and our observations and

reductions. Section 5.3 contains a discussion of the observational results, and Sec-

tion 5.4 details our analysis of the physical properties of the nebula. In Section

5.5, we discuss the implications of this discovery for the ongoing high redshift

Lyα+He II surveys, and we summarize our conclusions in Section 5.6.

We assume the standard ΛCDM cosmology (ΩM=0.3, ΩΛ=0.7, h=0.7); 1′′ cor-
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responds to a physical scale of 8.47 kpc at z = 1.671. All magnitudes are in the AB

system. Unless otherwise stated, He II refers to He IIλ1640Å, C IV to C IVλλ1549,1550,

C III] to C III]λ1909, and Ne IV] to Ne IV]λ2424.

5.2 Observations & Reductions

In this section, we discuss the observations that led to the discovery of this Lyα+He II

nebula and the methods used to process the imaging and spectroscopic data.

5.2.1 The Search

Large Lyα nebulae (or Lyα “blobs”) — large (∼100 kpc) clouds of gas emit-

ting strongly in Lyα — are thought to be sites of ongoing galaxy formation and

have been found in small numbers, primarily at 2 < z < 3. Early theoretical

work suggested that these nebulae could be examples of gravitationally cooling

clouds (Haiman et al., 2000), and more recent cosmological hydrodynamic simu-

lations indicated that cooling clouds should be detectable as Lyα+He II nebulae,

although the specific predictions proved uncertain due to the treatment of star-

forming gas (Yang et al. 2006; Y. Yang 2008, private communication). Several of

the largest Lyα nebulae, including one with strong He II and C IV emission (Dey

et al., 2005), have since been shown to be powered instead by AGN, spatially ex-

tended star formation, or some combination (e.g., Dey et al., 2005; Matsuda et

al., 2007; Geach et al., 2007). Two groups claim to have discovered Lyα nebulae

that are powered by gravitational cooling radiation (Nilsson et al., 2006; Smith &

Jarvis, 2007; Smith et al., 2008), but neither case shows strong He II emission.

Lyα nebulae are extremely rare objects and have often been found using deep

narrow-band imaging surveys of known galaxy overdensities. As such, their

space density, particularly at the bright end of the luminosity function, is largely
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unconstrained. In order to carry out an efficient but unbiased survey of a large

cosmic volume, we have designed a systematic morphological search for spa-

tially extended Lyα nebulae using the broad-band imaging from the NOAO Deep

Wide-Field Survey (NDWFS; Jannuzi & Dey, 1999) Boötes Field. This field has

been imaged in the BW , R, and I band with median 5σ point-source depths of

≈27.1, 26.3, and 25.8 mag (AB), respectively. In the sub-field relevant to this pa-

per, the BW , R, and I-band 5σ point-source depths are 27.5, 26.1, and 26.0 mag for

2.3, 1.7, and 2.8 hrs of integration, respectively. Candidates were selected from the

broad-band data using a morphological and color selection algorithm, and spec-

troscopic follow-up was used to rule out low-redshift interlopers. The advantage

of using broad-band data to search for line-emitting sources, a seemingly crude

approach, is the enormous comoving volumes (∼108 h−3
70 Mpc3) that can be sur-

veyed efficiently using publicly available data over wide fields. The success of

the present survey relied heavily on the depth of the broad-band NDWFS imag-

ing and the darkness of the sky within the BW -band, against which strong line

emission can dominate the flux even within the very broad BW filter.

A full discussion of the search algorithm and results will be discussed else-

where (Prescott et al. 2009, in preparation). Here we report on the discovery of

a new Lyα+He II nebula at z ≈ 1.67 (hereafter denoted PRG1). Unlike the other

Lyα sources found in our systematic search, the Lyα+He II nebula presented here

was selected by the search algorithm not because of its Lyα emission, which lies

outside the BW filter, but instead because of the strong and diffuse blue contin-

uum emission (≈92%) and spatially extended He II emission (≈8%) within the

bandpass. Postage stamps from GALEX (FUV & NUV; Galaxy Evolution Explorer,

Martin et al., 2005), NDWFS (BW , R, and I), and the Spitzer Deep Wide-Field
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Survey (SDWFS; IRAC 3.6µm, 4.5µm, 5.8µm, and 8.0µm; Ashby et al., 2009) are

shown in Figure 5.1. The GALEX limits are 0.36 µJy in the NUV and FUV bands;

the SDWFS limits are 3.2, 4.4, 25.5, and 25 µJy (5σ). The Spitzer MIPS coverage of

this region shows no detection with a 1σ root-mean-square (rms) limit of 51 µJy

(E. Le Floc’h 2008, private communication).

5.2.2 Spectroscopic Follow-up

We obtained spectroscopic follow-up observations using the MMT and the Blue

Channel Spectrograph during UT 2008 June 8-9 as part of our systematic search

for Lyα nebulae. We used a 1.5×120′′ (unvignetted) slit and the 300 l mm−1 grat-

ing (λc ≈ 5713Å, ∆λ ≈ 3100−8320Å). We chose a slit orientation that spanned the

longest dimension of the diffuse emission (Position Angle=81.2◦, observed near

transit), as shown in Figure 5.1, while also intersecting a nearby bright object. We

moved the target along the slit by ≈5′′ in between exposures.

Conditions during the first night were clear and stable with 1.′′0 seeing; the

second night was clear but with variable seeing (∼>1.′′3) and high winds which

caused shaking of the telescope pointing. We show in Section 3.2 that, due to

a slight pointing offset and wind-shake, the data from the second night sample

a different spatial region within the nebula and are contaminated at some level

by sources nominally off the slit, in particular a red compact source to the West-

Northwest (Source A in Figure 5.1). For this reason, data from the two nights

were reduced and analyzed separately. The most robust Lyα and He II flux mea-

surements are from the first night, when conditions were excellent during the

single half hour exposure. An additional 1.5 hr of integration were obtained dur-

ing the second night. The Lyα flux measurement from Night 2 shows a 25% loss

relative to that from Night 1. In the remainder of the paper, we use the Lyα and
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Figure 5.1 GALEX (FUV and NUV ), NDWFS broad-band optical (BW , R, and

I), and IRAC (3.6µm, 4.5µm, 5.8µm, and 8.0µm) postage stamps for PRG1. Im-

ages are all 1′ on a side. The spectroscopic slit is shown with a position angle

of 81.2◦. PRG1 was selected as a Lyα nebula candidate due to the diffuse blue

emission in the BW imaging. However, in this case Lyα is in fact outside the BW

band; the BW flux is instead dominated by diffuse continuum and He II emission.

The diffuse blue continuum emission is clearly visible in the NDWFS BW -band

imaging. Several compact sources in the near vicinity of the nebula have IRAC

counterparts, labeled A, B, and C.
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He II flux measurements from Night 1 but include the line ratios derived from

both nights.

The data were reduced using IRAF1. After performing the overscan and bias

subtraction, we corrected flat-field exposures for the response of the internal

‘Bright Continuum’ flat-field lamp by dividing out the median along columns

and then applied the flat-field correction. We used twilight flats to determine the

illumination correction for the science frames. Cosmic rays were removed us-

ing xzap2. The wavelength solution was determined using HeArNe and HgCd

comparison lamps, with an rms of ≈0.17Å. We corrected the data for a slight sys-

tematic offset in the night sky lines; the night sky line wavelengths in the final

spectra are correct to ±0.3Å. Flux calibration was based on observations of the

standard stars BD+33 2642 and Wolf 13463. We applied a grey shift (∼<0.08 mag)

and fit the sensitivity function using extra care at the blue end of the spectrum

because the Lyα line at ≈3250Å lies only 56.3 pixels (109.7Å) from the edge of

the chip. The instrumental resolution measured from the Hg Iλ4047 line is 3.6Å,

and the tilt within the aperture is ≤ ±5.24 km s−1 over the region of the nebula.

5.3 Results

5.3.1 Lyα and He II Emission

The final two-dimensional and one-dimensional spectra from the first and sec-

ond night are shown in Figures 5.2 and 5.3. The spectra show strong Lyα and

He II emission lines, both of which exhibit similar kinematic structure in the two-
1IRAF is distributed by the National Optical Astronomy Observatories, which are operated

by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement
with the National Science Foundation.

2http://iraf.noao.edu/iraf/ftp/iraf/extern/xdimsum020627
3KPNO IRS Standard Star Manual
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Figure 5.2 Night 1 (UT 2008 June 08) two-dimensional and one-dimensional spec-

tra showing strong Lyα and He II emission from a single half hour exposure

(1.5×5.0′′ aperture). The spectra have been smoothed by 0.84′′ spatially and by

5.8 Å in the spectra dimension. The filter curve is the BW bandpass convolved

with the atmospheric transmission (blue). The 1σ error spectrum is overlaid (red).

dimensional spectrum. The measured fluxes and flux limits were derived sepa-

rately from each night’s data using a 1.5×5.0′′ aperture, chosen to maximize the

signal-to-noise ratio of the He II measurement (Table 5.1). Faint continuum emis-

sion is detected in the spectra (Figure 5.3). We scaled the spectra by a factor of

1.4 and 1.6, respectively, in order to match the continuum fluxes measured from

the much deeper NDWFS broad-band data within the region covered by the slit

(Table 5.2).

The Lyα and He II luminosities from Night 1 are LLyα = LLyα,ap × fgeo ×

fprofile ≈ 5.4 × 1043 erg s−1 and LHeII = LHeII,ap × fgeo ≈ 4.0 × 1042 erg s−1.
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Table 5.1. Spectroscopic Measurements of a Lyα+He II Nebula at z ≈ 1.67

Lyαλ1216 NVλ1240 SiIVλ1398 CIVλ1549 HeIIλ1640 CIII]λ1909 NeIVλ2424

Night 1 - UT 2008 June 08

Fluxa[10−17 erg s−1 cm−2] 49.9 ± 5.7 < 6.4 b < 1.8 b < 1.4 b 6.2 ± 1.7 < 1.2 b < 1.4 b

EWrest [Å] 294.1 ± 39.4 - - - 36.8 ± 10.1 - -

λobs [Å] 3250.07 ± 0.56 - - - 4383.07 ± 1.25 - -

Redshift 1.6735 ± 0.0005 - - - 1.6714 ± 0.0008 - -

FWHMobs [Å] 10.20 ± 0.82 - - - 8.41 ± 3.23 - -

FWHM [km s−1] 941.5 ± 75.5 - - - 575.5 ± 221.1 - -

Night 2 - UT 2008 June 09

Fluxa[10−17 erg s−1 cm−2] 43.6 ± 4.0 < 5.5 b < 1.1 b 2.1 ± 1.1 5.7 ± 0.9 4.7 ± 0.8 2.8 ± 1.0

EWrest [Å] 257.1 ± 29.4 - - 12.4 ± 6.5 33.9 ± 6.1 28.0 ± 5.3 29.9 ± 11.3

λobs [Å] 3249.59 ± 0.38 - - 4142.30 ± 1.46 4381.92 ± 0.76 5095.26 ± 0.10 6476.81 ± 1.83

Redshift 1.6731 ± 0.0003 - - 1.6724 ± 0.0009 1.6707 ± 0.0005 1.6695 ± 0.0001 1.6720 ± 0.0008

FWHMobs [Å] 9.75 ± 0.71 - - - 6.36 ± 0.64 23.28 ± 1.94 -

FWHM [km s−1] 900.4 ± 65.1 - - - 435.5 ± 44.1 1370.7 ± 114.5 -

aFlux measured in a 1.5×5.0′′ aperture. No correction has been applied for Lyα absorption.

bQuoted upper limits are 1σ values.
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Table 5.2. Photometric Measurements of a Lyα+He II Nebula at z ≈ 1.67

Nebulaa,b Source Ac

10−30 erg s−1 cm−2 Hz−1 10−30 erg s−1 cm−2 Hz−1

BW 3.58 ± 0.24 2.07 ± 0.14

R 4.03 ± 0.49 4.60 ± 0.33

I 6.62 ± 0.88 8.35 ± 0.47

3.6µm - 466.56 ± 34.13

4.5µm - 488.70 ± 32.40

5.8µm - 329.67 ± 31.40

8.0µm - 194.13 ± 25.60

aFlux measured within the same 1.5×5.0′′ aperture as the spectro-

scopic measurements.
bThe contribution of line emission for Night 1 (Night 2): He II con-

tributes 8% (7%) and C IV < 2% (3%) of the BW emission, and Ne IV]

contributes < 2% (6.5%) of the R-band emission. We see no contribution

from line emission out to the middle of the I-band (8300Å, the extent of

our spectroscopic coverage).
cOptical BW , R, and I fluxes were measured within 2.1′′ diameter

apertures. Mid-infrared fluxes (3.6, 4.5, 5.8, 8.0 µm) were measured

within 3.5′′ diameter apertures. Aperture corrections are discussed in

the text.
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Figure 5.3 Night 2 (UT 2008 June 09) two-dimensional and one-dimensional

spectra showing strong Lyα and He II emission, weak C III], and marginally-

detectable C IV from a combined 1.5 hour exposure (1.5×5.0′′ aperture). The spec-

tra are smoothed by 0.84′′ spatially and by 5.8 Å in the spectral dimension. The

filter curve is the BW bandpass convolved with the atmospheric transmission

(blue). The 1σ error spectrum is overlaid (red). When comparing to Figure 5.2,

note that a 180◦ change in the slit position angle between the two nights caused a

flip in the angle of the spectral trace across the detector.
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LLyα,ap = 9.3 × 1042 erg s−1 and LHeII,ap = 1.2 × 1042 erg s−1 are the luminosities

measured within the spectroscopic aperture, fgeo is the geometric correction fac-

tor between the spectroscopic aperture and full extent of the nebula, and fprofile

corrects for asymmetry in the Lyα profile due to blue side absorption. We discuss

the estimation of these correction factors below.

The geometric correction factor fgeo was derived from a comparison of the

spatial extent of the nebula measured in the Lyα line versus the extent in the

BW imaging. In our best seeing Night 1 data, where we have accurate spatial

information and low slit losses, the Lyα is extended by ≈5′′ (42.3 kpc) with a

fairly sharp truncation at large radii, but with a possible extension toward the

west (right of center, Figure 5.4). The He II emission is weaker than the Lyα by a

factor of 10, but it appears that at lower signal-to-noise the He II nebula extends

to roughly the same radius as the core of the Lyα nebula (no westward exten-

sion). The Night 2 data show a Lyα extent of ≈6′′ and a He II extent of ≈5′′ but

suffer from slit losses and degraded spatial resolution due to poor seeing and

wind-shake. The extent of the Lyα nebula in the spectroscopic observations is in

rough agreement with the spatial extent of the diffuse emission measured from

the broad-band BW data along the position of the slit (≈6.6′′, ≈56 kpc above a BW

surface brightness of 4.5×10−16 erg s−1 cm−2 arcsec−2). The full area of the diffuse

emission in the BW imaging is ≈ 26 square arcseconds. Assuming that the Lyα

emission is distributed similarly to the BW continuum emission, we estimated

that a geometric correction factor of fgeo = 3.4 is required to obtain the total Lyα

flux from the nebula. This correction is very approximate; narrow-band imaging

and/or spatially-resolved spectroscopy will be required to accurately account for

the contributions of line and continuum emission to different portions of the neb-
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ula.

We derived the Lyα blue side absorption correction fprofile using a compar-

ison of the Lyα and He II line centroids. The Lyα profile is fairly symmetric

(Figure 5.5), but the center of the Lyα line is offset to the red from the systemic

redshift, as determined from the centroid of the He II emission line, likely due to

absorption. We estimated the amount of blue side absorption of Lyα by mirror-

ing the red side of the Lyα profile across the line centroid, and derived a factor

of 1.7 (Night 1) and 1.8 (Night 2) increase in the Lyα flux. We therefore used a

correction factor of fprofile = 1.7 to obtain the final Night 1 Lyα luminosity.

The nebula shows clear velocity structure in both the Lyα and He II lines. The

lines are resolved, showing Lyα and He II velocity dispersions of σv ≈ 400 and

250 km s−1, respectively, corrected for the instrumental resolution. Figure 5.6

shows the velocity profile of the Lyα line from Night 1 and Night 2 derived using

2 pixel (0.56′′) extractions. The profile is relatively smooth but flattens on the

east (left) of center. The spatially-resolved Lyα velocity dispersion is essentially

constant across the nebula.

5.3.2 C IV, C III], and Ne IV] Emission

Despite the strong Lyα and He II emission seen in the Night 1 data, there is

no detection of C III], C IV, or Ne IV]. The 1σ upper limits on the line ratios are

C IV/He II< 0.23, C III]/He II< 0.19, and Ne IV]/He II< 0.23. Due to the excellent

and stable observing conditions during Night 1, the Night 1 spectrum provides

the most accurate flux measurements for Lyα and He II along with higher resolu-

tion kinematic information and the strongest limits on the C III], C IV, and Ne IV]

emission from the source. In contrast, the Night 2 spectrum shows weak C III]

and marginal C IV and Ne IV] emission at the same redshift. The resulting line ra-
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Figure 5.4 Lyα and He II spatial profiles with errors as a function of position along

the slit from the Night 1 (UT 2008 June 08) and Night 2 (UT 2008 June 09). As

C III] was not detected on Night 1, the C III] profile is shown for Night 2 only.

He II and C III] profiles scaled by a factor of 6 are also overplotted to allow easier

comparison with the Lyα profile. The He II region appears to be comparable in

size to the Lyα region. The shaded area represents the approximate position of

Source A, a source that was off-slit but that may have contaminated the Night 2

observations due to poor seeing and windy conditions. The discrepancy between

the spatial profiles and the offset of the C III] spatial profile relative to the Lyα are

both consistent with the hypothesis that the Night 2 spectrum is contaminated by

light from Source A and that Source A may be the primary source of the metal

line emission.
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Figure 5.5 Lyα (black solid line) and He II (blue dashed line) line profiles as a

function of observed wavelength centered on the systemic redshift of the system,

as measured from the He II line. The observed Lyα is shown with the mirror

image of the long-wavelength half of the line superimposed (black dotted line).

A Gaussian fit (red solid line) indicates that the Lyα line may be absorbed by

∼41%. The corresponding velocity offsets for Lyα are given on the top axis.
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Figure 5.6 Velocity and velocity dispersion spatial profiles of the Lyα line for

Night 1 (UT 2008 June 08; black filled circles) and Night 2 (UT 2008 June 09; red

open circles) derived from spectra extractions taken in 2 pixel (0.56′′) spatial bins

and corrected for the instrumental resolution. The velocity zeropoint was set

using the redshift calculated from the He II line centroid in the full 5.0′′ aperture

extraction.
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tios are C IV/He II = 0.36, C III]/He II < 0.82, and Ne IV]/He II < 0.49. The Night

2 data provide additional constraints on the line ratios but must be treated with

care due to the Night 2 observing conditions. Due to the poor seeing and the

wind-shake of the telescope, the Night 2 spectrum suffers from slit losses as well

as contamination from nearby sources nominally off the slit, most importantly

from a compact red source to the WNW of the target center (Source A; see Fig-

ure 5.1).

From a comparison of the line ratios derived from each night, we argue that

the metal line emission is not from the same spatial location as the Lyα and He II,

and may instead be associated with the region closer to Source A. On Night 2,

the C III]/He II ratio was 0.82; thus if the emission were perfectly cospatial, we

should have detected C III] on Night 1 at ≈5.1×10−17 erg s−1 cm−2, roughly the

same significance as He II. Instead, we can rule out C III] emission at the 4.3σ

level. For Ne IV], we should have detected it at 3.0×10−17 erg s−1 cm−2 on Night

1, which disagrees at the 2.2σ level with our Night 1 result. We cannot make a

robust comparison for C IV, as it is only detected at the 2σ level even on Night

2, but we make the assumption that all the metal line emission originates from

the same source. In contrast, the He II/Lyα line ratios are consistent between the

two nights (0.12±0.04 and 0.13±0.02, respectively), indicating that the Lyα and

He II are indeed cospatial within the region sampled by these observations even

though the metal line emission varies spatially.

The offsets in the spatial profiles of the lines are consistent with the idea that

the data from the two nights sampled different spatial regions. If the C IV, C III],

and Ne IV] lines are from the region around Source A and if the wind-shake was

consistently perpendicular to the slit, there should be a ≈5.2 pixel (1.5′′ West)



150

offset between the spatial centroid of these lines and that of Lyα. However, this

offset will vary by an estimated ≈ ±3.6 pixels (≈1′′) or more depending on the di-

rection of the telescope wind-shake relative to the angle of the slit during a given

exposure. We do see a difference between the two nights when we look at the

spatial profiles extracted in 2 pixel spatial bins along the spatial direction (Fig-

ure 5.4); the Night 1 profile is skewed towards the East (left, away from Source

A), whereas the Night 2 profile is peaked closer to the position of Source A, sug-

gesting contamination. We use these spatial profiles to compute flux-weighted

mean spatial centroids for each emission line separately. The He II position is

consistent with that of Lyα to within 1 σ (∆x=1.41±1.54 pixels, 0.40±0.43′′). The

C III] offset is 4.03±2.07 pixels (1.13±0.58′′) in the direction of Source A. (Due to

the intrinsic faintness of the C IV and Ne IV] lines, the computed offsets are not

statistically significant.) Follow-up observations will be required to resolve this

issue, but it appears that the C III] line is offset from the spatial centroid of the

Lyα at the 1.9σ level, in the right direction and at roughly the correct position to

be explained by contamination from the region closer to Source A.

Given the pointing uncertainty and inevitability of contamination from sources

off the slit due to the unstable conditions on Night 2, the discrepancy in the spatial

profiles between the two nights, the evidence that the C III] line shows a spatial

offset consistent with the position of Source A, and the fact that the Night 1 data

are inconsistent with the fluxes of Ne IV] and C III] measured on Night 2 at ∼2-4σ,

we argue that much of the metal line emission derives from the region around

Source A. We cannot rule out that some is emitted further out in the nebula, but

even if it does, it arises from a region spatially distinct from the region observed

on Night 1. Combining the data from the two nights would not be appropri-
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ate due to the different spatial sampling of the observations and these intrinsic

spatial inhomogeneities. In the absence of more definitive data, we use the metal

emission line measurements from both nights as independent upper limits on the

emission coming from two possibly distinct regions of the nebula.

5.4 Discussion

In this section we derive estimates for the physical properties of PRG1 and use

photoionization models to gain insight into the gas metallicity and the possible

source(s) of ionization. Despite the strong Lyα+He II signature and weak metal

line emission often associated with primordial phenomena, we find that it is not

possible to make an unambiguous determination of the source of ionization. The

line ratios are consistent with a nebula comprised of low (but non-zero) metal-

licity gas, irrespective of the nature of the ionizing source, but this conclusion

depends on the unknown ionization parameter of the system.

5.4.1 Physical Properties of the Nebula

Our discovery data can be used to put constraints on the physical properties of

the nebula. Using the emission measure of Lyα, we can estimate the electron

density.

LLyα =
jLyα

jHβ
npnefV hνHβαeff

Hβ , (5.1)

≈ 1.2
jLyα

jHβ
n2

efV hνHβαeff
Hβ , (5.2)

where jLyα and jHβ are the emission coefficients for Lyα and Hβ, respectively, np

and ne are the proton and electron number densities with ne ≈ 1.2np (the factor of

1.2 accounts for the contribution of electrons from doubly ionized Helium), f is

the volume filling factor of the nebula, V is the volume of the nebula, h is Planck’s
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constant, νHβ is the frequency of Hβ, and αeff
Hβ is the effective recombination co-

efficient for Hβ (Osterbrock, 1989). We approximate the nebula as a sphere with

radius R ≈ 28.0 kpc. The Lyα luminosity extrapolated to the entire nebula and

corrected for blue side absorption (5.4 × 1043 erg s−1) corresponds to an electron

number density of ne ≈ 0.094f−0.5 cm−3 ≈ 29.7(f/10−5)−0.5 cm−3, where we have

used a typical value for f derived for the line-emitting regions in cluster cooling

flows (∼ 10−5; e.g., Heckman et al., 1989). This corresponds to an ionized gas

mass of Mion=1.25mpnefV =8.4×108(f/10−5)0.5 M¯.

Similarly, the He II emission measure can be used to estimate the He++ and

electron densities, assuming the cosmic mass fraction of He,

LHeIIλ1640 = jλ1640

jλ4686
nHe++nefV hνλ4686α

eff
λ4686, (5.3)

≈
jλ1640

jλ4686
(14)n2

He++fV hνλ4686α
eff
λ4686, (5.4)

where jλ1640 and jλ4686 are the emission coefficients, nHe++ and ne are the He++

and electron number densities with ne ≈ 1.2np ≈ 14nHe++ , νλ4686 is the frequency

of He IIλ4686, and αeff
λ4686 is the He IIλ4686 effective recombination coefficient (Os-

terbrock, 1989). The He II luminosity extrapolated to the whole nebula (4.0 ×

1042 erg s−1) corresponds to a He++ number density of nHe++ ≈ 1.0(f/10−5)−0.5 cm−3

and an electron number density of ne ≈ 14.5(f/10−5)−0.5 cm−3. This corresponds

to an ionized gas mass of Mion=1.25mpnefV = 4.1×108(f/10−5)0.5 M¯, roughly

consistent with the Lyα estimate.

If we make the naive assumption that the velocity spread results from rotation

with Vc ≈ ∆V/2 = 350 km s−1 at a radius of 28 kpc (3.3′′), we estimate the mass

interior to this radius to be Mrot =8.0×1011sin2i M¯, where i is the inclination of

the system. If the velocity dispersion is due to random motions of small clouds
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within the system, we estimate the dynamical mass (using the more kinematically

robust He II line; σv = 245 km s−1) to be Mrand = 1.9 × 1012 M¯.

The spatial extent of the Lyα (H+) and He II (He++) emitting regions appear

to be similar in size, certainly within a factor of 2 (RH+/RHe++ ∼< 2). This is

somewhat surprising when we consider a simple Strömgren sphere argument.

Assuming a hard central ionizing source (an AGN or a Pop III SED) embedded

within an infinite spherical H+He cloud, the predicted size ratio of the H+ and

He++-emitting regions is RH+/RHe++ ∼ 9 − 17, an order of magnitude higher

than we observe. This suggests that either the H+ region is density-bounded,

that the sources of ionization are distributed throughout the nebula, or that the

assumption of spherical symmetry is invalid (e.g., the cloud is illuminated from

the outside).

The observed Lyα luminosity (LLyα = 5.4×1043 erg s−1) corresponds to a H-

ionizing photon flux (13.6 eV ≤ Eγ ≤ 54.4 eV) of

Q(H) =
LLyα

hνLyα

1

0.68
≈ 4.9 × 1054 photons s−1, (5.5)

where we have assumed that the fraction of H ionizing photons converted into

Lyα is 0.68 (Spitzer, 1978). We note that this is likely a lower limit due to a number

of considerations: Lyα is highly susceptible to resonant scattering and is easily

destroyed by dust, and Lyα for this system is observed at ≈3250Å, a wavelength

regime that suffers from very low atmospheric transmission and poor CCD sen-

sitivity, making accurate flux calibration difficult.

From the observed He II emission (LHeII = 4.0×1042 erg s−1), we calculate a

He+-ionizing photon flux (Eγ ≥ 54.4 eV) of

Q(He+) =
Lλ1640

hνλ1640

αeff

HeII
α1640

HeII
≈ 6.2 × 1053 photons s−1, (5.6)
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where αeff

HeII = 1.53 × 10−12 cm3 s−1 (case B; 100 cm−3, 104 K; Storey & Hummer,

1995) and αλ1640
HeII = α4686

HeII
jλ1640

jλ4686

νλ4686

νλ1640
= 8.08 × 10−13 cm3 s−1 (case B; Osterbrock,

1989).

The large value of Q(He+)/Q(H)=0.13 is strong evidence that the source is il-

luminated by a hard ionizing continuum. The prediction for a Pop II stellar pop-

ulation (instantaneous burst, Salpeter IMF, 1-100 M¯, Z = 0.001; Schaerer, 2003)

is Q(He+)/Q(H)= 0.0004; while our Lyα measurement may be compromised by

radiative transfer effects and poor flux calibration at the edge of the atmospheric

cut-off, it would need to have been underestimated by more than a factor of 100

in order for the observed Q(He+)/Q(H) to match that of a normal Pop II stellar

population. The observed Q(He+)/Q(H) is in the range expected for AGN or

Pop III stars. A typical AGN template has a ratio of Q(He+)/Q(H)∼0.09 (Elvis et

al., 1994), more consistent with the observational constraint. While normal metal-

licity stellar populations will have very little flux above the He+ ionization edge,

Pop III stars are predicted to have much harder spectra due to high temperatures,

low stellar atmospheric opacity, and a top-heavy IMF. Strong mass loss from

these stars would cause higher effective temperatures, boosting the hard ioniz-

ing photons even further. Schaerer (2002) calculated a suite of Pop III models,

both with and without strong mass loss. For individual high mass stars (M≥80-

300 M¯) they predict Q(He+)/Q(H)≥0.022-0.11. Models with mass loss yields ra-

tios of Q(He+)/Q(H)≥0.06-0.17 (80-300 M¯). However, such large Q(He+)/Q(H)

ratios persists for only a few megayears for instantaneous burst models. Con-

stant star-forming Pop III models (with no mass loss) integrated over a range of

IMFs yield Q(He+)/Q(H)≤0.04, and the value decreases with increasing metal-

licity (Schaerer, 2003). There are numerous uncertainties in these estimates, but
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broadly speaking the observed Q(He+)/Q(H) ratio is in the range populated only

by AGN and the very lowest metallicity stellar populations.

5.4.2 Photoionization Modeling

The ubiquity of AGN, the association of AGN and extended emission line regions

(EELRs), and the presence of spatially varying metal line emission suggest that

an AGN is a plausible source of ionization. At the same time, the observed line

ratios are highly unusual and have been tied in the theoretical literature to pri-

mordial galaxy formation processes (the presence of Pop III stars or gravitational

cooling radiation). A comparison of the line ratios from PRG1 with those of radio

galaxy EELRs and other Lyα nebulae is shown in Table 5.3. While the Lyα/He II

ratios are comparable, other than the C III]/He II ratio on Night 2, all the metal

line ratios from this source are at the low end or lower than the range seen in

EELRs. Furthermore, this source shows very different line ratios than those seen

in another large radio-quiet Lyα nebula at z ≈ 2.7 (Dey et al., 2005).

In order to gain greater insight into the metallicity and possible ionization

sources for the nebula, we used Cloudy4 to model simple, constant density gas

clouds being illuminated by AGN, Pop III, and Pop II SEDs and predict the result-

ing line ratios and continuum emission. The AGN template is taken from Math-

ews & Ferland (1987) (Fν ∝ ν−1.0 at 26 < hν < 56 eV, Fν ∝ ν−3.0 at 56 < hν < 365

eV), and the Pop III spectra are Tumlinson et al. (2006) 1 Myr models (Z = 0, a

top-heavy IMF peaked around 10M¯ with σ=1.0, i.e., their case A). The Pop II

case is a 1 Myr, Z = 0.001, Salpeter IMF, instantaneous burst model from Star-

burst 99 (Leitherer et al., 1996).
4Calculations were performed with version 07.02.02 of Cloudy, last described by Ferland et

al. (1998).
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Table 5.3. Emission Line Ratio Comparison

Lyα/HeIIa CIV/HeII CIII]/HeII CIV/CIII] Reference

Radio Galaxy Halos (Composite) 11.7 1.75 0.73 2.4 Humphrey et al. 2008b

Radio Galaxy Halos (Mean) 9.80 ± 5.69 1.59 ± 0.56 1.06 ± 1.05 2.22 ± 1.17 Humphrey et al. 2008

Stacked Lya Blobs at z ≈ 3 11.11 ± 9.88 - - - Saito et al. 2008

Lya Blob at z ≈ 2.7 7.62 ± 0.08 1.02 ± 0.01 0.12 ± 0.02 8.34 ± 1.67 Dey et al. 2005

PRG1 Night 1 8.00 ± 2.32 < 0.22 c < 0.19 c - This study

PRG1 Night 2 7.59 ± 1.43 0.36 ± 0.20 0.83 ± 0.20 0.44 ± 0.24 This study

aNo correction has been applied for Lyα absorption.

bErrors on line ratios from composite spectrum not given.

c1σ upper limits.

The strong, spatially extended Lyα+He II emission and weak, spatially vari-

able C III] and C IV emission in our discovery spectra and the blue, spatially ex-

tended continuum emission measured from deep broad-band imaging provide

constraints on the metallicity of the gas and on the slope of the ionizing con-

tinuum in the system. He+ and C+3 have similar ionization potentials (54.4 eV

and 47.9 eV, respectively), so a comparison of He II and C IV puts constraints on

the metallicity that are less dependent on the ionizing continuum slope. The Lyα

and C III] emission lines (relevant ionization potentials of H and C+2: 13.6 eV and

24.4 eV) provide additional constraints on the slope of the ionizing continuum.

The observed lines will also depend on the ionization parameter of the system.

A very rough estimate based on our discovery data is U = φ(H)/(nHc) ∼> 0.0002,

where φ(H)=Q(H)/(πR2) is the surface flux of ionizing photons, nH is the total
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hydrogen gas density, and R is the radius of the cloud. We have assumed our

observed quantities: Q(H)=4.9×1054 photons s−1, nH ∼ ne ∼ 29.7 cm−3, and

R ≈ 28 kpc. However, this estimate is uncertain and most likely a lower limit. We

have argued that the Lyα flux is likely underestimated and raised the possibility

that the system is density-bounded, both of which will cause an underestimate of

the ionizing photon flux (possibly by an order of magnitude). In addition, the ge-

ometry of the system is clearly complex, and the estimated density depends crit-

ically on the assumed value of the filling factor. The density estimates in Section

4.1 are larger than typical values for the ISM (nH ∼1 cm−3); if the cloud is in fact

more similar to typical ISM densities, the ionization parameter would increase

by over an order of magnitude. A more sophisticated treatment of the ionization

parameter is beyond the scope of this analysis, so for the purposes of this paper

we modeled a reasonable range of ionization parameters: Log U=[-3, -1, 0].

5.4.3 Metallicity of the Gas

In order to explore the range of parameter space allowed by our observations, in

Figure 5.7 we plot line diagnostics for models with a range of ionization parame-

ters, metallicities, and ionizing SEDs, comparing them to our observed limits on

the line ratios of the nebulosity from Night 1 and Night 2.

For low ionization parameters (Log U < −1), it is possible to produce the ob-

served line ratios with an AGN spectral energy distribution (SED) illuminating

solar metallicity gas (Figure 5.7; blue plus signs). For higher ionization param-

eter (Log U ≥ −1), the observed ratios require low metallicity gas. In the case

of an AGN SED, the C IV/He II and C III]/He II limits imply Z < 10−2Z¯. Mod-

els with Pop III ionization lead to lower metallicity estimates of Z < 10−3Z¯.

(For the Pop II model even lower metallicities would be required, but this case is
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Figure 5.7 C III]/He II vs. C IV/He II line ratios for a grid of Cloudy models over

a range of SEDs, ionization parameters, and gas metallicities. The models rep-

resent a cloud of gas with LogZ/Z¯ =[-3, -2, -1, -0.5, 0] being ionized with an

ionization parameter of LogU =[-3, -1, 0] by one of three SEDs: an AGN SED

(left), a Tumlinson et al. (2006) Population III galaxy model SED (middle; Z=0,

1 Myr burst, moderately top-heavy IMF discussed in the text), and a Starburst99

Population II galaxy model SED (right; Z=0.001, Salpeter IMF, 1 Myr burst; Lei-

therer et al., 1996). The 1σ limits on the line ratios of the nebulosity are shown for

Night 1 (solid line) and Night 2 (dashed line).
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highly unlikely given the large Q(He+)/Q(H) ratio, as discussed in Section 4.1.)

To put this into context, these metallicity estimates are at or below the lowest lim-

its for weak Mg II absorbers at 0.4 < z < 2.4 (>10−2-10−2.5; Lynch & Charlton,

2007). Studies of the most metal-poor damped Lyα absorbers have shown that

none have metallicities lower than [Fe/H] > −3 (Pettini et al., 2008). Lyα forest

clouds at z ≈ 3 with N(HI)>1015 cm−2 are uniformly metal-enriched with carbon

abundances of ≈ 10−2 Z¯, and observations of lower column density Lyα forest

clouds indicate that there may be universal minimum metallicity of 3.5×10−4 Z¯

that is roughly constant from z ≈ 2−6 (Songaila, 2001). If the metallicity of PRG1

is similar to the lowest metallicities measured from absorption-line studies, this

would be the first time such a system has been seen in Lyα and He II emission. As

another comparison, Fosbury et al. (2003) have suggested that the emission line

ratios observed in the Lynx Arc indicate a nebula of metallicity Z/Z¯ ≈ 0.04 ion-

ized by an extremely low metallicity star cluster (see also Binette et al., 2003). The

He II/Lyα line ratio is 3.7 times smaller and the C IV,C III]/He IIline ratios nearly

30 times larger in the Lynx Arc than in PRG1.

While the weak metal line emission suggests a low metallicity system, the

metallicity estimates are uncertain due to a variety of factors, none of which are

well-constrained by the current data, e.g., the ionization parameter, the geom-

etry of the cloud and ionizing source(s), and the intensity and spectrum of the

source(s) of ionization. Putting stronger constraints on the metallicity of the neb-

ula will require deeper spectroscopy and more detailed photoionization model-

ing, which is beyond the scope of the current paper.
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5.4.4 Source of Ionization

The large He II equivalent width and large He II/Lyα ratio is strong evidence

that the nebula is powered by a hard ionizing continuum. We discuss each of

the possible ionization sources in turn: AGN, shock ionization, W-R stars, low

metallicity (Pop II) and zero metallicity (Pop III) star formation, and gravitational

cooling radiation.

5.4.4.1 AGN

An AGN can produce high He II/Lyα ratios and weaker C IV and C III] emission

lines, particularly if it is illuminating a low metallicity cloud. This scenario is cer-

tainly plausible, as emission line halos (e.g., Lyα, C III], He II, C IV) around radio

galaxies have been known for some time, arising predominantly from a combi-

nation of jet-ISM interactions and scattered light from the AGN or from spatially

extended star formation (e.g., McCarthy et al., 1987; van Ojik et al., 1996; Dey

et al., 1997; Villar-Martı́n et al., 2003; Reuland et al., 2003). Unlike our Lyα+He II

nebula, however, these gaseous haloes are predominantly metal-enriched, with

strong C III] and C IV emission (e.g., Reuland et al., 2007; Maxfield et al., 2002).

While there is no compact source visible in the center of the nebula, there

are several compact sources in the vicinity of the nebula that could in principle

harbor an AGN (Figure 5.1). For two reasons we believe that if there is an AGN

in the system, it must be at the position of Source A. First, we find that even if

all the nearby sources were AGN, Source A would contribute the vast majority

of the ionizing photon flux. When we scale the standard quasar template from

Elvis et al. (1994) to match the measured BW flux from each source and calculate

the corresponding ionizing photon flux, the net contribution is only 2% of the
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ionizing photon flux required to explain the Lyα, with nearly all of that arising

from Source A. Second, in Section 3.2 we argued that the metal line emission is

not cospatial with the Lyα+He II nebula, and that the observed metal lines likely

derive from the region of Source A. Below we discuss the likelihood that an AGN

at the position of Source A is powering the Lyα+He II nebula.

If we assume that the Night 2 metal line emission stems primarily from Source

A, we can compare the measured line ratios to those of well-studied galaxy pop-

ulations. At face value, the C III] and C IV emission lines associated with the

region around Source A are suggestive of an AGN, however we find that the

line ratios are more consistent with that seen in non-AGN Lyman Break Galaxies

(LBGs, Shapley et al., 2003). The measured ratios of C IV/Lyα=0.05±0.03 and

C III]/Lyα=0.11±0.02 (uncorrected for Lyα absorption) are likely upper limits

due to the uncertainties in the Lyα measurement. Even so, the C IV/Lyα ratio

is a factor of 4-5 lower than what is seen in LBGs flagged as narrow-line AGNs

(C IV/Lyα≈0.25; Shapley et al., 2003) and in local Seyfert galaxies (C IV/Lyα≈0.21;

Ferland & Osterbrock, 1986). In addition, if Lyα is underestimated by a factor of

2, the corrected C IV/Lyα and C III]/Lyα ratios would match those of non-AGN

LBGs. Furthermore, the ratio of C III]/C IV=2.3±1.2 is in agreement with that

found for non-AGN LBGs (C III]/C IV≈2.5; Shapley et al., 2003) and is a factor

of 4 higher than expected from a narrow-line AGN spectrum (C III]/C IV≈0.05;

Shapley et al., 2003), suggesting Source A has a softer ionizing continuum.

There is currently no evidence from the multi-wavelength SED that Source A

is an AGN. Existing X-ray coverage of the field reveals no X-ray detection at the

position of the system (FX > 1.5×10−14 erg s−1 cm−2 or LX > 2.7×1044 erg s−1, 2-7

keV observed; Kenter et al., 2005) but is too shallow to rule out lower luminosity
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Seyfert galaxies. The typical luminosities of Seyfert galaxies: LLyα = 1042−2×1044

erg s−1 and LX (0.5-4.5 keV) = 5 × 1042 − 1045 erg s−1, with LLyα/LX ratios of

∼ 0.1−2 (Kriss, 1984). If we combine the LLyα/LX ratio as an upper limit (since the

ratio for an extended nebula will be smaller due to the smaller covering fraction

of the gas) with our measured Lya luminosity (5.4 × 1043 erg s−1), we should

expect LX (0.5-4.5 keV)> 2.7 × 1043 − 5.4 × 1044 erg s−1, which is at or below our

current X-ray detection threshold.

The optical and mid-infrared (MIR) photometric measurements for Source A

are listed in Table 5.2. We measured the broad-band optical fluxes of Source A

from NDWFS using 2.1′′ diameter apertures and applied aperture corrections of

[1.06, 1.40, 1.07] in the BW , R, and I bands. The Source A IRAC photometry

comes from SDWFS (3.5′′ diameter aperture with point source aperture correc-

tions of [1.38,1.38,1.38,1.42]). The IRAC colors of Source A lie outside the AGN

color-color selection regions of Stern et al. (2005) and Lacy et al. (2004), and the

probability that an X-ray AGN will have these IRAC colors is small (Gorjian et

al., 2008). The IRAC colors of Source A are [3.6] − [4.5] = 0.52 ± 0.03 (Vega) and

[5.8] − [8.0] = 0.131 ± 0.11 (Vega) (in “Region B” of Figure 4 of Gorjian et al.,

2008). The percentage of X-ray sources down to the XBoötes limit with IRAC col-

ors in this region is 4%. In a small portion of the survey with 10 times deeper

X-ray coverage, the distribution of sources in IRAC color-color space is similar,

i.e., there are very few X-ray sources with the IRAC colors of Source A (Gorjian et

al., 2008). In contrast, these IRAC colors are consistent with star-forming galaxies

at z = 1.25− 1.75 (Donley et al., 2008), the redshift range of our source. Similarly,

the IRAC SED of Source A shows the 1.6µm bump rather than the power-law typ-

ical of obscured AGN (Alonso-Herrero et al., 2006), indicating that the MIR SED
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is dominated by stellar emission. All of the other sources in the vicinity show

similar non-power-law SEDs.

PRG1 is also undetected at longer wavelengths: the MIPS 24 µm non-detection

corresponds to an upper limit of 51 µJy (1σ), and the Westerbork 20 cm survey

non-detection yields a 5σ limit at 3 GHz in the rest-frame of 6.4 × 1023 W Hz−1

(de Vries et al., 2002), well below the realm of high redshift radio galaxies (∼ 1026

W Hz−1; Seymour et al., 2007).

On the other hand, the energetics of the nebula suggest that an AGN at the

projected position of Source A could explain the observed continuum emission

if the AGN is highly obscured to our line of sight. If we make the assump-

tion that an AGN at Source A is powering the He II emission, we can estimate

the amount of BW continuum emission we expect from the nebula due to illu-

mination by the AGN. Scaling a standard AGN template (Elvis et al., 1994) to

match the ionizing photon flux implied by the He II (Q(He+) ≈ 6.2 × 1053 pho-

tons s−1), we estimate that the BW luminosity from the AGN striking the cloud

should be LBW ,incident ≈1.9×1041 erg s−1 Å−1. This incident AGN continuum flux

— the maximum possible contribution from the AGN to the observed contin-

uum emission — is roughly the same as the measured BW continuum emission

from the nebula (LBW ,nebula ≈1.1×1041 erg s−1 Å−1). In reality, the continuum

observed within the nebula will arise solely from two-photon (2γ) continuum

and scattering of AGN light with no contribution directly from the AGN itself.

Given the predicted He II equivalent width from our Cloudy models of AGN

illumination, we estimate the expected BW 2γ continuum within the nebula to

be LBW ,2γ ≈2.0×1040 erg s−1, roughly 18% of the observed BW continuum of the

nebula. Electron scattering of AGN light is expected to have a scattering op-
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tical depth of τ = nelσT =0.1-1.1, where ne ≈1-10 cm−3 and l = 56 kpc is the

approximate path through the nebula, corresponding to a Thompson scattering

continuum of LBW ,Thompson ∼<1.9×1041 erg s−1 Å−1 × (1 − e−τ ) = 1.3×1041 erg s−1

Å−1, comparable to the observed BW continuum emission. Although dust scat-

tering, which is much more efficient than Thompson scattering, may contribute

as well, large quantities of dust would be difficult to reconcile with the large

observed Lyα and He II luminosities. Questions remain, but given the limita-

tions of our discovery data it appears that an AGN at the position of Source A

that is unobscured along the line-of-sight to the nebula, but completely hidden

from our viewpoint, could explain the observed BW continuum emission. Cor-

recting for the maximal (since we are assuming the projected separation) solid

angle subtended by the cloud as seen from Source A (dΩ ≈ 3.1 srs), we find

that the minimum intrinsic AGN luminosity needed to produce this incident flux

is LBW ,min(AGN) ∼>1.9×1041 erg s−1×4π/dΩ erg s−1 Å−1 ≈7.6×1041 erg s−1× Å−1.

Source A has a BW luminosity of 1.8×1040 erg s−1× Å−1, which is over an order

of magnitude fainter than this firm lower limit. The AGN would therefore need

to be very highly obscured along our line-of-sight to match the existing observa-

tional constraints.

In conclusion, an AGN at the position of Source A is a plausible source of

the hard ionizing radiation. However, there is no visible AGN in the vicinity of

the nebula, so it would have to be highly obscured along our line of sight. An

AGN in the vicinity of the nebula must be in a radio-quiet phase and so highly

obscured that even the observed MIR SED is dominated by light from the host

galaxy. Deep optical and near-infrared spatially resolved spectroscopy will be

required to resolve this issue.
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5.4.4.2 Shocks

The observed ratios are inconsistent with shock ionization in solar metallicity gas,

which typically produces much higher C III]/He II and C IV/C III] ratios (e.g., ∼3-

25 and ∼1-10 for shock velocities of 500-150 km s−1; Dopita & Sutherland, 1996)

along with strong N Vλ1240. Stronger shock velocities are inconsistent with the

narrow width of the He II line (vFWHM ∼<500 km s−1).

5.4.4.3 Wolf-Rayet Stars

Strong He II emission is seen in both of the major classes of W-R stars (nitro-

gen dominant WN stars and carbon dominant WC stars), but it is accompanied

by strong Si IV, N V, and/or other metal emission lines. WN stars show strong

Si IVλλ1393,1402 relative to He II, C IV, and C III], which we can rule out with

our discovery spectra. WC stars usually show C IV/C III] ratios greater than 1,

medium-strength Si IV, and a large number of other metal lines (e.g., Fe), all of

which are inconsistent with our observations. The spectrum of a typical ‘W-R

galaxy’ (a galaxy with spectrum dominated by W-R features) effectively averages

over hundreds or thousands of W-R stars, but none the less typically shows Si IV,

C IV, He II, and N V emission with P Cygni profiles due to the effects of strong

stellar winds (e.g., Leitherer et al., 1996). The composite LBG spectrum mea-

sured at z ∼ 3 also shows Si IV and C IV with P Cygni profiles from the stellar

winds of massive stars, as well as broad He II (vFWHM ∼1500 km s−1), which the

authors argue is most likely due to the fast, dense winds of W-R stars (Shapley et

al., 2003). In our case, the narrow width of the He II line (vFWHM ∼<500 km s−1)

and the absence of other important W-R features (e.g., Si IV, N V) rules out the

idea that the He II emission is coming from W-R stars.
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5.4.4.4 Population II Star Formation

The existence of diffuse, blue continuum that is cospatial with the Lyα and He II

line emission (Figure 5.1) is suggestive of a distributed source of ionization such

as spatially extended star formation. However, the observed He II/Lyα line ratio

is inconsistent with ionization by a standard Population II SED (e.g., Z = 0.001 =

1/20Z¯). The expected Q(He+)/Q(H) ratio for a Pop II model is several orders of

magnitude lower than observed (Schaerer, 2003). Predictions from our Cloudy

models indicate that the dearth of hard ionizing photons translates into negligible

He II emission and He II/Lyα ratios that are a factor of 1000 lower than observed.

Furthermore, the large observed He II equivalent width can only be produced by

very low metallicity stellar populations (Schaerer, 2003).

5.4.4.5 Population III Star Formation

The only way to explain strong He II emission with ionization from a stellar

population is to invoke very young ages and very low metallicities. The rest-

frame equivalent width (EW) of Lyα (EW≈294Å) is higher than or comparable to

what is expected from solar metallicity and Pop II stellar populations (Schaerer,

2003), but it is by no means the largest observed in Lyα-emitting galaxy surveys

(EWmax ∼>300Å; Dawson et al., 2007). The measured equivalent width of He II,

however, is very large (EW≈37Å) in the context of stellar populations and only

consistent with the youngest (∼<2 Myr) and lowest metallicity stars (∼<10−7 Z¯), in

the absence of mass loss (Schaerer, 2003). Here, we chose a Pop III model with a

moderately top-heavy IMF from Tumlinson et al. (2006) that has a peak at 10 M¯

(their case A); a more top-heavy IMF will tend to boost the He II/Lyα ratio due

to the additional hard ionizing photons. The ionizing photon flux implied by the
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Lyα and He II measurements from PRG1 implies a Pop III cluster mass of 13-100

×106 M¯ and a BW continuum flux of LBW ,incident ≈1.7×1041 erg s−1 Å−1, roughly

equal to the observed continuum (LBW ,nebula ≈1.1×1041 erg s−1 Å−1). In compar-

ing with our Cloudymodels, however, we find that the observed He II/Lyα ratio

(≈0.12) is much higher than expected from our Pop III model (≈0.004). However,

it is important to keep in mind that model uncertainties, such as the assumed IMF

and the effects of mass loss, could have a large effect on the predicted line lumi-

nosities. In addition, the possible underestimation of the Lyα flux discussed in

Section 4.1 as well as a density-bounded geometry will tend to boost the observed

He II/Lyα ratio.

On the face of it, it would be surprising to find such low metallicity star forma-

tion at such a low redshift. However, we cannot conclusively rule out the Pop III

scenario on this basis alone. While the mean metallicity of the universe increases

with time, several theoretical models of Pop III star formation have suggested

that significant metallicity inhomogeneities may exist even at low redshifts (Tor-

natore et al., 2007). These models predict that while the metallicity is quickly

enriched at the center of collapsed structures, low metallicity regions can persist

on the periphery over longer timescales, allowing Pop III star formation to pro-

ceed well after the epoch of reionization (Tornatore et al., 2007; Scannapieco et

al., 2003). At z ≈ 2.3 (roughly the redshift midpoint of our Lyα nebula survey),

Tornatore et al. (2007) predict a Pop III SFR density of 1.3×10−7 M¯ yr−1 Mpc−3.

If we were to assume that this Lyα+He II nebula is powered by very low metal-

licity star formation, use the Lyα line emission (extrapolated to the entire neb-

ula and corrected for absorption) to estimate a SFR (SFR = LLyα / 1.26×1042 ≈

5.4×1043 / 1.26×1042 erg s−1 ≈ 42.9 M¯ yr−1; Kennicutt, 1998), and ignore any
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incompleteness of our survey, we would calculate that one nebula of this kind

within our survey volume (1.3×108 Mpc3), corresponds to a Pop III SFR density

of ∼ 3.3×10−7 M¯ yr−1 Mpc−3. This very rough estimate based on a single source

is of the same order of magnitude as the model predictions (within a factor of 3)

despite the large theoretical uncertainties in the conditions regulating Pop III star

formation and intergalactic medium (IGM) enrichment at all redshifts.

In reality, the amount of low metallicity gas and Pop III star formation as a

function of redshift will depend on the efficiency of star formation in different

environments and the efficiency with which stars pollute their environment, i.e.,

the feedback efficiency. A more realistic treatment of galactic winds in cosmolog-

ical simulations (e.g., momentum-driven winds; Oppenheimer & Davé, 2006) is

shown to suppress the metallicity in all gas phases relative to the constant wind

scenario similar to that used in Tornatore et al. (2007), which may in turn in-

crease the fraction of Pop III star formation at any given redshift. On the other

hand, only a few stellar generations would be required to produce the mass of

carbon in the nebula. Assuming the derived ionized gas mass (∼ 8×108 M¯), the

simulated yields for Pop III supernovae (∼0.2-1 M¯ C per 20-40 M¯ supernova

progenitor; Tominaga et al., 2007) and instantaneous mixing, enriching the cloud

to z ≈ 10−3Z¯ would only require of order 750 supernovae (2− 4× 104 M¯). This

is several orders of magnitude lower than the fraction of the cluster mass implied

by the Lyα and He II luminosities that is in stars with M > 20M¯ for the assumed

top-heavy IMF: f(M > 20M¯) = 0.26 or 3 − 27 × 106M¯. Thus it is likely the

nebula would be polluted to the observed levels over a relatively short timescale.

Large uncertainties remain in our understanding of Pop III star formation.

The expected fraction of Pop III star formation at a give epoch is unclear, feed-
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back efficiency of these first stars is largely unconstrained, and there are a wide

range of possible Lyα/He II ratios, depending on stellar mass loss, star formation

history, and the complicated effects of Lyα radiative transfer. Despite the strong

Lyα+He II signature in this source, we cannot conclusively confirm or rule out

Pop III star formation as a source of ionization with the current observations.

5.4.4.6 Gravitational Cooling Radiation

A number of theoretical papers have addressed the issue of gravitational cooling

radiation, i.e., the cooling of gas as it collapses within the dark matter potential

and heats to T ≈ 104 K. Metal-line cooling is possible for gas with T < 104 K, but

it is ∼1000 times less efficient than cooling via Lyα emission, unless Z > 0.1Z¯

(Haiman et al., 2000). Thus for low metallicity gas, strong Lyα emission is ex-

pected to dominate the cooling (Fardal et al., 2001). He II emission may be impor-

tant as well, but its contribution relative to Lyα is unclear due to uncertainties

in how much Lyα will escape the system. From a semi-analytic calculation as-

suming monolithic collapse, Haiman et al. (2000) suggested that a cloud that is

sufficiently metal-poor will radiate 10% of the energy via He IIλ304Å; this cor-

responds to a He IIλ1640/Lyα of ∼0.01, where we have followed Yang et al.

(2006) and adopted a ratio of He IIλ1640/He IIλ304≈0.10, i.e., the case B values

of Storey & Hummer (1995) extrapolated to the low density limit. Using Paral-

lel TreeSPH simulations, Yang et al. (2006) predicted ratios of He IIλ1640/Lyα∼<

0.10− 0.001 for gravitationally cooling clouds, depending on the degree to which

self-shielding of the gas reduces the Lyα flux. This range approaches the ob-

served ratio for PRG1, but due to subsequent corrections to the treatment of star-

forming gas in more recent simulations the predictions from Yang et al. (2006) are

likely overestimates (Y. Yang 2008, private communication). Thus, the observed
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He II/Lyα ratio appears to be higher than predicted for gravitational cooling ra-

diation, but again the uncertainties in both the theoretical predictions and in our

Lyα measurement make it difficult to draw firm conclusions.

Some of the theoretical predictions for gravitationally cooling clouds are con-

sistent with our observations. The observed He II line width (σv < 250 km s−1) is

more consistent with gravitational cooling radiation (σv < 400 km s−1; e.g., Yang

et al., 2006) than with outflows. In addition, theoretical simulations of the red-

shift evolution predict a peak in the number density of gravitational cooling Lyα

nebulae at z ≈ 2, consistent with our discovery of a Lyα+He II nebula at z ≈ 1.7.

While Dijkstra (2009) predicts rest-frame Lyα equivalent widths of >1000Å for

gravitationally cooling clouds, he notes that the observed rest-frame equivalent

width is likely to be reduced by a factor of 5-10 due to scattering of Lyα photons

in the IGM, more in line with our measurements.

However, a number of other theoretical predictions of gravitational cooling

radiation do not fit our observations. First, the simulations do not reproduce the

relative sizes of the observed Lyα and He II regions. Fardal et al. (2001) could

not reproduce the sizes of the largest observed Lyα nebulae unless they invoked

resonant scattering of the Lyα emission. In that case, the He II emission should be

more centrally-concentrated than the Lyα. Similarly, Yang et al. (2006) suggested

that He II regions would likely be too small to resolve with current observational

facilities. In contrast, in our Lyα+He II nebula the He II region appears to be com-

parable in size to the Lyα region (≈45 kpc). The theoretical papers also predict

that Lyα nebulae will only be present as a halo around a massive galaxy (Fardal

et al., 2001; Furlanetto et al., 2005). While there are a few faint sources around the

edge of our nebula, and there may be unresolved low surface brightness clumps
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within the cloud, the multi-wavelength imaging shows no evidence for a central

massive galaxy in this system.

Given the uncertainties in the theoretical predictions and the limits of our

discovery data it is difficult to assess the applicability of the gravitational cooling

model. The weight of the current evidence disfavors gravitational cooling as the

sole explanation for the line emission, but it is certainly possible that the nebula

is powered by multiple processes, with gravitational cooling radiation playing a

larger role on the outskirts and photoionization from stars or AGN dominating

the ionization of the central regions.

5.5 Implications

Strong Lyα+He II in the absence of strong metal lines has been championed as a

unique observational signature of primordial galaxy formation (e.g., Pop III star

formation or gravitationally cooling clouds), but the discovery of this Lyα+He II

nebula suggests that the situation can be much more complex in actual astro-

physical sources. Occam’s razor suggests that the most likely power source is an

AGN at the position of Source A. An analysis of the existing data shows no ob-

vious evidence of a powerful AGN in the vicinity, so to explain the ionization of

the nebula, an AGN would need to be highly obscured even in the mid-infrared.

The line ratios rule out ionization by shocks, W-R stars, and Pop II star forma-

tion. Pop III star formation would provide the necessary hard ionizing contin-

uum to explain the observed line ratios along with a natural explanation for the

spatially extended continuum emission, but this scenario appears unlikely given

the low redshift. Despite the compelling Lyα+He II signature, the complexity of

this source and the large uncertainties in theoretical predictions preclude a more
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definitive conclusion. The contribution from gravitational cooling radiation is

similarly unclear, although the morphology of the nebula (with no central com-

pact source) and relative sizes of the Lyα and He II emitting regions disfavor this

hypothesis as a dominant mechanism.

One of the most important implications of this discovery is that it demon-

strates that we must be careful when using strong Lyα+He II emission as a tracer

of Pop III star formation. Surveys looking specifically for this Lyα+He II signa-

ture are ongoing. While the low redshift of PRG1 allows for the detailed multi-

wavelength follow-up necessary in order to understand the power source and

the metallicity of the gas, the same cannot be said for ongoing Lyα+He II emitter

surveys at higher redshift that will lack longer wavelength coverage and be sen-

sitivity challenged. It is extremely important to note that if this Lyα+He II had

been discovered at high redshift, it would have been easy to jump prematurely to

the Pop III conclusion. The discovery of a Lyα+He II nebula at z ≈ 1.67 therefore

provides an ideal opportunity to evaluate the extent to which strong Lyα+He II

emission can be used as a unique tracer of Pop III star formation and underscores

the importance of using care when interpreting a strong Lyα+He II signature in

the absence of more extensive multi-wavelength data.

5.6 Conclusions

We have discovered a Lyα nebula at z ≈ 1.67 (the lowest redshift Lyα nebula

known) that shows strong, diffuse He II emission and weak/negligible C III] and

C IV emission. From the line ratios we derive evidence that this nebula may con-

tain low metallicity (Z < 10−2 − 10−3Z¯) gas, depending on the unknown ion-

ization parameter, that is being illuminated by a hard ionizing continuum, either
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due to an AGN or a very low metallicity stellar population (Pop III), by gravita-

tional cooling, or some combination thereof. The softer continua of Pop I and II

stars can be conclusively ruled out along with ionization by shocks and W-R stars.

No obvious, unobscured, powerful AGN is seen in the system; thus if an AGN is

responsible, it must be highly obscured along our line of sight. Despite the strong

Lyα+He II signature, our detailed analysis of the discovery data shows that ded-

icated follow-up observations will be required in order to draw firm conclusions

about the dominant source of ionization for the nebula and better constrain the

metallicity. This is the first time that the predicted observational signature of very

low metallicity (Pop III) star formation — strong Lyα and He II in the absence of

strong metal lines — has been seen in a spatially extended source; however, the

complex nature of the nebula and the fact that such complexity becomes increas-

ingly difficult to discern with redshift suggest that studies at high redshift will

need to use caution when interpreting future Lyα+He II discoveries.
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CHAPTER 6

CONCLUSIONS AND FUTURE DIRECTIONS

This thesis addresses the space density, large scale environment, and physical

properties of large Lyα nebulae. In this final chapter, we summarize the main

findings and discuss future directions for this work.

6.1 The Space Density of Large Lyα Nebulae

If Lyα nebulae represent a dramatic phase of massive galaxy formation, measur-

ing the space density of Lyα nebulae tells us about the frequency with which

these massive systems are forming. The very rarity of Lyα nebulae has made

measuring the space density of Lyα nebulae in a systematic way a significant

challenge due to the observational expense of wide-area narrow-band surveys.

In Chapter 2, we presented a systematic search for large Lyα nebulae built on

deep broad-band data. The technique is sensitive to the largest and brightest

Lyα nebulae and is able to probe enormous comoving volumes using existing

datasets. Our 9 square degree survey area over a redshift range of z ≈ 1.6−2.9 —

the largest Lyα nebula survey to date — recovered 1 previously known case and

discovered 4 new Lyα nebulae. The brightest 4 Lyα nebulae have Lyα luminosi-

ties of ∼ 2−12×1043 erg s−1 and sizes >60 kpc. The results of this search provide

the first strong lower limit on the Lyα nebula number density of ≈1.9×10−7 h3
70

Mpc−3, a number density is comparable to that of ∼ 1014 M¯ halos.

Our survey is complementary to the systematic Lyα nebula surveys carried

out using narrow-band filters at z ≈ 2.3 − 6.5. These surveys are unbiased in

terms of Lyα morphology and probe to fainter luminosities and smaller sizes
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(Saito et al., 2006; Smith & Jarvis, 2007; Ouchi et al., 2008; Yang et al., 2009), but

they cover significantly smaller volumes (106 − 107 h−3
70 Mpc3). The number den-

sity estimates from these surveys (1.2 × 10−6 − 6.7 × 10−6 h3
70 Mpc−3 for sources

with LLyα > 1.5 × 1043 erg s−1) are roughly an order of magnitude larger than

our result. The discrepancy likely stems from three sources. First, our survey is

not sensitive to Lyα nebulae with morphologies dominated by a bright, central

source, a morphology which may describe roughly half to two-thirds of Lyα neb-

ulae. This estimate is highly uncertain, and at the same time it is unclear that Lyα

nebulae with strong central, continuum sources should be grouped together with

the diffuse Lyα nebulae found by our search. Second, due to cosmic variance,

smaller volume surveys may overestimate the number density if they happen to

land upon an overdense structure. The uncertainty due to cosmic variance in

narrow-band surveys may be as much as a factor of 2 − 3. Finally, the measure-

ment of Lyα sizes and total luminosities from our survey involves scaling from

broad-band filter measurements and will tend to underestimate the actual Lyα

properties. Our number density estimate therefore corresponds to a somewhat

larger and more luminous set of Lyα nebulae, which would be expected to be

rarer, than those found by the systematic narrow-band surveys

Ultimately, we need to understand whether Lyα nebulae represent a ubiqui-

tous phase experienced by these most massive halos or whether they are merely

a curiosity. Putting independent constraints on the mass of the overdense struc-

tures hosting Lyα nebulae will allow estimates of the duty cycle or filling factor

appropriate for these sources. Future Lyα nebula surveys will also be crucial for

providing larger samples these rare sources and for refining the estimate of the

space density. A question that has only begun to be addressed is the evolution
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of the Lyα nebulae with redshift. Zirm et al. (2009) find a strong decrease in the

total luminosity of Lyα halos around radio galaxies from z ≈ 2 to z ≈ 1, possibly

due to gas depletion and specific star formation rate around the massive central

galaxy. Keel et al. (2009) carried out a survey of the outer regions of two clusters

and found no Lyα nebulae, which they argue shows that the Lyα nebulae num-

ber density evolves at least as strongly as (1 + z)3. We note, however, that our

space density measurements at z ≈ 2 − 3 are comparable to the upper limit of

Keel et al. (2009), which suggests that the fall off in Lyα nebulae may not be as

dramatic as it first appeared.

A key advantage of the broad-band approach is the ease with which we can

apply our survey technique to other archival survey datasets. While traditional

Lyα nebula surveys require devoted narrow-band observing time in addition to

spectroscopic follow-up, our approach can be adapted to any wide-area deep

(5σ depth of ∼26 mag) broad-band dataset with U or B coverage, such as the

CFHT Legacy Survey which achieved a 5σ depth of u = 28.7 mag over 4 square

degrees and u = 26.4 mag over 170 square degrees. The technique could also be

adapted to GALEX deep and all-sky surveys in order to search for Lyα nebulae at

somewhat lower redshift (z ≈ 1.2 − 2.3). Farther in the future, deep broad-band

all-sky data will be coming online from surveys such as Pan-STARRS, with 5σ

point source depth of 29.4 mag over several years1, and LSST, which promises a

depth of r = 27.5 mag over the 10 year lifetime of the program (Ivezic et al., 2008).
1http://pan-starrs.ifa.hawaii.edu/public/design-features/wide-field.html
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6.2 The Environments of Large Lyα Nebulae

The earliest examples of large Lyα nebulae were found in targeted narrow-band

surveys of the neighborhood of quasars and galaxy overdensities (Francis et al.,

1996; Keel et al., 1999; Steidel et al., 2000). The Lyα nebulae in these regions

were found in portions of the field with a high density of Lyα-emitting galaxies,

and the first blank-field survey uncovered no large Lyα nebulae. It was natural,

therefore, to suspect that Lyα nebulae are a phenomenon of very dense environ-

ments, but the connection was by no means proven. The discovery of a large

Lyα nebula at z ≈ 2.7 due to its strong mid-infrared emission rather than via a

targeted narrow-band survey provided a unique opportunity to test the associa-

tion between these rare sources and galaxy overdensities in an unbiased manner.

Chapter 3 presents a deep Lyα imaging of the environment surrounding this Lyα

nebula. We identified 785 LAE candidates and found evidence for a factor of ∼3

LAE overdensity spanning 20×50 Mpc (comoving). We ruled out a chance coin-

cidence of the Lyα nebula and the overdense structure at the ∼<1% level. These

results point conclusively to a strong association between the largest Lyα nebulae

and overdense regions of the Universe.

Ours is the second survey to map out the large scale environment of a Lyα

nebula and the first targeting a Lyα nebula that was found independent of its

environment. The overdense structure is comparable to what was found in the

vicinity of the well-known Steidel et al. (2000) Lyα nebula pair (Matsuda et al.,

2005). Independent evidence is also mounting that Lyα nebulae are a highly

clustered population. The pair of Lyα nebulae at z ≈ 3.1 are separated by only

1.4 Mpc (Steidel et al., 2000), and out of 4 Lyα nebulae discovered within a 5

square degree systematic narrow-band survey (Yang et al., 2009), 2 were located
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only 550 kpc apart and at nearly identical redshifts. Clustering estimates strongly

suggest that these two Lyα nebulae must reside within the same dark matter halo,

i.e., a massive proto-group or cluster (Yang et al., 2009).

The ultimate goal is to understand the large scale three-dimensional environ-

ment of Lyα nebulae. Since the original study, we have expanded our survey of

the large scale environment to cover a full square degree using the Subaru tele-

scope and SuprimeCam. By obtaining spectroscopic confirmation of the brighter

Lyα-emitting galaxy candidates in the vicinity, we will be able to map out the

large-scale environment of the Lyα nebula out to ∼100 Mpc scales and probe the

kinematics within this overdense region. This survey will provide observational

constraints on these large filamentary structures by mapping out the full three

dimensional environment of the overdensity that hosts this large Lyα nebula. As

the Lyα nebula class appears to be fairly heterogeneous in its properties, further

environmental studies of other Lyα nebulae will be needed to test whether all

Lyα nebulae are confined to overdense regions.

6.3 The Anatomy of Large Lyα Nebulae

Lyα nebulae are highly complex systems. In Chapter 4 we used HST/ACS and

NICMOS observations to map out the local environment of a large Lyα nebu-

lae. We found that there are at least 8 compact galaxies within the system, and

confirmed that a strong MIPS 24µm source, likely an obscured AGN, is offset by

21 (projected) kpc from the peak of the Lyα emission. The Lyα emission itself

is smooth, showing no knots or high surface brightness clumps of emission, ef-

fectively ruling out the presence of compact ionizing sources of M ∼> 108 M¯

within the Lyα cloud. A He II-emitting region discovered from ground-based
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spectroscopy was found to be spatially extended by 0.8-1′′ (6-8 kpc). The system

also contains a diffuse continuum component coincident with the diffuse He II

and Lyα emission, which suggests a spatially extended source of ionization or

scattering processes. In terms of energetics, the galaxies in the system are a neg-

ligible contribution to the ionizing photon flux within the system, and previous

work showed that the measured flux of the AGN is not powerful enough to ionize

more than 20% of the nebula. The detection of a diffuse, rest-frame UV contin-

uum component may be due to scattered light from the AGN or it may suggest a

contribution from in situ young stars. The ionization of the nebula is likely dom-

inated either by an AGN that is obscured to the line of sight but directed towards

the cloud or by contributions from both the AGN and a spatially extended stellar

population.

A lot of work remains to be done to understand the detailed energetics of this

Lyα nebula and Lyα nebulae in general. In the case studied here, better measure-

ments are needed on the color of the diffuse continuum using HST, and radio

and submillimeter measurements are needed to constrain the peak of the SED

and the size of the emitting region. More broadly, it remains unclear at this point

whether the Lyα nebula class is in fact defined by a common ionization mecha-

nism or whether we have thus far lumped together a heterogeneous mix of AGN,

star formation, and cooling radiation powered cases. Only four other Lyα nebu-

lae have been studied in as much multiwavelength detail; while the conclusions

have ranged from AGN-powering to cooling radiation, it is not clear that other

possibilities have been conclusively ruled out. In detailed follow-up, the Lyα

nebula pair found by Steidel et al. (2000) were shown to be diverse in terms of

the dominant ionization source. The first shows no X-ray detection but strong
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submillimeter emission and is likely an obscured starburst; the second shows

X-ray emission and is likely an AGN (Chapman et al., 2001, 2004; Basu-Zych &

Scharf, 2004; Geach et al., 2007). In the case of the Lyα nebula found by Francis et

al. (2001) at z ≈ 2.4, the power source is assumed to be the AGN due to the detec-

tion of C IV, and the Lyα is smooth and not resolved into discrete clumps. Smith

et al. (2008) argue they can rule out the AGN and star formation possibilities for

a Lyα nebula at z ≈ 2.8, which leaves only gravitational cooling as a viable sce-

nario. (Geach et al., 2009) find that at least 20% of Lyα nebulae have detected

X-ray counterparts implying that a large fraction of Lyα nebulae are associated

with obscured AGN that are capable of powering the Lyα emission. Given the

complexity of Lyα nebulae, we caution that the lack of evidence for an AGN is not

conclusive proof of its absence and the presence of an AGN does not guarantee

that it dominates the energetics. Developing a larger sample of well-studied Lyα

nebulae will be important for determining the fraction of cases that fall into each

category. The AGN hypothesis will always be the most straight-forward scenario

and the one which is most difficult to rule out due to the possibility of highly non-

isotropic obscuration, so it will be important to obtain deep observations even in

cases without obvious AGN signatures.

Finally, we must come back to the question of how Lyα nebulae relate to

the Lyα halos found around many radio galaxies. Other than the lack of radio

emission and the absence of a central massive galaxy, these systems are strik-

ingly similar in size and total Lyα luminosity (e.g., Villar-Martı́n, 2007; Hatch

et al., 2008). Perhaps Lyα nebulae are an earlier or related phase of the same

phenomenon, possibly occurring during a period of low or extinguished AGN

activity. Much depends on understanding the processes that regulates the activ-
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ity and radio emission in AGN. Deep radio observations of Lyα nebulae capable

of detecting faint radio emission would bridge the gap between these two very

similar populations.

6.4 The Physical Conditions within Large Lyα Nebulae

The internal complexity of Lyα nebulae makes it difficult to determine conclu-

sively whether the Lyα emission is powered primarily by obscured AGN, spatially-

extended star formation, starburst-driven superwinds, or gravitational cooling

(e.g., Dey et al. (2005); Nilsson et al. (2006); Matsuda et al. (2007)). Determin-

ing the dominant source of ionization requires detailed analysis of the spectra

of Lyα nebulae to disentangle the physical conditions within these regions. In

Chapter 5, we report on a Lyα nebula at z ≈ 1.67, the lowest redshift Lyα neb-

ula known. This Lyα nebula is distinguished by strong, diffuse He II emission

and weak/negligible C III] and C IV emission, a spectral signature long associ-

ated with primordial galaxy formation processes (Pop III stars or gravitational

cooling radiation). Photoionization modeling shows that while the line ratios

provide evidence that this nebula contains low metallicity (Z < 10−2 − 10−3Z¯)

gas, comparable to the lowest metallicities observed in damped Lyα absorbers

(Pettini et al., 2008), the conclusion depends on the unknown ionization param-

eter. We can conclusively rule out the softer continua of Pop I and II stars along

with ionization by shocks and W-R stars, but is more difficult to determine what

is powering the nebula. The line ratios are strong evidence that the Lyα neb-

ula is being illuminated by a hard ionizing continuum, either an AGN or a very

low metallicity stellar population (Pop III), or that it is powered by gravitational

cooling. Since no obvious, unobscured, powerful AGN is detected in the system,
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an AGN would have to be highly obscured along our line of sight. Despite the

strong Lyα+He II signature, our detailed analysis of the discovery data shows

large uncertainties about dominant source of ionization for the nebula and the

metallicity. Improving on this work will require deep optical and near-infrared

spectroscopy.

A fundamental question that has yet to be answered about Lyα nebulae is

whether the surrounding gas is infalling, outflowing, or in rotation about the

system. The answer bears directly on the starburst-driven superwind and cool-

ing radiation models for powering the Lyα emission. However, understanding

the kinematics using Lyα is a notoriously difficult challenge due to complex ra-

diative transfer effects. For example, kinematic studies of a large Lyα nebula at

z ≈ 3.1 yielded completely different answers about the presence of infall versus

outflow in the system (Wilman et al., 2005; Dijkstra et al., 2006b). Despite the dis-

advantages of Lyα, in these high redshift Lyα nebulae, few alternatives are avail-

able. Targeting the new lower redshift Lyα nebulae (z ≈ [1.7, 1.9, 2.3, 2.5, 2.7])

discovered as part of this thesis with deep, spatially-resolved spectroscopy will

allow studies of the kinematics of Lyα nebulae using multiple kinematic tracers

less prone to radiative transfer effects (e.g., He II, [O II], [O III], and Hα).

Equally important for determining the source of ionization is a detailed un-

derstanding of the physical conditions within Lyα nebulae. The Lyα nebula

studied in Chapter 5 underscores the difficulty of conclusively identifying the

source of ionization and physical conditions with shallow or incomplete data. It

also raises a more general question about whether Lyα nebulae are regions of

low metallicity, e.g., due to infalling pristine gas. Investigating whether other

Lyα nebulae show hard line ratios, e.g. strong He II relative to metal lines, and
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performing more detailed photoionization modeling will be important for un-

derstanding this issue. Deep optical and near-infrared spectroscopy of the lower

redshift Lyα nebulae discovered here provide an ideal opportunity to take ad-

vantage of reduced surface brightness dimming as well as shock and photoion-

ization line diagnostics unavailable at higher redshifts to put strong constraints

on the metallicity, temperature, and dust obscuration within these systems.

6.5 Lyα Nebulae and Galaxy Formation

Lyα nebulae show strong evidence of being sites of ongoing galaxy formation

in the high redshift universe. To take advantage of these laboratories of galaxy

formation, the next generation of Lyα nebula searches must cover enormous vol-

umes in order to build up reasonable sample sizes. Measuring the kinematics will

be important in assessing the relationship between individual components seen

in Lyα nebulae. When analyzing the energetics of Lyα nebulae, moving beyond

circumstantial arguments will require deep spectroscopy and more detailed pho-

toionization modeling. It also will require taking a more sophisticated approach

to the question of dust, as the common argument that the presence of strong Lyα

rules out a dusty environment is clearly too simplistic in complex systems where

strong submillimeter and mid-infrared sources are seen in close proximity to co-

pious Lyα emission. Finally, understanding the connection between Lyα nebulae

and radio galaxy systems may hold the key to understanding what this rare, en-

ergetic phenomenon is telling us about the process of massive galaxy formation.
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APPENDIX A

WAVELET DECOMPOSITION

Searching for diffuse, spatially extended sources a challenge due to the fact that

standard astronomical image contains object spanning a large range of sizes and

brightnesses. A standard approach is to convolve the image with a filter of the

appropriate size in order to accentuate features on a given scale. However, this

method is ill-equipped to handle the very common situation in which objects

of very different size are overlapping or in close proximity to each other. The

basic idea behind wavelet decomposition is to decompose the image into a set of

“wavelet planes”, each of which contains the flux of sources with power on that

scale and the sum of which is the original image (ignoring losses). The power of

the wavelet decomposition approach is to reduces the interference of small scale

objects when looking for large scale structures.

The wavelet decomposition code used in this work — wvdecomp — was writ-

ten by Alexey Vikhlinin as part of the ZHTOOLS package 1. Here we give a brief

description of the algorithm; a detailed discussion of the code is given in ZH-

TOOLS documentation. The wvdecomp algorithm uses an à trous wavelet kernel

which is defined as the difference between two functions (fi and fi+1) that each

roughly resemble a Gaussian of width 2i−1. On each scale, the kernel is sensitive

to objects of the same size (≈ 2i−1).

The algorithm begins by convolving the image with the smallest wavelet ker-

nel. Any features that are insignificant in the convolved image are zeroed and the

result is subtracted from the original image. The majority of the flux from small
1ZHTOOLS documentation and source code: http:heawww.harvard.eduRDzhtools.
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features comparable in size to the smallest wavelet kernel have therefore been

removed. The process is repeated with larger and larger wavelet kernels, and

the results from each step are saved as wavelet power maps or “wavelet planes.”

To minimize the loss of information at each step, two thresholds are specified in

running the code: a detection threshold, tmax, and a filtering threshold, tmin, both

defined in terms of the image noise. A source detected on a given scale above

tmin is counted as significant only if the source local maximum also exceeds tmax.
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