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Abstract

Though small on the scale of their host galaxy, supermassive black holes likely

play a crucial role in galaxy evolution. A galaxy-scale effect driven by supermassive

black holes (or “quasar feedback) is necessary to stop the production of too many

massive galaxies in semi-analytical simulations and to drive observational correlations

between host galaxy and black hole properties. Nevertheless, such a mechanism is

not yet well supported by observational evidence, especially at the peak of galaxy

formation. This thesis represents an effort to ground every aspect of quasar feedback

at the peak of galaxy formation with strong observational evidence. I first define a

sample of obscured and actively accreting supermassive black holes (“quasars) at the

peak of galaxy formation using the Sloan Digital Sky Survey. Then, using targeted

observations of small sub-samples of these objects across a variety of wavelengths,

I show that in a sample of the most luminous quasars, we see emerging evidence

for quasar feedback. I show that luminous quasars are capable of launching winds

by studying their scattering geometry and kinematics using spectropolarimetry. I

advance the theory that sensitive, high resolution radio observations allow us to search
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ABSTRACT

for the presence of such winds on galaxy scales. Finally, I show that these winds go

on to clear their host galaxies of the molecular gas necessary for star formation. All

together, this body of work provides a robust observational window into important

mechanisms of galaxy growth and quenching at the peak of galaxy formation and

evolution.

Primary Reader: Prof. Nadia Zakamska

Secondary Reader: Prof. Timothy Heckman
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Chapter 1

Introduction

Black holes of masses one million to one billion times that of the sun known as

supermassive black holes are now believed to reside at the centers of almost all massive

galaxies in the universe, including our own Milky Way. Sometimes, supermassive

black holes enter an active or “quasar” state during which they accrete gas and other

forms of matter. The quasar unification model (Antonucci, 1993; Urry & Padovani,

1995) posits that all quasars are surrounding by a torus of gas and dust and that all

variation in quasar properties can be explained by a difference in viewing angle. In

an obscured or “Type 2” quasar where the viewer is seeing the quasar through the

dusty torus, the normal quasar continuum emission is blocked as is the light from the

broad-line region near the central engine. Yet, some models (Sanders et al., 1988;

Hopkins et al., 2006) suggest that obscured quasars also represent a particular phase

in quasar evolution.
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Quasars are now thought to play a crucial role in the evolution of their host

galaxies. In evolutionary scenarios, a major merger or other cataclysmic event shrouds

the entire galaxy in gas and dust and produces an enshrouded supermassive black hole

in the quasar state. Then, the quasar drives a wind that removes gas from the host

galaxy and shuts off star formation in a process called “quasar feedback” (Sanders

et al., 1988; Hopkins et al., 2006). Such a process is necessary to account for the

relatively small number of very massive galaxies observed in the universe (e.g. Croton

et al., 2006) and perhaps to drive observed correlations between black hole and galaxy

properties (Magorrian et al., 1998; Gebhardt et al., 2000).

To understand the complicated interplay of these two effects–orientation and evo-

lution, requires a large sample of obscured quasars specifically in the early universe

when galaxies and black holes were forming most rapidly (Madau & Dickinson, 2014).

Chapter § 2 describes a search for just such an appropriate sample at the peak of

galaxy formation. Such a sample is also crucial to properly constrain the total num-

ber density of quasars at all redshifts, and their contribution to reionization at very

high redshifts as well as to uncover how the number of obscured quasars as a frac-

tion of the total quasar population evolves with time. Though deep X-ray surveys

have suggested that around 50% of high redshift (z > 2) quasars should be obscured

(Treister & Urry, 2012), previous optical surveys have been too shallow or covered

too small an area to identify a significant population of luminous obscured quasars

at the peak of galaxy formation. Alexandroff et al. (2013) was the first large sample

2
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of optically-selected obscured quasar candidates at the peak of galaxy formation.

While our theories of galaxy evolution have made great progress, details of the

quasar feedback mechanism remain unclear. If we want to understand how super-

massive black holes affect the galaxies in which they reside, then we must obtain

direct observations of quasar feedback in action, clearing their host galaxies. Yet, de-

spite strong theoretical indicators and indirect evidence, direct observations of quasar

feedback remain scarce, especially in the early universe.

We have theoretical reasons to believe that quasars can shock heat gas, which in

turn drives the galactic wind in the quasar feedback scenario (Zubovas & King, 2012;

Nims et al., 2015). There are, however, few observational probes of this particular

feedback phenomenon. One relatively unexplored route is to search for the shocked

gas in the radio. There is indirect evidence that unresolved, moderate-luminosity

radio sources might be correlated with galaxy winds (Mullaney et al., 2013; Zakamska

& Greene, 2014) though we must also rule out small radio jets, star formation and

nuclear coronae as the possible sources of the observed radio emission. Chapter § 3

describes an observational pilot program to make the case that quasar winds are likely

responsible for the observed radio emission in four luminous quasars at z ∼ 0.5 using

a powerful observational combination of radio luminosity, morphology and spectral

index. In addition, it presents results that indicate a continuation of the correlation

between radio luminosity and galaxy-scale wind indicators at high redshift (z ∼ 2.5).

To properly understand quasar feedback, we need to study not only the effect of

3
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quasar feedback on the host galaxy but also understand how the wind is launched

near the quasar’s central engine. Although the direct view to the nucleus is blocked

in Type 2 quasars, some of the quasar light escapes along unobscured directions and

is scattered off the surrounding medium toward the observer. Therefore, polarized

spectra of Type 2 quasars offer not only a traditional test of the Unification Model

(Antonucci & Miller, 1985; Miller et al., 1991) but also a detailed understanding

of the local scattering geometry and kinematics near the quasar’s central engine by

providing a direct view as seen in scattered light. Chapter § 4 presents a study of five

obscured and red quasars in polarized light using the Keck Low Resolution Imaging

Spectrometer (LRIS; Oke et al., 1995) in polarimetry mode (Goodrich et al., 1995).

The results suggest a model for the inner region of the quasar where an equatorial,

dusty outflow from the accretion disk is supported by radiation pressure (e.g. Wills

et al., 1992; Elitzur & Shlosman, 2006; Veilleux et al., 2016; Chan & Krolik, 2016;

Elvis, 2017) and driven by near or super-Eddington accretion.

The most compelling evidence for quasar feedback is the presence of galaxy-wide

outflows in the multi-phase interstellar medium of the host galaxy as determined by

measuring the gas outflow velocities. In order to measure the destructive impact of

quasar winds on their hosts, it is essential to probe the state of the molecular gas

the fuel for galactic star formation. Such observations are necessary to confirm that

quasar winds halt star formation by removing molecular gas from the galaxy. Chapter

§ 5 describes a search for emission from molecular gas in a sample of high redshift

4
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quasars. While no line emission was detected, the lack of line emission is perhaps a

strong indicator that the host galaxies have been cleared of much of their molecular

gas reservoir by quasar feedback.

Thus, this body of work represents a study of the quasar feedback mechanism

at the peak of galaxy formation– from wind launching to observational signatures of

outflows and the ability of these outflows to remove the ingredients of star formation

from the host galaxy.
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Candidate Type II Quasars at

2 < z < 4.3 in the Sloan Digital Sky

Survey III

At low redshifts, dust-obscured quasars often have strong yet narrow permitted

lines in the rest-frame optical and ultraviolet, excited by the central active nucleus,

earning the designation Type II quasars. We present a sample of 145 candidate Type

II quasars at redshifts between 2 and 4.3, encompassing the epoch at which quasar

activity peaked in the universe. These objects, selected from the quasar sample of

the Baryon Oscillation Spectroscopic Survey of the Sloan Digital Sky Survey III, are

characterized by weak continuum in the rest-frame ultraviolet (typical continuum

magnitude of i ≈ 22) and strong lines of C IV and Lyα, with Full Width at Half

6
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Maximum less than 2000 km s−1. The continuum magnitudes correspond to an ab-

solute magnitude of −23 or brighter at redshift 3, too bright to be due exclusively

to the host galaxies of these objects. Roughly one third of the objects are detected

in the shorter-wavelength bands of the WISE survey; the spectral energy distribu-

tions (SEDs) of these objects appear to be intermediate between classic Type I and

Type II quasars seen at lower redshift. Five objects are detected at rest frame 6µm

by Spitzer, implying bolometric luminosities of several times 1046 erg s−1. We have

obtained polarization measurements for two objects; they are roughly 3% polarized.

We suggest that these objects are luminous quasars, with modest dust extinction

(AV ∼ 0.5 mag), whose ultraviolet continuum also includes a substantial scattering

contribution. Alternatively, the line of sight to the central engines of these objects

may be obscured by optically thick material whose covering fraction is less than unity.

2.1 Introduction

In standard unification models, many of the observed properties of Active Galactic

Nuclei (AGN) can be explained by differences in viewing angle Antonucci (1993). In

these models, the accretion disk of the supermassive black hole (SMBH) is surrounded

by a torus of gas and dust, which, when oriented along the line of sight, obscures

emission from the region around the SMBH at optical, ultraviolet and soft X-ray

wavelengths. Because this gas and dust does not cover all 4π steradians around the
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central engine, gas in the host galaxy above and below the torus is illuminated by

the engine, giving rise to strong narrow high-ionization emission lines (Full Width at

Half Maximum (FWHM) < 2000 km s−1) and weak continua (Zakamska et al., 2003)

in the rest-frame optical spectra. Such objects are classified as Type II based on their

optical spectra, in contrast to Type I objects which show strong ultraviolet continua

and broad permitted lines (Khachikyan & Weedman, 1971). Type II AGN tend to

show a high ratio of IR to optical light, to have hard X-ray spectra, and to be strongly

polarized, consistent with the obscuring torus hypothesis (Antonucci & Miller, 1985;

Norman et al., 2002; Smith et al., 2002; Zakamska et al., 2003; Brandt & Hasinger,

2005). However, Sanders et al. (1988), Canalizo & Stockton (2001) and Hopkins et al.

(2006) argue that Type I and Type II quasars represent different phases in quasar

evolution: in their models, all quasars pass through an obscured phase before outflows

from the AGN and central star formation expel the obscuring material.

The comoving space density of luminous Type I quasars peaked at redshifts 2-3

(Schmidt et al., 1995; Richards et al., 2006b; Ross et al., 2013), although the demo-

graphics of luminous obscured quasars at this epoch are poorly understood. While

it is straightforward to identify unobscured quasars as ultraviolet-excess sources in

multi-band optical surveys (Sandage, 1965; Green et al., 1986; Richards et al., 2006a),

a complete census of AGN is challenging at visible wavelengths alone, given that an

appreciable fraction of the quasar population is obscured by dust. Astronomers have

used searches in a variety of wavebands to identify obscured quasars (see, for example,

8
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Brandt & Hasinger, 2005; Stern et al., 2005; Hatziminaoglou et al., 2005; Gilli et al.,

2007; Treister et al., 2009a; Vasudevan et al., 2010; Ballantyne et al., 2011; Xue et al.,

2012; Donley et al., 2012; Assef et al., 2013; Stern et al., 2012; Mignoli et al., 2013).

The integral of the quasar luminosity function, with appropriate efficiency factors,

approximately matches the present-day mass function of SMBH (Soltan, 1982; Yu &

Tremaine, 2002; Marconi et al., 2004) indicating that black holes accrete much of

their mass during a luminous phase as quasars. This argument has profound implica-

tions for understanding the growth of black holes and their role in galaxy evolution,

but improving this calculation requires good measurements of quasar demographics,

including the obscured quasar fraction, as a function of redshift and luminosity. This

goal remains elusive: surveys at different wavelengths often find discrepant results

(Lawrence & Elvis, 2010). At z < 0.8, Reyes et al. (2008) find that the ratio of

optically-selected Type II to Type I luminous quasars is at least 1:1, while X-ray

studies (for example, Ueda et al., 2003; Hasinger, 2008) place the value at ∼ 3:1

for low-luminosity active nuclei, but < 1 : 1 for high-luminosity quasars. Using X-

ray data, Mushotzky et al. (2000) and Hickox & Markevitch (2006) suggest that the

obscured fraction remains constant or even increases with redshift (see reviews by

Ballantyne et al., 2011; Treister & Urry, 2012, for further discussion).

High-redshift radio-loud Type II quasars have been studied for decades (see, for

example, the review paper by McCarthy, 1993) but their radio-quiet counterparts

in the optical, IR and X-ray have been harder to find. Deep Mid-IR (e.g. Alexander
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et al., 2005; Stern et al., 2005; Dey et al., 2008; Coppin et al., 2010; Donley et al., 2012;

Stern et al., 2012) and X-ray (e.g. Treister et al., 2009b; Comastri et al., 2011; Lehmer

et al., 2012; Vasudevan et al., 2013) surveys tend to cover small solid angles, and are

thus not sensitive to rare luminous objects. Moreover, indications of obscuration do

not always agree between different wavebands (e.g., Barger et al., 2005; Civano et al.,

2012; Jia et al., 2013). For example, about 50% of X-ray identified Compton-thick

objects show broad emission lines in their optical spectra (e.g., Vasudevan et al.,

2009).

The Sloan Digital Sky Survey (SDSS; York et al. 2000; Eisenstein et al. 2011)

has covered almost 1/3 of the Celestial Sphere in both visible-light imaging and

spectroscopy to a depth at which significant numbers of high-redshift quasars are

found (Richards et al., 2002). Zakamska et al. (2003) and Reyes et al. (2008) se-

lected high-luminosity Type II objects with z < 0.83 among SDSS spectra of galaxies

(Strauss et al., 2002) and Faint Images of the Radio Sky at Twenty-cm (FIRST) radio

sources (Becker et al., 1995). These objects were identified by their strong narrow

emission lines (FWHM less than 1000 km s−1in most cases) and weak continuum;

[O III]λ5007Å was used as a crude proxy for bolometric luminosity (Heckman et al.,

2005). Additional observations of these objects, including spectropolarimetry (Za-

kamska et al., 2005) and mid-infrared photometry and spectroscopy (Zakamska et al.,

2008) demonstrated that these objects were indeed highly luminous obscured quasars,

with a space density (at least to z ∼ 0.8) comparable to unobscured quasars (Reyes
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et al., 2008).

Searches for counterparts at higher redshift were not successful in the SDSS-I/II

data; narrow-line objects typically had strong continua and extensive Fe emission,

showing them to be high-redshift analogs of Narrow Line Seyfert I galaxies (NLS1;

Osterbrock & Pogge 1985; Williams et al. 2002). However, the Baryon Oscillation

Spectroscopic Survey (BOSS; Dawson et al. 2013) of SDSS-III (Eisenstein et al.,

2011) targets quasars two magnitudes fainter than SDSS-I/II did (Ross et al., 2012),

probing to continuum levels at which Type II quasar candidates at high redshift begin

to appear.

In this paper, we describe a class of high-redshift (z > 2) Type II quasar candidates

identified by their characteristic spectra from BOSS. We have found 452 candidates

with redshifts in the range 2.03 < z < 4.23 in the SDSS-III Data Release 9 (Ahn

et al., 2012, hereafter referred to as DR9). We describe the relevant SDSS data in

§ 2.2 and the selection of our candidates in § 2.3. The properties of these objects in

SDSS data are described in § 2.4, and we match against other datasets in § 2.5. We

discuss our results in § 4.4, and conclude in § 4.5. We assume a flat ΛCDM cosmology

with Ωm = 0.26, ΩΛ = 0.74 and h = 0.71 (Spergel et al., 2007) throughout this paper.

We use AB magnitudes consistently in this paper.

11
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2.2 SDSS Observations and Data Process-

ing

The SDSS has been in routine operation since 2000. It uses the dedicated 2.5-meter

wide-field Sloan Foundation Telescope at Apache Point Observatory in New Mexico

(Gunn et al., 2006), carrying out both imaging (Gunn et al., 1998) and spectroscopy.

The two optical spectrographs were upgraded in 2009 for the BOSS survey (Smee

et al., 2013); each is fed by 500 optical fibers with 2′′ optical diameter, yielding

spectrophotometrically calibrated spectra from 3600Å to 10,400Å1, with resolution

λ/∆λ ≈ 1800. BOSS is designed to measure the baryon oscillation feature in the

clustering of galaxies (Anderson et al., 2012) and the Lyα absorption spectra of

quasars (Busca et al., 2013).

BOSS data were first made public in the SDSS DR9, containing spectra of 536,000

galaxies and 102,000 quasars over 3275 deg2. Because of the need to observe the

Lyα forest, quasars are targeted in the region of color space where objects with

2.15 < z < 3.5 are expected to lie (Ross et al., 2012). This is a challenging task,

because the broad-band colors of z ∼ 2.7 quasars are similar to those of much more

numerous F and A stars (Fan, 1999). The quasar candidates are selected to a Point

1As described in Pâris et al. (2012) and Dawson et al. (2013), fibers for quasar candidates in
BOSS were often offset from their fiducial positions to maximize the throughput in the blue given
differential chromatic refraction. However, the spectrophotometric standard stars were observed
without these offsets, causing systematic errors in the spectrophotometric calibration of quasars of
up to 40%.
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Source Function magnitude limit of g 6 22.0 or r 6 21.85 (after correction for Schlegel

et al. 1998 extinction). All spectra are processed with a common pipeline (Bolton

et al., 2012); Pâris et al. (2012) report that almost 97% of quasar targets have spectra

of sufficient signal-to-noise ratio (S/N) to measure a reliable redshift.

At redshifts above z ∼ 1, the Hα, Hβ and [O III] emission lines commonly used as

diagnostics for identifying Type II quasars at optical wavelengths no longer fall within

the wavelength coverage of the BOSS spectrograph. Instead, we used the widths of

the Lyα (1216Å) and C IV (1549Å) emission lines as diagnostics of candidate Type II

objects, cutting at FWHM < 2000 km s−1 (see, e.g., Zakamska et al. 2003; Hao et al.

2005; Sulentic et al. 2007). Given the BOSS spectral coverage, we can measure Lyα

cleanly at redshifts z & 2.0. Line widths are measured directly by the BOSS pipeline,

from single Gaussian fits to the Lyα and C IV lines.

2.3 Sample Selection Criteria

Heavily dust-obscured quasars are expected to have strong, narrow emission lines

atop a relatively weak continuum, which is a combination of the light from the host

galaxy and the light from the hidden quasar scattered by the interstellar material in

the host. The classical definition of optically selected Type II active nuclei largely fo-

cuses on the widths and ratios of emission lines, which is the approach that Reyes et al.

(2008) used in selecting ∼ 900 Type II quasars at z < 0.8 from SDSS-I/II data. But
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because obscured quasars are faint at rest-frame optical and ultraviolet wavelengths,

previous searches for Type II quasars at higher redshifts using the SDSS-I/II data

have been largely unsuccessful. The redshift range between 0.8 and 2.0 is particularly

difficult because none of the strong emission lines characteristic of Type II quasars

appear at the optical wavelengths. Only one candidate, SDSS J085600.88+371345.5

at z = 1.02 was identified in the original SDSS quasar sample as satisfying all our

emission line criteria. This object was also identified as an obscured quasar candi-

date by Gilli et al. (2010). At redshifts > 2.0, a search for narrow-line objects in the

SDSS-I/II quasar sample (Schneider et al., 2010) yielded a number of NLS1, but little

else.

Table 2.1: Selection of Type II Candidates

Sample No. of Objects
All BOSS DR9 quasars 102100
BOSS DR9 quasars with Lyα, C IV measured 79505
FWHMC IV

< 2000 km s−1 2494
Class A 145
Class B 307

The BOSS survey goes substantially deeper than SDSS-I/II in spectroscopy, allow-

ing us to resume the search for Type II quasars at high redshifts based on rest-frame

ultraviolet spectra. In this paper we adopt a composite approach based both on the

properties of emission lines and on the properties of the continuum. For our parent

sample, we selected all BOSS objects in DR9 with both Lyα and C IV emission line

measurements (given the BOSS wavelength coverage, this corresponds to redshifts of
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z & 2.0) and a reliable pipeline fit (i.e., the flag ZWARNING = 0; see the discussion in

Bolton et al. 2012). A total of 79,505 objects satisfied these criteria. Objects with

FWHM< 2000 km s−1 are quite rare, representing only 3.7% of the total in the BOSS

sample. These numbers are summarized in Table 2.1.

From this sample, we selected only those objects with 5σ detections in both Lyα

and C IV (thus we are insensitive to objects that emit only in Lyα; see, for example,

Hall et al. 2004), and restricted ourselves to those objects in which both lines have

FWHM< 2000 km s−1. The widths of the two lines are correlated, although the

correlation is weak, due in part to absorption features (§ 2.4.4) and limited S/N. We

then visually inspected the spectra of the 2494 remaining candidates. The best Type

II quasar candidates have narrow but strong emission lines and an extremely weak,

flat continuum (see Figure 2.1). There were two main astrophysical contaminants in

our original sample: high-redshift analogs to NLS1 galaxies, and broad absorption line

(BAL) quasars whose emission lines are mostly absorbed away, leaving only a narrow

component in emission (Figure 2.2). The rest-frame ultraviolet spectra of NLS1s

(Constantin & Shields, 2003) show narrow permitted lines, but possess a strong blue

continuum and emission from Fe II complexes that are not seen in obscured quasars;

see for example the upper panel of Figure 2.2. An example of a BAL quasar whose

emission line widths met our initial criteria is found in the middle panel of Figure 2.2;

the C IV line is clearly truncated by the associated absorption.

We classified our Type II quasar candidates, after removing the BAL quasars and
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obvious NLS1, in two categories: those that showed all the qualities of an obscured

quasar (narrow emission lines, no associated absorption, weak continuum); hereafter

Class A, and those with one or more characteristics of unobscured objects (a broad

component to an emission line, an absorption feature, or a strong blue continuum);

hereafter Class B. Figure 2.1 presents an example of an object from Class A, while the

lower panel of Figure 2.2 shows the spectrum of a Class B object. The Class B object

has very narrow emission lines and weak continuum, but strong narrow absorption

blueward of C IV. These classifications are S/N-dependent and are somewhat subjec-

tive, and there are no doubt objects we have placed in each category that belong in

the other (see Figure 2.3 and the discussion in § 2.4.2).

Are our Type II candidate objects truly obscured quasars, in the sense of having

bolometric luminosities much larger than inferred from the optical data? Our objects

have line widths up to 2000 km s−1, while low-redshift Seyfert II galaxies typically

have line widths less than 1200 km s−1 (Hao et al., 2005). However, outflows in the

narrow-line region may give significantly larger widths in more luminous objects, with

spatial extents as large as 10 kpc (e.g., Greene et al., 2012; Liu et al., 2013). We will

see in what follows that the obscured nature of our objects remains unclear, and it is

possible that our sample is somewhat heterogeneous, with more than one population

contributing. With all this in mind, we consistently refer to our objects as Type II

candidates.

Figure 2.3 shows the correlation between the rest-frame equivalent width and
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FWHM of the C IV line for each sample. The distribution of objects identified as

Type II quasar candidates peaks at much smaller values of C IV FWHM than either

contaminating sample, but there is significant overlap among the three distributions.

An initial cut at a smaller C IV FWHM would have increased our fraction of identified

Type II quasar candidates but would have also excluded many strong candidates.

The Bolton et al. (2012) pipeline redshifts are determined by fits to a linear combi-

nation of templates that do not include narrow-line quasars. The asymmetries seen in

Lyα due to the onset of the Lyα forest, and especially in C IV due to winds (Richards

et al., 2011) in broad-line objects are not present for the objects in our sample, mean-

ing that the redshifts based on these templates are often biased high by of order 0.005.

The DR9 quasar catalog (Pâris et al., 2012) includes redshifts measured directly from

a Gaussian fit to the C IV line, which usually lines up well with the redshift measured

from Lyα and fainter lines such as C III in our narrow-line objects. We thus use the

C IV redshift when available in the DR9 quasar catalog, and a redshift based on visual

inspection in the rare cases where it is not.

2.4 Properties of Type II Quasar Candi-

dates: SDSS Data

Figure 2.4 shows spectra of further examples of objects in our class A sample,

including one of the highest redshift objects in the sample, and the objects with the
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Figure 2.1: BOSS spectrum of a Type II quasar candidate at z ∼ 2.4; this is a
typical object in Class A. Note the strong narrow emission lines (Lyα and C IV have
FWHM of 1000 km s−1 and 1200 km s−1, respectively) and weak continuum. The
upper panel shows the full spectrum in observed wavelengths, while the lower panel
expands the horizontal and vertical scales and plots rest-frame wavelengths, with
emission lines identified. In this and subsequent figures, the spectra have not been
smoothed.
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Figure 2.2: Top: A narrow-line BOSS object that we classified as a NLS1; note
the strong blue continuum. The C IV and Lyα lines have FWHM of 1680 and 1960
km s−1, respectively as measured by the SDSS pipeline. Middle: Spectrum of a
Broad Absorption Line (BAL) quasar identified in our sample of candidates. The C IV

emission line is truncated by the extensive blueward absorption; similar absorption
troughs are seen in Si IV, N V, and (to a lesser extent) in C III. The C IV emission line
has a FHWM from the Gaussian fit of 900 km s−1; Lyα is significantly broader, at
1900 km s−1. Bottom: An object from our Class B sample; notice the expanded
axes. C IV is strongly truncated by narrow absorption.
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Figure 2.3: The distribution of FWHM and rest-frame equivalent width (EW) of
the C IV λ1549Å line for all 2494 objects in SDSS DR9 with FWHM < 2000 km s−1

and 5σ detection of both Lyα and C IV emission lines. Type II quasar candidates are
shown with class A objects in black and class B objects in red (see the discussion
in § 2.4), NLS1s are shown in blue and BALs in green. The distributions of each
quantity (normalized to the same integral) are plotted on the sides. The class A and
class B objects tend to have considerably lower FWHM and higher equivalent width
than the NLS1 and the BALs.
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strongest and narrowest emission lines.

Our sample includes 452 objects that are strong or possible Type II quasars.

We list the 145 Class A candidates in Table 2.2 and the 307 Class B candidates in

Table 2.3 2. Coordinates are given in J2000. The median FWHM of the C IV line

among the Class A candidates is 1260 km s−1. The line parameters are as measured

by the BOSS pipeline (Bolton et al., 2012); null values correspond to problems with

the measurement. The mean redshift of these two samples is 2.70, with a redshift

range from 2.03 to 4.23 (see Figure 2.6). In what follows, we concentrate on the class

A sample.

2Full tables are available online at http://vizier.cfa.harvard.edu/viz-bin/VizieR?-
source=J/MNRAS/435/3306
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Figure 2.4: The BOSS spectra of some of the notable objects in the Class A sample
of Type II quasar candidates. Top: One of the highest-redshift objects in our sample.
C IV is barely detected. Middle: One of the objects with highest emission-line flux.
Bottom: This object has among the narrowest emission lines in the sample (540
km s−1 in Lyα and 950 km s−1 in C IV). It also has the reddest continuum in the
sample.
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Å
er

g
s−

1
cm
−

2
er

g
s−

1
cm
−

2

S
D

S
S
J
00

10
40

.8
2+

00
45

50
.5

2.
67

00
8

0.
76

40
2.

71
48

15
07
±

59
43

.9
±

0.
0

73
.3
±

2.
8

24
8±

2.
9

S
D

S
S
J
00

17
38

.5
5−

01
18

38
.7

4.
41

06
4
−

1.
31

08
3.

22
60

76
8±

52
25

.2
±

0.
5

21
.3
±

1.
4

10
1.

3±
2.

3
S
D

S
S
J
00

18
14

.7
2+

02
32

58
.8

4.
56

13
4

2.
54

97
2.

90
24

87
4±

97
19

.1
±

0.
8

16
.6

7±
1.

9
14

3.
6±

3.
0

S
D

S
S
J
00

36
05

.2
6+

00
16

18
.7

9.
02

19
3

0.
27

19
2.

95
03

17
73
±

29
4

12
.3
±

1.
5

18
.7
±

3.
0

76
.2
±

2.
4

S
D

S
S
J
00

44
23

.2
0+

03
57

15
.5

11
.0

96
65

3.
95

43
2.

22
13

11
82
±

47
n
u
ll

74
.3
±

3.
0

41
6.

8±
7.

8
S
D

S
S
J
00

46
00

.4
8+

00
05

43
.6

11
.5

01
99

0.
09

55
2.

45
60

12
86
±

61
28

.1
±

0.
5

50
.3
±

2.
5

22
5.

2±
3.

9

23



CHAPTER 2. CANDIDATE TYPE II QUASARS

T
a
b
le

2
.3

:
T

ab
le

of
30

7
cl

as
s

B
ca

n
d
id

at
e

T
y
p

e
II

q
u
as

ar
s.

O
n
ly

a
p

or
ti

on
of

th
is

ta
b
le

is
sh

ow
n

h
er

e
to

d
em

on
st

ra
te

it
s

fo
rm

an
d

co
n
te

n
t.

A
m

ac
h
in

e-
re

ad
ab

le
ve

rs
io

n
of

th
e

fu
ll

ta
b
le

is
av

ai
la

b
le

in
th

e
on

li
n
e

at
h
tt

p
:/

/v
iz

ie
r.

cf
a.

h
ar

va
rd

.e
d
u
/v

iz
-b

in
/V

iz
ie

R
?-

so
u
rc

e=
J
/M

N
R

A
S
/4

35
/3

30
6.

S
D

S
S

J
20

00
ra

d
ec

re
d
sh

if
t

C
IV

F
W

H
M

C
IV

R
E

W
C

IV
fl
u
x

10
−

1
7

L
y
α

fl
u
x

10
−

1
7

N
am

e
d
eg

d
eg

k
m

s−
1

Å
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Figure 2.6 shows the continuum (λ = 1450Å) luminosity density distribution for

our candidates, as well as for those objects we identified as NLS1s and BALs. These

continuum luminosities, which are measured from the BOSS spectra, are significantly

larger than would be expected from the host galaxy of the quasars; the most luminous

non-active galaxies at these redshifts have absolute ultraviolet continuum magnitudes

−22.5 (Shapley, 2011). For comparison, the Type I quasar luminosity function has

been measured down to M = −25 at these redshifts from the BOSS survey (Ross

et al., 2013). The high luminosities of our objects, together with the quasar-like

broad-band colors (see discussion in section 2.4.1 and Figure 2.5), suggest that the

quasar continuum of these objects is not completely extincted. These objects may

have only a modest dust column, or perhaps the observed continuum is due to light

from the central engine that is reflected into our line of sight by dust in the quasar

host galaxy, as is found in lower-redshift Type II quasars (Zakamska et al., 2006).

A third possibility is that the extinction is patchy, with unextincted light showing

through holes in the obscuring dust.

2.4.1 Broadband Colors

Almost all the objects in both Class A and Class B were selected for spectroscopy

as quasar candidates, using the algorithms described in Ross et al. (2012). There are

four principal algorithms used, but 60% of the objects in our sample were selected

using the likelihood algorithm of Kirkpatrick et al. (2011) and the probabilistic al-

25



CHAPTER 2. CANDIDATE TYPE II QUASARS

Figure 2.5: SDSS colors as a function of redshift for all BOSS quasars in DR9
(black dots), and the 145 Class A Type II quasar candidates (red crosses). A K-S
comparison of the g − r color distribution of the z < 3.5 sample with a subsample
of Type I quasars matched in i-band magnitude shows that both populations are
drawn from the same distribution with 84% confidence. This result suggests that the
continuum is more quasar-like than galaxy-like.
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Figure 2.6: Two-dimensional distribution of redshift and continuum absolute magni-
tude (calculated at a rest wavelength of λ = 1450 Å) for all Type II quasar candidates
in our sample. The color-coding is the same as in Figure 2.3. Normalized distribu-
tions of each individual quantity are shown on the side. The continuum luminosities
are measured from the spectra; uncertainties in the spectrophotometric calibration
are as large as 40%. The Type II quasar candidate continuum absolute magnitude
distribution indicates that both the class A objects and the class B objects tend to
be fainter than the other two samples, as we would expect for obscured objects. The
redshift distributions of the samples are similar to one another, and to the parent
DR9 quasar sample overall.
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gorithm of Bovy et al. (2011), both of which use the distribution of objects in color

space, incorporating information on photometric errors. The broad-band colors of

ordinary quasars as a function of redshift are a reflection of the blue continuum, ab-

sorption by the Lyα forest and Lyman-limit systems, and, to a lesser extent, emission

lines in the various bands (Fan, 1999; Richards et al., 2003). Understanding the de-

mographics of obscured quasars will require quantifying the biases that the target

selection algorithms impose on the sample.

SDSS imaging is carried out in five bands, ugriz (Fukugita et al., 1996). Figure 2.5

shows the dependence of color on redshift, both for our sample of Type II quasars,

and the full sample of DR9 quasars (Pâris et al., 2012). The mean colors of the two

groups are roughly the same, suggesting that the continua of objects in our sample are

quasar-like. Of course, these objects were selected by their broad-band colors, and it

perhaps not surprising that their colors are similar to those of other objects selected

in the same way. The rest-frame equivalent widths of Lyα typically the strongest line

in these objects, can be as large as 1000Å, at which point the line starts significantly

affecting the broad-band colors.

As the Lyα break enters the g band at z ∼ 3.5, the g − r colors quickly redden

with redshift. To quantify the similarity of the colors to unobscured quasars, we

selected a subsample of DR9 quasars with similar i-band magnitude distribution as

our Type II quasar candidates, so that they have similar photometric errors. Only

objects from our sample and the DR9 catalog with a redshift of z ≤ 3.5 were used
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in the comparison, so the color was close to constant over the whole sample. A

Kolmogorov-Smirnov (K-S) test of the g− r color for each sample shows that the two

distributions are the same at the 84% confidence level, thus the colors of our objects

are consistent with having been drawn from the distribution of unobscured quasars.

2.4.2 Composite Spectrum

The upper and middle panels of Figure 2.7 show the arithmetic average spectrum

of our 145 Class A Type II quasar candidates. This average is calculated by shifting

all spectra to the rest frame, and inverse-variance weighting the spectra at a given

wavelength, using errors estimated by the SDSS spectroscopic pipeline.

We used the program MPFIT (Markwardt, 2009) in IDL to fit one or two Gaus-

sian components and a local continuum around each emission line in the composite

spectra. C IV was fit with two Gaussians corresponding to a broad and narrow line

component, after masking any associated absorption blueward of the emission line.

Other than Lyα the redshifts and widths of emission lines were constrained to be the

same as that of C IV. The Lyα N V, He II and C III lines were also each fit with two

Gaussian components, while all other emission lines were fit with only a single Gaus-

sian component. Lyα was fit simultaneously with N V, Si IV was fit simultaneously

with O IV], and C III was fit simultaneously with both Si III] and Al III. The resulting

fluxes are listed in Table 2.4, and the measured emission line widths are listed in

Table 2.5. The continuum level in the composite is constant at about 0.4× 10−17 erg
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s−1 cm−2 Å−1, so rest-frame equivalent widths in Ångstroms are roughly the listed

flux value, times 2.5.

Interestingly, the Lyα and C III emission lines in our composite Type II candidate

spectrum show a broad base (FWHM > 3000 km s−1; Table 2.5), as does C IV after

masking absorption blueward of the line. The flux in this broad component is compa-

rable to the narrow component, as Table 2.4 makes clear. This absorption and broad

base were among the qualities that caused us to classify some of our candidates as

Class B; at higher S/N, it is likely that many of the individual Class A objects would

show broad components or associated C IV absorption. The composite spectrum of

our NLS1s shows significantly stronger broad bases on all of the emission lines as well

as a significantly higher continuum flux relative to the emission lines. In addition,

absorption blueward of C IV is particularly strong.
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The middle panel of Figure 2.7 expands the vertical and horizontal scales to make

weaker emission lines visible. We detect features that are usually blended in quasar

spectra (Vanden Berk et al. 2001; see also the discussion in Hewett & Wild 2010), such

as the Si IVλ1393,1402Å doublet and C IIIλ1909Å, Si III]λ1892Å and Al IIIλ1857Å, are

resolved. The N IVλ1486Å line, which is only rarely seen in Type I AGN (Bentz et al.,

2004; Jiang et al., 2008), but is seen in high-redshift radio galaxies (Humphrey et al.,

2008) and low-luminosity Type II AGN (Hainline et al., 2011) is present. There is

little evidence for the Fe II emission complexes blueward of Mg II (Vanden Berk et al.,

2001). The mean Type II candidate spectrum is blue in fλ, although not as blue as

in NLS1s. The continuum break due to the Lyα forest is clearly visible.

There are weak absorption features apparent in this composite, but they mostly

appear blueward of emission lines, representing outflows from the central engine or

the superposition of individual absorption features (Nestor et al., 2008), rather than

stellar or interstellar medium lines. At high S/N, the spectra of Lyman-break galaxies

(LBG) also show absorption lines in the rest-frame ultraviolet, as is apparent in the

composite spectrum of Shapley et al. (2003); high-ionization absorption lines have also

been seen in high-redshift Type II AGN (Steidel et al., 2002; Hainline et al., 2011).

In LBGs, resonance absorption in the interstellar medium tends to be blueshifted by

several hundred km s−1, indicating strong outflows presumably powered by starbursts.

In our composite, the only absorption feature that appears to coincide with those in

LBGs is Si IVλ1396Å, as shown in the lowest panel of Figure 2.7; the absorption
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is considerably blueward of the emission line, corresponding to a blueshift of order

2000 km s−1 (the absorption feature blueward of C IV is also offset by ∼2000 km s−1).

Moreover, it is unclear what is the driving source of these outflows (processes in the

host galaxy or the central engine) and whether they are occurring on the galactic or

on the circumnuclear scale.

2.4.3 Comparison to Other Samples of Obscured

Quasars

We now compare the spectral properties of our objects to those of other obscured

AGN samples in the literature. Hainline et al. (2011) have identified 33 AGN se-

lected by their ultraviolet emission-line properties from a spectroscopic survey of

star-forming galaxies at z ∼ 2 − 3. These objects, all of which show narrow emis-

sion lines, are significantly fainter than ours, with typical continuum brightnesses of

R ∼ 24. The ultraviolet/optical SEDs of these galaxies are well-fit by stellar pop-

ulation synthesis models with no AGN component (Hainline et al., 2012). Their

composite spectrum is shown in the middle panel of Figure 2.7, arbitrarily normal-

ized to have a similar continuum at 1700Å as our composite, allowing an approximate

comparison of the rest-frame equivalent widths of emission lines in the two compos-

ites. The emission lines in the Hainline et al. composite show no evidence for a broad

base in Lyα or C IV. Unlike our Type II candidates, there is no hint of contamination
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Figure 2.7: Tob: Composite spectrum of all 145 Class A Type II quasar candidates.
Middle: An expanded view of the composite, to show the weaker emission lines.
Superposed in red is the normalized composite of the Hainline et al. (2011) sample
of high-redshift AGN, normalized to roughly match the continuum level at 1700Å.
The continuum slopes of the two composites are quite similar. The Lyα line in the
Hainline et al. (2011) composite peaks at a flux density level half of that in the Class
A composite. Bottom: An expansion of the composite in the region around the
Si IV doublet. The black line is our composite (lightly smoothed). The two emission
features are the Si IV doublet at 1393.76 Å and 1402.77 Å, respectively. The blue
curve shows the composite LBG spectrum of Shapley et al. (2003, normalized to the
same continuum); the absorption features precisely align with the emission lines in
our composite. The red curve shows the composite spectrum of Type II objects from
Hainline et al. (2011). Intriguingly, the Si IV lines are redshifted relative to rest frame
by about 800 km s−1, perhaps due to systematic absorption on their blue wing.

35



CHAPTER 2. CANDIDATE TYPE II QUASARS

from an unobscured component. However, objects from the Hainline et al. sample

have emission line widths comparable to the narrow component of the Class A com-

posite. One is also struck by the significantly greater strength of all emission lines

in the Class A composite; Lyα (which goes off-scale in this expanded view) peaks at

∼ 7× 10−17 erg s−1 cm−2 Å−1 in the normalized Hainline et al. composite, and 14 ×

10−17 erg s−1 cm−2 Å−1 in the Class A objects. The one exception is the He II line at

1640Å, which is comparable in strength in the two composites; we’ll discuss this line

further below.

The peaks of Lyα, C IV, and most weaker lines of our composite align well with

those of the Type II composite from Hainline et al., with the interesting exception of

the Si IV 1394, 1403λÅ doublet (lower panel of Figure 2.7) which is redshifted in the

Hainline et al. composite relative to ours by 800 km s−1. A similar redshift is present

in the [O I]/[Si II] 1302Å blend as well. Excess absorption due to outflows in Hainline

et al. objects would suppress the blue wings of the emission features and shift them

systematically to the red, although the amount of shift seems extreme. Moreover, the

composite of our Class A objects also shows absorption, but nevertheless the emission

peaks at exactly the expected wavelengths. Indeed, the Si IV lines we see line up well

with the Si IV absorption features from the host galaxy in the LBG composite of

Shapley et al. (2003).

The Hainline et al. galaxies have continua presumably dominated by their host

galaxies, which makes it intriguing that the ultraviolet spectral shape of the composite

36



CHAPTER 2. CANDIDATE TYPE II QUASARS

is similar to that of the Class A composite. As Figure 2.5 showed, the broad-band

colors of our objects are similar to those of unobscured quasars. The continuum of the

Shapley et al. (2003) LBG composite is significantly bluer than either of these samples,

reflecting on-going star formation in this ultraviolet-selected sample. Similarly, the

star-forming galaxy at z = 2.3 studied by Erb et al. (2010) is much bluer than our

composite. Hainline et al. (2012) point out that AGN spectral lines are strong in LBG

spectra in the most luminous objects, which tend to be red; this is why the objects

in their sample are redder than typical LBGs. In this interpretation, the similarity

in continuum shape between our composite and that of Hainline et al. is fortuitous.

The comparison in the middle panel of Figure 2.7 indicates that the relative

strengths of emission lines in our objects and those of Hainline et al. (2011) are

quite different. Following the emission-line diagnostic diagram of Villar-Mart́ın et al.

(1997), Figure 2.8 compares the ratio of the strengths of C IV and He II to the ratio

of C III to C IV for our objects and those of Hainline et al. (2011), the compilation of

narrow-line X-ray sources and radio galaxies of Nagao et al. (2006), the radio galaxies

of De Breuck et al. (2000), the X-ray-selected Type II quasar of Stern et al. (2002),

and ultraviolet observations of the archetypal Seyfert II galaxy NGC 1068 (Kraemer

& Crenshaw, 2000). We also show the results for the Class A and Class B composites

(red triangles), where we measure both the narrow components of the emission lines,

and the sum of narrow and broad components. The collisional excitation of C IV is

sensitive to density and to gas temperature and thus metallicity. C IV can appear in
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emission in star-forming galaxies, although it is often swallowed by associated ab-

sorption in that line. However, the amount of C IV emission relative to other lines is

much smaller in starbursts than in active nuclei. C III/C IV depends on the relative

abundance of these two ionization states of carbon, and thus this ratio is sensitive to

the ionization parameter. It is about 0.5 in active nuclei (Steidel et al., 2002), whereas

it is 3 or greater in even the most extreme starbursts (Erb et al., 2010). Our objects

fit squarely in the AGN regime; furthermore, we find that this ratio is considerably

smaller for the narrow components of both Class A and B composite spectra than for

the full lines (Figure 2.8). Similarly, He II may be produced in Wolf-Rayet stars or

in extreme star-formation regions with high ionization parameters, a hard spectrum,

and low density, but this line has an equivalent width of no more than 2.7Å in star-

bursts (Erb et al., 2010), with only a handful of detections known. We detect He II

in many individual spectra, and the equivalent width in the composite spectrum is

about 6Å.

The ratio of C IV to He II is significantly higher, and the ratio of C III to C IV lower,

than in the other Type II samples we’ve discussed (with the exception of NGC 1068).

Indeed, the narrow-line region photoionization models of Groves et al. (2004) do not

predict C IV/He II greater than 3 for any choice of their parameters, while the typical

value for our sample is a ratio closer to 10. These high ratios are seen in broad-line

regions; for example, the Type I quasar composite spectrum of Vanden Berk et al.

(2001) has C IV/He II ∼ 50, and the Seyfert I galaxy NGC 5448 (Korista & Goad,
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2000) has line ratios which place it in the middle of the cloud of Class A objects in

Figure 2.8. So these narrow-line objects have line ratios like that of broad-line objects,

but equivalent widths that are significantly higher. Indeed, our composite spectrum

is like those of the ultraviolet spectrum of the Seyfert I spectrum NGC 5548 in its

low state (Goad & Koratkar, 1998), which shows narrow lines with broad bases, and

emission-line ratios similar to our objects. An interesting possibility is that some of

our objects may have similarly been observed spectroscopically in a low state; repeat

spectroscopy and comparison of the photometry and spectrophotometry can test this

hypothesis.

2.4.4 Associated Absorption

The emission line widths have been measured by fitting Gaussian profiles to the

spectra. However, the line profiles often differ significantly from Gaussian. A partic-

ularly dramatic example is shown in Figure 2.9, where the Lyα and C IV lines show

multiple peaks. This is at first glance reminiscent of low-redshift Type II objects

possessing emission lines with two or more peaks, interpreted as multiple AGN or

biconical outflows (e.g., Liu et al., 2010; Comerford et al., 2012). However, a more

likely interpretation of these systems is that they are due to associated absorption

within the host galaxy of the AGN; associated C IV absorption is seen in the spectra

of quasars with velocity offsets as large as 12,000 km s−1 (Nestor et al., 2008). Some

of the absorption features in Figure 2.9 match in Lyα and C IV, but inspection of the
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Figure 2.8: Comparison of C IV/He II and C III/C IV for several samples of narrow-line
AGN. The plus signs (‘+’) are our Class A candidates, and the red triangles are from
the narrow components of the measured emission lines (left) and the broad+narrow
emission lines (right, connected with a line) of our class A and class B composites.
The green points are composites from the work of Hainline et al. (2011) where they
split their population at a Lyα EW of 63Å. The blue points are composites (X-ray
selected narrow line quasars, low-redshift Seyfert IIs and high-redshift radio galaxies)
from the compilation of Nagao et al. (2006) while the x’s are high-redshift radio
galaxies from De Breuck et al. (2000). We also show the Chandra-selected Type II
quasar at z = 3.29 of Stern et al. (2002), and ultraviolet observations of the low-
redshift Seyfert II galaxy NGC 1068 (Kraemer & Crenshaw, 2000).
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emission-line profiles of all the objects in our sample shows many more cases in which

Lyα displays absorption and C IV does not, as expected in sufficiently low-ionization

gas, perhaps from neighboring galaxies. About 12% of our Class A objects possess

significant absorption in one or both of these lines; it may be that higher S/N spectra

at higher resolution would show more. A handful of objects show absorption in C IV

and not Lyα, which may point to hot gas in which all the hydrogen is ionized.

2.5 Sample Properties from Radio to X-

Ray

We now turn to the properties of our objects revealed by data beyond the SDSS

itself. We match the sample with radio data from the FIRST survey in § 2.5.1 and

near-infrared data from the Wide-Field Infrared Survey Explorer (WISE; Wright et al.

2010a) in § 2.5.2. Several sources have also been serendipitously detected at 24µm

by the Spitzer Space Telescope (§ 2.5.3). We also used NASA’s High Energy As-

trophysics Science Archive Research Center (HEASARC3) to search for serendipitous

X-ray coverage from the XMM-Newton, Chandra and ROSAT facilities (§ 2.5.4). One

of our sources is included in the Cosmic Evolution Survey (COSMOS) field (Scoville

et al., 2007; Cappelluti et al., 2009) (§ 2.5.5). Finally, we present optical polarization

data for two of our sources in § 2.5.6.

3http://heasarc.gsfc.nasa.gov

41



CHAPTER 2. CANDIDATE TYPE II QUASARS

Figure 2.9: Lyα (black) and C IV (red) spectra for two Class A objects, represented
in velocity space. The two lines have been scaled to the same maximum. These objects
have been chosen for their prominent associated absorption in these two lines. While
the profiles of the two lines are similar, Lyα shows additional absorption features,
suggestive of low-ionization gas. Some of the structure in the C IV line reflects the
fact that it is a doublet. About 12% of our Class A objects show such associated
absorption in their BOSS spectra.
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2.5.1 Radio: Faint Images of the Radio Sky at

20cm

The FIRST survey (Becker et al., 1995) covers most of the SDSS footprint and

was performed using the National Radio Astronomy Observatory (NRAO) Very Large

Array (VLA) in its B-configuration in two channels at 1365 and 1435 MHz (∼20 cm).

Images were produced covering 1.8′′ pixel−1 with an rms of 0.15 mJy and a resolution

of 5′′. Roughly 30% of FIRST sources have optical counterparts in SDSS imaging

(Ivezić et al., 2002).

Radio-loud Type II quasars are well-studied at high redshift (McCarthy, 1993);

the typical high-redshift radio galaxy shows strong narrow emission lines reminiscent

of the objects in our sample. There are only 12 objects in our sample of 452 Class A

and B candidates (less than 3%) that match within 3′′ of a FIRST source4; of these,

only three are among the 145 Class A candidates. These are listed in Table 5.2.

However, the depth of the FIRST survey is insufficient to designate an undetected

object in our sample as radio-quiet (Ivezić et al., 2002). Moreover, this classification

depends on the ratio of optical to radio flux, and if the optical flux in our sources

is significantly extincted, the optical-to-radio ratio is meaningless. Indeed, while 8-

20% of all Type I AGN are radio-loud (Zakamska et al., 2004), only 1.5% of Type I

quasars in the DR9 quasar catalog with 21.5 < i < 22 and redshifts between 2 and 3

are detected in the FIRST catalog. The radio-loud fraction of Type I quasars is lower

4using the on-line catalog at http://sundog.stsci.edu/
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at higher redshift (Jiang et al., 2007); it is possible that this also affects the number

of radio detections in our sample.

Of the 12 matches, only one, SDSSJ081257.15+181916.8, appears double-lobed in

the FIRST images, with a separation between the lobes of roughly 10′′, corresponding

to a physical separation of about 80 kpc.

Table 2.6: FIRST Survey radio detections of Class A and Class B candidates.

Name Peak Integrated
Flux Flux

(mJy/beam) (mJy)

Class A
SDSSJ081257.252+181914.77 2.10 3.31± 0.146
SDSSJ112343.182-010315.47 2.09 1.57± 0.154
SDSSJ114753.301+3131 2.99 2.04 1.57± 0.278
Class B
SDSSJ005018.623+050132.50 1.28 0.81± 0.130
SDSSJ013556.390-001631.83 1.02 0.93± 0.104
SDSSJ093323.128-012307.61 1.13 1.13± 0.142
SDSSJ133755.789+402150.20 1.15 0.97± 0.135
SDSSJ144437.728-013625.50 5.68 5.33± 0.146
SDSSJ145924.058+035622.40 3.31 3.07± 0.145
SDSSJ160747.246+162123.67 3.43 3.17± 0.138
SDSSJ161404.729+042122.83 10.21 9.89± 0.154
SDSSJ163414.493+231737.47 3.38 3.40± 0.148

2.5.2 Mid-Infrared: Wide-Field Infrared Survey

Explorer (WISE)

WISE (Wright et al., 2010a) observed the entire sky twice in four bands centered

at 3.4µm, 4.6µm, 12µm and 22µm (W1, W2, W3 and W4) with 5-σ sensitivity of
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0.08, 0.11, 1 and 6 mJy and angular resolution 6.1′′, 6.4′′, 6.5′′ and 12.0′′ respectively.

At the typical redshift (z = 2.5) of our sample, the four WISE bands correspond to

rest-frame 1µm, 1.3µm, 3.4µm, and 6.3µm, respectively. Quasar SEDs show a break

at ∼ 1µm, longwards of which hot dust can dominate the SED (e.g., Richards et al.,

2006a), so only the relatively low-sensitivity W3 and W4 bands can tell us about dust

emission in our objects.

Obscured quasars are expected to have a high ratio of rest-frame IR-to-optical

emission. The IR light is produced by thermal emission of the obscuring material, so

it should be present in both obscured and unobscured quasars, whereas the optical

light is strongly suppressed in the latter. Unfortunately, the high redshifts of our

candidates mean that WISE probes the rest-frame near-IR emission, which is not

produced by the obscured material in large amounts and is thus not particularly

strong in the SED of unobscured quasars (Figure 2.12). Furthermore, in obscured

quasars the rest-frame near-IR may also be affected by extinction. The exception is

the 22µm band of WISE, which probes close to the peak of the infrared emission, but

in most cases the WISE catalog in this band is not sensitive enough for detecting our

sources.

We accessed the WISE Source Catalog using the NASA/IPAC Infrared Science

Archive (IRSA)5 and conducted a search within 2′′ of the positions of our class A and

class B quasar candidates. Forty of our class A objects (27.6%) and 62 (20.2%) of

5http://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-dd
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our class B objects appeared in the WISE catalog. While Wu et al. (2012) found that

more than 85% of optically bright quasars (i < 19.5) in DR7 had a WISE match, less

than 50% of those with i > 20.5 were matched, consistent with our result. While the

S/N is typically low in bands W3 and W4 (due to the decreased sensitivity of these

bands), 27 class A sources and 29 class B sources have a S/N above 5 in both bands

W1 and W2 (only objects that were detected with a S/N > 5 in at least one band are

included in the WISE All-Sky Release Catalog). These sources are listed in Tables 2.7

and 2.8 6. WISE magnitudes are given on the AB system (Oke & Gunn, 1983). Note

that many errors are listed as “null”, indicating that the source is undetected in that

band; the values listed represent 2 σ upper limits on the flux.

There are only nine Class A objects with S/N above 5 in W3, and only two in

W4. Ross et al. (in preparation) will discuss the properties of the most extreme

W4 detections, with colors approaching those of the dust-obscured galaxy population

discovered by Dey et al. (2008), among the SDSS and BOSS quasars. While none

of these most extreme sources are among our Type II quasar candidates, several of

them show very weak continuum and broad emission lines. While their line widths

are above our nominal 2000 km s−1 limit, their high IR-to-optical ratios suggests that

they are obscured quasars. We will explore relaxing our rigid line-width criterion in

future work.

Figure 2.10 shows the WISE [3.6]− [4.5] color of Class A sources as a function of

6Full tables are available online at http://vizier.cfa.harvard.edu/viz-bin/VizieR?-
source=J/MNRAS/435/3306
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Figure 2.10: WISE color (W1-W2; i.e., [3.4]-[4.6]) as a function of redshift for
candidate Type II quasars below redshift 3.5; red squares are those objects detected
above 5σ in both bands, while the blue diamonds are sources detected below 5σ in
one or both bands. The gray crosses are a sample of Type I quasars from DR9 with
a similar distribution of i-band magnitude with WISE detections, and thus similar
photometric errors. The distribution of colors is indistinguishable between the two
samples with a K-S test.
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redshift; a sample of DR9 BOSS quasars with similar i-band magnitudes is included

for comparison. The colors of both samples become bluer at redshift z ∼ 3.5, when

Hα enters the W1 band (although this redshift range is not shown in Figure 2.10). A

K-S test says the color distributions of the two are the same at the 99.99% level for

those objects with redshift less than 3.5; there is no evidence that the Type II objects

are redder in this color than unobscured quasars of similar brightness.

Similarly, Figure 2.11 measures a color between the SDSS and WISE bands. A

K-S test shows that the color distributions are the same at the 99.9% confidence

level. Much of the scatter in this diagram and Figure 2.10 is due to measurement

errors both in SDSS and WISE; these detections are often near the flux limit of both

surveys.

Table 2.7: All WISE matches in our Class A sample. Values are given in AB
magnitudes.Only a portion of this table is shown here to demonstrate its form
and content. A machine-readable version of the full table is available online at
http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J/MNRAS/435/3306.

SDSS Name W1 W1err W2 W2err W3 W3err W4 W4err

SDSS0046+0005 19.77 0.19 18.92 0.22 16.57 null 14.44 0.25
SDSS0146+1211 19.60 0.12 19.42 0.19 17.24 null 15.28 null
SDSS0154+0157 20.40 0.21 20.44 0.47 18.13 null 15.63 null
SDSS0206+0104 19.61 0.12 19.31 0.18 17.49 0.29 15.83 0.47
SDSS0232+0028 19.49 0.10 18.96 0.12 17.95 0.44 16.07 0.53

Table 2.8: All WISE matches in our Class B sample. Values are given in AB
magnitudes.Only a portion of this table is shown here to demonstrate its form
and content. A machine-readable version of the full table is available online at
http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J/MNRAS/435/3306.

SDSS Name W1 W1err W2 W2err W3 W3err W4 W4err

SDSS0010+0003 19.46 0.15 18.70 0.13 17.38 0.35 15.39 0.51
SDSS0011−0008 19.29 0.12 19.67 0.34 17.51 0.45 15.10 null
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SDSS0201+0134 20.16 0.19 20.06 0.36 17.77 null 15.38 null
SDSS0232−0812 18.46 0.05 18.38 0.07 17.17 0.20 16.00 0.50
SDSS0234−0754 20.55 0.23 19.42 0.16 17.62 0.33 16.10 null

2.5.3 Mid-Infrared: Spitzer MIPS-24

Only a handful of objects are detected in the long wavelength filters of WISE. In

order to obtain an independent estimate of the bolometric luminosities of our sources,

we have searched the Spitzer Space Telescope archive for serendipitous coverage of

our Class A and Class B samples. Using the Spitzer Heritage Archive7, we searched

for Multiband Imaging Photometer (MIPS; Rieke et al. 2004) 24µm data covering the

positions of our Class A and Class B sources. MIPS-24 is fairly close to the peak of

the spectral energy distribution for normal unobscured quasars, whereas serendipitous

MIPS observations at longer wavelengths (70 and 160µm) are too shallow to yield

any detections of our sources.

We found 13 sources that are covered by MIPS-24 observations. Several objects

are covered by multiple exposures, which we coadded to increase the effective exposure

time at the positions of our targets. We then conducted aperture photometry at the

SDSS positions (accurate to 0.1′′; Pier et al. 2003), using a circular aperture with a

radius of 12′′ and a background annulus between 12′′ and 18′′.

The photometric measurements are presented in Table 2.9. Five out of 13 sources

are detected at the 4 σ level or greater; another four sources are marginally detected.

7http://sha.ipac.caltech.edu/applications/Spitzer/SHA/
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Figure 2.11: The color of Type II candidates between the SDSS i and W1 bands,
as a function of redshift; symbols are as in Figure 2.10. The distributions of colors of
the Type II and Type I samples are indistinguishable with a K-S test.

We used the observed Spitzer fluxes to calculate the rest-frame monochromatic lumi-

nosity at 6µm. At the redshifts of our detected sources, an observed wavelength of

24µm corresponds to rest-frame 5.9−7.3µm; we k-correct to 6µm using Fν ∝ ν−1.09

from the average Type I spectral energy distribution by Richards et al. (2006a). The

bolometric luminosities of our objects can be estimated by multiplying the monochro-

matic luminosities at 6µm by a factor of 8, again taken from Richards et al. (2006a).

Thus approximately half of the objects covered by the MIPS-24 data are detected

at the level 0.5−1 mJy, with detection luminosities in the range νLν [6µm] = 1045.4−45.9

erg s−1 and estimated bolometric luminosities 1046.3−46.8 erg s−1. Thus these objects

are indeed very luminous quasars.
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Table 2.9: Spitzer 24µm Data

Object Flux Density (mJy) Class log(νLν [6µm]) erg s−1

Detections:
SDSSJ095819.35+013530.5 0.76± 0.10 A 45.89
SDSSJ010554.41+011326.9 0.85± 0.16 B 45.94
SDSSJ122353.62+050321.0 1.01± 0.12 B 45.77
SDSSJ135136.57+381642.8 0.42± 0.11 B 45.39
SDSSJ142610.76+341738.9 1.07± 0.12 B 45.72
Marginal detections:
SDSSJ021834.53-033518.5 0.21± 0.06 A
SDSSJ161447.98+354221.2 −0.11± 0.14 A
SDSSJ020546.33+013907.6 −0.10± 0.14 B
SDSSJ022429.14−024807.7 −0.28± 0.08 B
SDSSJ115840.06+014335.3 0.15± 0.06 B
SDSSJ121326.70+062922.8 0.24± 0.07 B
SDSSJ124219.55+413720.6 0.21± 0.08 B
SDSSJ141649.80+365012.2 0.87± 1.04 B

2.5.4 X-Ray: XMM-Newton, Chandra and ROSAT

Luminous X-ray emission is nearly ubiquitous in unobscured quasars (e.g. Mushotzky,

2004; Gibson et al., 2008), and high-quality X-ray spectra of these Type II quasar

candidates could usefully constrain their obscuration levels and/or intrinsic lumi-

nosities (e.g. Brandt & Hasinger, 2005; Vignali et al., 2010; Alexander et al., 2011;

Comastri et al., 2011; Jia et al., 2013). We therefore have searched the Chandra,

ROSAT, and XMM-Newton archives for sensitive X-ray coverage of the sources in

our sample. Sources having sensitive X-ray coverage were individually inspected in

X-ray and SDSS images to assess critically the reliability of putative X-ray detec-

tions and X-ray/SDSS associations. This screening identified five X-ray detected

51



CHAPTER 2. CANDIDATE TYPE II QUASARS

objects and another that is likely X-ray detected (SDSSJ160554.89+202729.87); the

X-ray properties of these sources are listed in Table 2.10. All of these sources

were serendipitous detections rather than the targets of their respective observations.

In addition, five sources (SDSSJ023337.89+002303.69, SDSSJ023359.27+005925.83,

SDSSSJ120355.19+014348.98, SDSSJ144227.31−004725.04, and

SDSSJ144441.05−001343.44) are undetected in X-rays in observations of generally

comparable sensitivity to those that yielded the detections in Table 2.10.
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The sources with X-ray detections in Table 2.10 have 2–99 counts; five of the six

sources have 45 or fewer counts. Most also have high backgrounds in the source de-

tection cell owing to large off-axis angles. Thus, unfortunately, none of these sources

has sufficient S/N for useful X-ray spectroscopy that could constrain, via X-ray spec-

tral shape, absorption and intrinsic luminosity. Additional X-ray observations are

required to perform such spectroscopy. Alternatively, once independent multiwave-

length luminosity indicators are available for these sources (e.g., [O III] 5008 Å and

far-infrared luminosities), these can be correlated with even basic X-ray emission

measurements to assess obscuration levels (e.g. Vignali et al., 2010; Jia et al., 2013).

2.5.5 Cosmic Evolution Survey

The Cosmic Evolution Survey (COSMOS)8 covered 2 deg2 with the Hubble Space

Telescope (HST) Advanced Camera for Surveys (ACS; Koekemoer et al., 2007),

the VLA (Schinnerer et al., 2004), the Spitzer Space Telescope (Sanders et al.,

2007), XMM-Newton (Hasinger et al., 2007) and other facilities. One of our sources,

SDSSJ095819.35+013530.5 at z = 3.0554 (hereafter SDSS0958+0135), lies in the

COSMOS field. This object therefore has extensive multi-wavelength coverage and

an exquisitely measured SED. The optical and NIR photometry from 15 bands is

available via the Infrared Science Archive (IRSA), and so is the Spitzer IRAC (3.6µm-

8µm) and MIPS-24µm photometry (as we saw in § 2.5.3). The source is not in the

8http://cosmos.astro.caltech.edu/index.html
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MIPS-70µm catalog of COSMOS. We co-added all 14 available MIPS-70µm expo-

sures, conducted aperture photometry and obtained a tentative detection with a flux

of 1.13± 0.7 mJy.

In Figure 2.12 we use multi-band data from the COSMOS survey to construct

the SED of this object and compare it with those of a Type I quasar template from

Richards et al. (2006a) and a Type II (obscured) quasar template derived from Spitzer

data (Zakamska et al., 2008) of low-redshift luminous optically-selected obscured

quasars (Zakamska et al., 2003). The templates have been arbitrarily normalized

to match the observed SED at rest-frame 6µm (as measured by MIPS-24µm).

The SED of SDSS0958+0135 shows several noteworthy features. The ultraviolet

to infrared flux ratio is significantly lower than in unobscured quasars (and the high

equivalent width of Lyα in emission contributes significantly to the ultraviolet flux).

However, the ultraviolet emission in this source is not as suppressed as it is in low-

redshift obscured quasars. This feature suggests that SDSS0958+0135 is reddened by

moderate amounts of dust, perhaps in its host galaxy. Extinction with AV = 0.3−0.6

mag would suppress the ultraviolet continuum by a factor of 3, but would leave longer

wavelengths much less affected. Another possibility is that the object is strongly ab-

sorbed, and the observed continuum in the ultraviolet is produced by quasar light

that is scattered off the material in the host galaxy and reaches the observer, even

though the central engine itself is not visible along our line of sight. However, match-

ing the observed optical SED would require ∼ 10% scattering efficiency, which is quite
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extreme. Future polarization measurements of the kind discussed in the next section

will help distinguish these two possibilities.

The SED of SDSS0958+0135 appears to peak at relatively short wavelengths –

around rest-frame 6µm – declining to longer wavelength, which is similar to the shape

of the SED of unobscured quasars, and unlike low-redshift obscured quasars whose

SEDs tend to show more cold dust emission. The shape of the mid-infrared SED is

consistent with that of a reddened quasar, since modest amounts of reddening applied

to a Type I spectrum would not affect mid-infrared wavelengths. Another possibility

is a strongly obscured source, but with a compact and hot obscuring region rather

than an extended colder one. The observed MIPS-24 flux of 0.76 mJy corresponds

to a monochromatic luminosity of νLν [6µm] = 7.7 × 1045 erg sec−1, as we saw in

§ 2.5.3. The similarity of the mid-infrared SED of SDSS J0958+0135 to that of Type

I quasars enables us to use bolometric corrections derived by Richards et al. (2006a,

a factor of 8 at this wavelength), leading to Lbol = 6 × 1046 erg sec−1 in this source.

This is clearly a very luminous quasar.

As part of the COSMOS survey, this source was observed in the 0.5-2 keV band

by XMM-Newton; the inferred luminosity in the 2-8 keV rest-frame is 9.2× 1043 erg

sec−1 (not shown in Figure 2.12). This object was also observed by the Hubble Space

Telescope in the ACS/F814W filter, just redward of the Lyα emission, for a full orbit

(2028 seconds on-source). The object is unresolved in the HST image; neither the

emission from the host galaxy nor extended scattered light are detected. At this
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redshift, 0.1′′, a reasonable upper limit on the size of the object in the ACS data,

corresponds to a physical extent of roughly 1 kpc, suggesting a very compact object

indeed. This is not surprising if the light is dominated by the direct (albeit reddened)

light from the quasar itself. If, on the other hand, the object is a highly obscured

quasar, then the limit on the size of the rest-frame ultraviolet emission suggests that

the scattering interstellar medium in the host galaxy is compact. This model would

be consistent with recent findings that massive galaxies at high redshifts tend to have

small effective sizes (Wuyts et al., 2010).

2.5.6 Optical polarization

Optical polarimetry is a classical test of the obscuration-based unification model

of active galactic nuclei (Antonucci & Miller, 1985). Even if the direct line of sight to

the nucleus is blocked by obscuration, quasar light can escape along an unobscured

direction (or sometimes more than one, Schmidt et al. 2007), scatter off free electrons

or dust particles in the interstellar medium of the host galaxy, and reach the observer.

Since scattered light is polarized, optical polarimetry and spectropolarimetry are

uniquely sensitive to the scattered component.

This process occurs both in obscured and unobscured quasars, but in the latter

the scattered component is diluted by the emission from the quasar itself, so the

typical levels of polarization in unobscured quasars is 0.5% (Berriman et al., 1990).

In obscured or heavily reddened quasars with large enough column density along the
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Figure 2.12: Top: The spectral energy distribution (SED) of SDSS0958+0135,
which lies in the COSMOS field, including data from the Spitzer Space Telescope
and a variety of ground-based facilities. The peak at log ν = 15.4 is due to Lyα
emission. For comparison, the blue line is the composite Type I SED from Richards
et al. (2006a) and the red line is the mean low-redshift Type II quasar SED (Zakamska
et al., 2008). All curves are normalized to a rest-frame frequency of 1013.7 Hz (6 µm,
corresponding to the 24 µm detection with Spitzer). Bottom: The BOSS spectrum
of this source with expanded vertical and horizontal axes (the peak of the Lyα line
is well off-scale), with emission lines marked. The C IV line is markedly asymmetric,
perhaps indicating self-absorption on the blue side.
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line of sight, the scattered component dominates over the direct emission, and the

typical levels of polarization are much higher – a few per cent (Tran, 1995a; Smith

et al., 2002, 2003; Zakamska et al., 2005), reaching & 20% in several exceptional

cases (Hines et al., 1995; Smith et al., 2000; Zakamska et al., 2005). Thus high levels

of polarization are strongly suggestive of an obscured active nucleus. The spectrum

of the polarized component can be that of an unobscured quasar, showing a blue

continuum and broad permitted emission lines (Antonucci & Miller, 1985; Zakamska

et al., 2005).

In 2012 September we observed two high-redshift Type II quasar candidates from

our Class A sample with the CCD Spectropolarimeter (SPOL; Schmidt et al. 1992b)

on the 6.5m MMT using the National Optical Astronomical Observatory time allo-

cation in sub-optimal weather conditions. SDSSJ220126.11+001231.5 was observed

over 4 hours, and SDSSJ004728.77+004020.3 over 2 hours, with a 1.1′′ slit and low-

resolution grating, resulting in wavelength coverage of 4000-8000 Å and spectral res-

olution 19 Å. Because the sources are faint (i = 20.7 and i = 21.2 mag, respectively),

we bin the data in wavelength, allocating bins separately for continuum-dominated

and emission-line-dominated regions. The combined results of the MMT observations

are shown in Figure 2.13. Unfortunately, this binning and the limited S/N mean that

we are not able to measure the width of the lines in polarized light.

When averaged over the high S/N continuum region of 5000−7000 Å, SDSS2201+0012

is polarized at a level of 1.9 ± 0.3%, with position angle 176◦ ± 4◦ (East of North).
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This polarization is significantly higher than the typical polarization of unobscured

quasars (0.5%), any instrumental systematics (. 0.1%), or polarization that can be

acquired due to the propagation of light through the dust in the Galaxy (< 0.8%,

Berriman et al. 1990). There is no evidence that the narrow emission lines are polar-

ized any less than the surrounding continuum, indicating that the scattering medium

is distributed on scales that are larger than the narrow line region. For the COSMOS

source (§ 2.5.5), we concluded that the scattering region had to be compact; addi-

tional spectrophotometry and high-resolution imaging of the same sources (Zakamska

et al., 2006) will be valuable to determine whether there is a contradiction here.

The polarization fraction rises toward the blue part of the spectrum, where it

reaches >5%. This change is either indicative of a wavelength-dependent scatter-

ing mechanism or of a red unpolarized component that dilutes blue polarized light

(Zakamska et al., 2005). Since electrons scatter optical and UV light in a wavelength-

independent manner, the first possibility calls for dust particles to be primarily re-

sponsible for scattering. This is not an uncommon occurrence, especially in high-

luminosity obscured or reddened quasars where scattering occurs over a large fraction

of the entire host galaxy (Hines et al., 2001; Zakamska et al., 2005; Schmidt et al.,

2007) rather than being confined to the highly ionized circumnuclear material (An-

tonucci & Miller, 1985). However, the contribution of the unpolarized but reddened

quasar continuum can mimic the wavelength dependence of the polarized fraction,

and we cannot rule out either of these explanations with the current data. Rest-
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frame optical (observed-frame near-infrared) observations will help distinguish these

scenarios by allowing us to determine the shape of the continuum and thus the level of

quasar obscuration. The high S/N MMT spectrum reveals a hint of a broad shallow

absorption feature blueward of C IV, which is thought to come from the central region

in AGN, suggesting that the light from the central engine is not completely obscured.

In any case, the high level of polarization seen in SDSS2201+0012 strongly suggests

that it is either an obscured or a heavily reddened quasar.

SDSS0047+0040 is not as highly polarized as SDSS2201+0012, with a average

polarization over 5000 to 7000Å of 0.91± 0.35% (position angle 28◦± 10◦). The most

striking feature in this source is that the mini-absorption trough blueward of the C IV

emission line is polarized at a level of ∼ 6%, or > 3σ higher than the continuum.

This feature is similar to that seen in broad absorption line quasars (e.g., DiPompeo

et al. 2011). Indeed, in these sources the absorption trough blocks the direct light

from the quasar and thus suppresses the quasar continuum contribution relative to

the scattered light emission produced on larger spatial scales, increasing the level of

polarization seen within the trough relative to that seen at other wavelengths. We

conclude that the modest level of polarization of SDSS0047+0040 and the polarization

increase within the mini-trough suggest that some of the continuum in this source is

direct quasar light. The definitive test whether these two objects are obscured would

be broad emission lines in the polarized spectrum. This will require substantially

higher S/N spectropolarimetry than we have obtained.
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Figure 2.13: Results of spectropolarimetric observations of two candidate obscured
quasars with SPOL on MMT. In the top panels, we show the BOSS spectra in gray
and MMT spectra in black (both the overall spectra and an expanded view to high-
light weak features are shown). The MMT spectra were taken in non-photometric
conditions and have been scaled up by a factor ∼ 1.5 to line up with the SDSS con-
tinuum. In the bottom panels we show the fractional polarization measured using
SPOL observations, in percent, and the polarization position angle in degrees E of N.
These have been binned over interesting wavelength regions (continuum and lines) to
build up S/N.
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2.6 Discussion

We consider our objects to be candidate Type II quasars by drawing an analogy

with the defining characteristics of Seyfert II galaxies at lower redshift: narrow per-

mitted lines seen in the rest-frame ultraviolet, and a relatively weak continuum, as

quantified by high equivalent widths of these lines. The key questions, which we have

yet to answer, are: (a) what are the intrinsic luminosities of these objects; and (b)

what is the range of the obscuration we probe in this sample. We do know that at

least some of these sources are highly luminous (> 1046 erg sec−1), given detections

in the Spitzer MIPS 24µm band (§ 2.5.3). Although WISE data do not go out to

long enough wavelengths to probe the peak of the IR SED, they indicate similarly

high luminosities for a few other sources in this sample. X-rays are another probe of

unobscured luminosity; observations in the 2-10 keV energy range sample rest-frame

energies from 7 to 35 keV, where even moderately Compton-thick sources should be

detected. We have serendipitous detections of a handful of sources (§ 2.5.4), but tar-

geted observations with Chandra or XMM-Newton will yield new insights into their

true luminosities.

Our objects have continuum absolute magnitudes of −23 and brighter in the

ultraviolet (Figure 2.6); this is too luminous to be explained by the stellar continuum

of the host galaxy of an obscured quasar. Indeed, the brightest unlensed galaxies

known at z > 2 are roughly r = 24 (Shapley, 2011), two magnitudes fainter than

the faintest objects in our sample. Thus the continuum light that we are seeing must
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be dominated by the nucleus itself. There are three possible explanations: (a) these

sources are only modestly extincted (AV ∼ 0.5, corresponding to 1.5 magnitudes

of extinction at 1500 Å for an R = 3.1 extinction law), (b) substantial amounts

of quasar continuum light are scattered by distributed dust or electrons, as is seen

in lower-redshift Type II quasars, or (c) the line of sight to the central region is

heavily obscured, but the covering fraction is not complete, allowing some amount of

unobscured continuum through. The relatively blue continuum and the broad bases

seen on the emission lines in the composite spectrum (Figure 2.7) are consistent with

all three of these hypotheses, and the rough similarities in the broad-band colors and

SEDs of these objects and Type I objects are supportive of the scattering and partial

covering hypotheses. We have polarization data on only two objects to date (§ 2.5.6);

the fact that both objects are strongly polarized suggests extincted objects with

substantial scattering. It may well be that our sample is heterogeneous, with some

more extincted than others. With this in mind, it is dangerous to draw conclusions

about the whole population from just a few objects.

Lower-redshift obscured quasars have been identified as such by their narrow

Balmer emission lines. Near-infrared spectroscopy allows measurement of these lines

directly in our high-redshift objects, to determine whether the permitted lines remain

narrow at wavelengths where extinction due to dust is significantly smaller. We report

observations in the near-infrared in Greene et al. (2014); consistent with the modest

extinction hypothesis, many of our sources do show evidence for broad Balmer lines.
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The near-infrared data will also allow us to measure the luminosity in the [O III]5008Å

emission line, which has been used as a proxy for bolometric luminosity.

If the continua in these objects include a contribution from scattering, we might

detect extended scattered emission in high-resolution images, as is seen in lower-

redshift Type II quasars (Zakamska et al., 2006). The COSMOS object is unresolved

in HST images, but we have an ongoing HST program to image six sources from our

survey; the results will be presented in a future paper.

If the continuum we are seeing from these objects is dominated by scattered light

on kpc scales, one would not expect to see variability on human timescales. A number

of our objects fall on the Equatorial Fall Stripe in the Southern Galactic Cap (“Stripe

82”), which was repeatedly imaged during the SDSS (Abazajian et al., 2009), allowing

a search for such variability.

In future work, we hope to use this sample to quantify the relative numbers of

obscured and unobscured quasars as a function of redshift and luminosity. This is a

challenging task, given the uncertainties we have just discussed about the amount of

extinction and the true luminosities of our sources. However, these objects are not

extremely rare: the 145 sources in our Class A sample are drawn from SDSS DR9,

which represents only the first year of BOSS data taking, or about 1/3 of the final

BOSS survey. We can expect the sample to triple in size by the time of the final

BOSS data release in late 2014. Future wide-angle spectroscopic surveys on larger

telescopes, such as those to be carried out by the Prime Focus Spectrograph being
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built for the Subaru Telescope (Takada et al., 2014), may reveal substantially more

such objects.

2.7 Conclusions

We have identified a sample of candidate Type II quasars at redshifts between

2.0 and 4.3 from the spectra of the Baryon Oscillation Spectroscopic Survey. They

are characterized by strong narrow (FWHM < 2000 km s−1) Lyα and C IV emission

lines of high equivalent width. Our sample includes 145 “Class A” objects, plus

an additional 307 “Class B” objects whose classification is less certain. Our main

conclusions are as follows:

• These objects have continuum absolute magnitudes of −23 and brighter, sug-

gesting that the quasar continuum is only modestly extincted, that the extinc-

tion is patchy, or that the quasar continuum is strongly scattered.

• A composite high S/N spectrum shows broad bases (FWHM∼ 3500 km s−1) in

many emission lines, suggesting modest extinction or substantial scattering of

light from the central engine.

• The distribution of broad-band colors of these objects from the rest-frame ul-

traviolet to 1µm are consistent with those of unobscured quasars at the same

redshift.
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• The ratios of the strengths of the C IV, He II, and C III emission lines are distinctly

different from those of other classes of Type II AGN at high redshift, suggesting

a higher ionization parameter and a lower metallicity than these other samples.

• Many of the objects show significant self-absorption in the Lyα and C IV emission

lines, often blue-shifted relative to the rest-frame peaks of the lines, suggesting

substantial absorbing gas and outflows.

• Serendipitous observations of a dozen objects at 24µm with the Spitzer Space

Telescope imply bolometric luminosities above 1046 erg s−1.

• Polarization measurements of two objects suggest that there is a significant

scattered component to the continuum.

• Further insights into the intrinsic luminosities, obscuration, and physical na-

ture of these sources will require additional X-ray, near- and mid-infrared, and

spectropolarimetric observations.
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Chapter 3

Sensitive radio survey of obscured

quasar candidates

We study the radio properties of moderately obscured quasars in samples at both

low (z ∼ 0.5) and high (z ∼ 2.5) redshift to understand the role of radio activity

in accretion, using the Karl G. Jansky Very Large Array (VLA) at 6.0GHz and

1.4GHz. Our z ∼ 2.5 sample consists of optically-selected obscured quasar candidates,

all of which are radio-quiet, with typical radio luminosities of νLν [1.4 GHz]. 1040

erg s−1. Only a single source is individually detected in our deep (rms∼ 10 µJy)

exposures. This population would not be identified by radio-based selection methods

used for distinguishing dusty star-forming galaxies and obscured active nuclei. In

our pilot A-array study of z ∼ 0.5 radio-quiet quasars, we spatially resolve four of

five objects on scales ∼ 5 kpc and find they have steep spectral indices with an
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average value of α = −0.75. Therefore, radio emission in these sources could be

due to jet-driven or radiatively driven bubbles interacting with interstellar material

on the scale of the host galaxy. Finally, we also study the additional population of

∼ 200 faint (∼ 40µJy - 40mJy) field radio sources observed over ∼ 120 arcmin2 of

our data. 60% of these detections (excluding our original targets) are matched in

the Sloan Digital Sky Survey (SDSS) and/or Wide-Field Infrared Survey Explorer

(WISE) and are, in roughly equal shares, active galactic nuclei (AGN) at a broad

range of redshifts, passive galaxies with no other signs of nuclear activity and infrared-

bright but optically faint sources. Spectroscopically or photometrically confirmed

star-forming galaxies constitute only a small minority of the matches. Such sensitive

radio surveys allow us to address important questions of AGN evolution and evaluate

the AGN contribution to the radio-quiet sky.

3.1 Introduction

The composition of the sub-mJy radio sky, including the active galactic nuclei

(AGN) fraction at sub-mJy levels, is still an open question as it is only recently that

the capabilities of the expanded Karl G. Jansky Very Large Array (VLA), 5 − 20×

more sensitive than the original VLA, have opened up the realm of sub-mJy radio

populations without stacking analysis. A change in the overall slope of differential

radio source counts below ∼ 1 mJy suggests that a new population of sources be-
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gins to contribute below these flux densities. Theoretical predictions (e.g Massardi

et al., 2010) and observations by e.g. Bonzini et al. (2013) suggest that at the level

of hundreds of µJy the radio sky begins to be dominated by star-forming galaxies.

Alternatively, Jarvis & Rawlings (2004) have also suggested, based on X-ray source

counts, that type 2 and low luminosity AGN could contribute most of the necessary

radio flux below 1 mJy.

Recent deep surveys such as VLA-COSMOS (Schinnerer et al., 2004) and the

Extended Chandra Deep Field South (E-CDFS Miller et al., 2013) have differed

slightly in their detection fraction of multi-wavelength counterparts (essential for

proper source classification), their classification schemes and results. In the E-CDFS,

which covered ≈ 0.3 deg2 down to an average 5σ flux density of ≈ 37 µJy with the

VLA at 1.4 GHz, Bonzini et al. (2013) found that AGN made up 43% of their entire

sample of 883 sources, being 100% of sources at ∼ 10 mJy but only 38% at the sur-

vey limit with the remainder of sources being star-forming (SF) galaxies. Meanwhile,

Smolčić et al. (2008) find a nearly constant combined fraction of 70% for AGN and

quasars in the VLA-COSMOS Survey, covering 2 deg2 in the COSMOS field down to

the survey flux limit of 50 µJy.

At a given bolometric AGN luminosity, the observed radio power varies over many

orders of magnitude, with only a small fraction (≈ 15 − 10%) of the most lumi-

nous optically-selected sources displaying classical radio-loud jets on kiloparsec scales

(Kellermann et al., 1989; Xu et al., 1999; Zakamska et al., 2004). Classically, radio
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sources are divided based upon the ratio of their radio luminosity to optical luminos-

ity (or “radio-loudness”), though there is continued disagreement as to whether these

two populations, “radio-loud” and “radio-quiet” sources represent a true dichotomy

(e.g. Kellermann et al., 1989; Ivezić et al., 2002; Dunlop et al., 2003; White et al.,

2007; Bonchi et al., 2013). If there is a break or bimodality in the radio luminosity

function of quasars (Kimball et al., 2011; Condon et al., 2013), this might suggest that

two different mechanisms may be responsible for the radio emission in the radio-loud

and radio-quiet quasar populations.

It is not clear what mechanism would produce the radio emission in radio-quiet

quasars. Currently there are four working hypotheses: (i) radio-quiet quasars are

simply the scaled-down version of their radio-loud counterparts, implying that the

radio emission observed is from a compact jet (Kukula et al., 1998; Ulvestad et al.,

2005; Giroletti & Panessa, 2009). (ii) Radio emission could also be due to synchrotron

emission in accretion disk corona(Laor & Behar, 2008; Raginski & Laor, 2016). (iii)

The presence of a relationship between the kinematics of ionized gas in local Type

2 radio-quiet quasars and their radio luminosity (Mullaney et al., 2013; Zakamska &

Greene, 2014) suggests that quasar-driven outflows could be the source of the radio

emission in radio-quiet quasars (Stocke et al., 1992; Faucher-Giguère & Quataert,

2012; Zubovas & King, 2012; Zakamska & Greene, 2014; Nims et al., 2015).(iv) Finally,

radio emission associated with star formation in the host galaxy may be responsible

for most or all of the faint radio luminosity in these sources (e.g. Kimball et al., 2011;
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Padovani et al., 2011; Condon et al., 2013).

Differentiating between these scenarios is difficult. Some arguments can be made

on the grounds of energetics; for example, star formation rates in host galaxies of

quasars at z < 1 are inadequate to explain the observed radio emission by about an

order of magnitude (Zakamska et al., 2016b), though the same argument might not

apply to lower luminosity AGN (Rosario et al., 2013) or quasars at z > 2 (Kimball

et al., 2011; Condon et al., 2013). As for scenarios (i)−(iii), a detailed analysis of

radio spectral indices (Fν ∝ να) and radio morphology for a large sample of quasars

presents the best path for differentiating between these possible explanations for the

radio emission in radio-quiet quasars. In particular, coronal emission is expected

to be on parsec scales and have flat spectral indices (α ≈ 0; Laor & Behar 2008;

Raginski & Laor 2016), similar to parsec-scale cores of radio jets, whereas radio

emission produced on larger scales either in winds or in jet-powered lobes or in star

formation is expected to have steep spectra (α ≈ −0.7) and be partially resolved. The

resolution and sensitivity capabilities of the upgraded VLA makes such a dedicated

study possible for the first time.

Here we present the results of two separate pilot surveys of the sub-mJy radio

sky taken with the VLA in A and B-configurations. The data for this project were

intended to study the continuum radio properties of radio-intermediate and radio-

quiet predominantly optically-obscured quasars at both low (z . 0.8) and high (z ∼

2.5) redshifts using observations that were at least 5× deeper than the Faint Images
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of the Radio Sky at Twenty Centimeters (FIRST; Becker et al., 1995) survey. In § 5.2

we describe our various sample selection methods as well as the VLA observations and

subsequent data reduction and analysis. We look more closely at our samples of high

and low-redshift radio-quiet obscured quasars in § 3.3 and § 3.4. Then § 3.5 explores

the sample properties of the sub-mJy radio sources we have identified as well as their

optical and mid-infrared (MIR) counterparts and we present some interesting sources

in § 3.6. Finally, we discuss the implications of our results and offer our conclusions

in § 5.6.

We use a h = 0.7,Ωm = 0.3,ΩΛ = 0.7 cosmology throughout the paper. We quote

radio luminosities k-corrected to the rest frame 1.4 GHz for ease of comparison with

other datasets using equation

νLν [1.4GHz] = 4πD2
L(1 + z)−1−α

(
ν

νobs

)1+α

νobsFν,obs. (3.1)

Here, ν and Lν are at 1.4 GHz, and νobs and Fν,obs are at the frequency of our

observations (1.4 or 6 GHz), and for k-corrections we use spectral index α = −0.7

when it was not possible to calculate the observed value. We observe objects at

z ∼ 2.5 at 1.4 and 6 GHz, corresponding to rest-frame frequencies 5.3 and 21 GHz,

and therefore the mismatch between our reference frequency (1.4 GHz) and the rest-

frame frequency probed by our observations is quite significant. If the spectral index

is α = −0.3 instead of −0.7 for a z = 2.5 source whose flux density is measured
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at νobs = 6 GHz, its true 1.4 GHz intrinsic luminosity is 3 times fainter than that

inferred from equation (3.1). In § 5.2−§ 3.4, we use SDSS Jhhmm+ddmm notation

for identifying our primary targets (the centers of our fields) and in § 3.5-§ 3.6 we use

the full SDSS Jhhmmss.ss+ddmmss.s notation for identifying sources in the field.

3.2 Sample Selection, Observations and

Data Reduction

In this section we describe the sample selection, the observations, steps of the data

reduction and analysis performed on each field.

3.2.1 Sample Selection and Observations

Our high-redshift program VLA/13B-382 targeted a sample of 11 high-redshift

(2.0 < z < 4.2) obscured quasar candidates from Alexandroff et al. (2013). These

sources were originally selected from the Sloan Digital Sky Survey (SDSS) Baryon

Oscillation Spectroscopic Survey (BOSS; Dawson et al., 2013) by their narrow emis-

sion line widths with a full-width at half maximum (FWHM)< 2000 km s−1 in both

C IV and Lyα and weak continuum in the rest-frame UV. Only objects from Data

Release 9 (Ahn et al., 2012) or earlier are included in this search due to the timeline

of the research. Follow-up spectroscopic observations of a sub-sample of twenty-five
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of these objects in the rest-frame optical (Greene et al., 2014) showed that most of

them have a broad Hα component and that therefore most of these objects must have

intermediate values of extinction (0 < AV < 2.2 mag) akin to type 1.8/1.9 quasars.

The basic radio properties of this population, based on matching with FIRST, were

presented by Alexandroff et al. (2013).

We chose eleven objects for deep observations with the VLA (see Table 3.1),

selected to have the greatest possible overlap with other multi-wavelength follow-up

of the original Alexandroff et al. (2013) sample; none were detected in FIRST. This

sample was observed with the VLA in both L- and C-bands (spanning the frequency

range of ≈ 1−2 GHz and ≈ 4−8 GHz respectively) in the array’s B configuration

which provides ∼ 4.3′′ and ∼ 1′′ resolution at the given central frequency respectively.

The spatial resolution at ∼ 6 GHz corresponds to a physical scale of ∼ 8 kpc at

z ∼ 2.5.

Observations were scheduled dynamically in blocks of three objects. We observed

one flux/bandpass calibrator at the beginning of each observation set. Targets were

observed while nodding between a phase/amplitude calibrator every twenty minutes.

Total on-source time was 32.5 minutes in the L-band and 28 minutes in the C-band per

object. In the L-band, we recorded in full polarization the total 16 contiguous spectral

windows with 64× 1 MHz channels each to yield a total instantaneous bandwidth of

1024 MHz centered at 1.4 GHz. In the C-band we had two frequency bands centered

at ≈ 5 GHz and ≈ 7 GHz respectively, each with 8 spectral windows of 64 × 2 MHz
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channels to yield a total of 2048 MHz bandwidth.

Our low-redshift program VLA/14A-310 originally targeted 106 type 2 and type 1

radio-quiet quasars at z . 0.8 from Reyes et al. (2008) and Liu et al. (2014), but was

scheduled as filler, and as a result only five sources were observed (Table 3.2): four

type 2 quasars and one type 1. Of the original sample of 106 objects proposed, 80%

were detected with FIRST, at no more than the few mJy level. Of the five objects

observed, all but one were previously detected in FIRST and only one of the sources

in FIRST (SDSS1123+3105) was clearly resolved.

This sample was observed in the C-band (≈ 4−8 GHz) in the VLA’s A configu-

ration which provides resolution of 0.33′′, corresponding to ∼ 2 kpc at z ∼ 0.5. All

objects were observed on April 14, 2014. Based on our experience with the high-

redshift program, we adjusted central frequencies of the two bands to 5.25 and 7.2

GHz, which reduced somewhat the effects of radio frequency interference. Obser-

vations included the flux standard 3C286 and were conducted with nodding to an

appropriate amplitude and phase calibrator. Total on-source time was 11.5 minutes

per source.

3.2.2 Data Reduction and Analysis

We reduced the data using the Common Astronomy Software Applications (CASA)

package v4.3.0 (McMullin et al., 2007). Raw visibilities were calibrated using the
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VLA Calibration pipeline version 1.3.11. All solutions were inspected and additional

flagging, as necessary, was accomplished by hand using CASA’s Plotms task.

All maps were created in CASA at the band center with a Briggs weighting scheme

of ROBUST = 2.0 (natural weighting) to maximize our sensitivity to faint sources.

The map size was set to match the primary beam full-width at half power which is

approximately 7 arcminutes in the C-band. Certain fields included strong sources

far from the image center that left residuals in the images which were difficult to

clean. In these cases larger maps were created for the purpose of cleaning but the

final images analyzed were cropped to be the same size as the rest of the sample.

Finally, we corrected every field for primary beam attenuation using the task pbcorr.

The typical rms at the field center was ∼ 1.5 × 10−5Jy/beam for the C-band and

∼ 8× 10−5Jy/beam in the L-band.

3.2.3 CLEAN bias

CLEAN bias is a loss of flux due to sparse uv-coverage (White et al., 1997; Condon

et al., 1998). To measure the CLEAN bias we insert two fake point sources (of flux

density 1 mJy and 0.1 mJy) into two of the 6.0GHz B-array fields (SDSS J2233+0249

and SDSS J0046+0005) at the field center. We then clean on the fake source position

and measure the total flux density. We find an average CLEAN bias of −12 µJy at

6 GHz, independent of source brightness. At 1.4GHz we insert a fake point source of

1https://science.nrao.edu/facilities/vla/data-processing
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flux density 10mJy at the field center of SDSS J0046+0005 and measure a CLEAN

bias of 1.1mJy. Therefore, CLEAN bias is not important for those of our targets

whose flux densitis are known from FIRST to be & 1 mJy. We take the CLEAN

bias into account when evaluating the quality of spectral indices in the faint radio

population (§ 3.5).

3.3 High redshift quasars

In this section, we discuss the VLA observations of eleven moderately obscured

quasar candidates at z = 2−3 (Table 3.1) and the implications of these data in § 3.3.2.

These objects are selected based on their emission line properties from the SDSS

spectroscopic database (Alexandroff et al., 2013) and then shown to be moderately

obscured (AV . a few mag) using follow-up near-infrared spectroscopy (Greene et al.,

2014).

Table 3.1: High Redshift Sample Properties. Peak flux density and rms values
are in µJy/beam and are measured using Aegean to do forced measurements at the
optical locations of our sources. SDSS J2201+0012 is the only real radio detection.
FWHM[OIII] is the full width at half maximum of the [OIII]λ5007Å emission line
where available from the near-infrared follow-up observations, in km s−1 (Greene
et al., 2014).

Source name z F peak
ν F rms

ν FWHM
SDSS coordinates 6 GHz 6 GHz [OIII]
SDSS J004600.48+000543.65 2.458 < 7.07 9.36
SDSS J004728.77+004020.30 3.063 < 5.41 9.47
SDSS J013327.23+001959.61 2.723 < 19.2 5.08
SDSS J090612.64+030900.37 2.503 < 19.9 11.9
SDSS J091357.87+005530.72 3.206 < 25.8 10.4
SDSS J091301.33+034207.60 3.006 < 29.3 10.5 390± 40
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SDSS J095118.93+450432.42 2.451 < 23.8 10.2 401± 50
SDSS J103249.55+373649.03 2.354 < 8.85 13.1 840± 410
SDSS J220126.09+001231.50 2.635 268.0 7.63
SDSS J222946.61+005540.51 2.368 < 8.51 4.69 550± 50
SDSS J223348.07+024932.80 2.587 < 3.73 5.20

3.3.1 FIRST and VLA observations of

high-redshift obscured quasar candidates

In Alexandroff et al. (2013) we matched our sample of 145 high redshift Type 2

quasar candidates with the FIRST all-sky survey. We found a detection rate of only

2% (3 matches with FIRST within 3′′), low by comparison to the radio-loud fraction

of quasars, which (depending on the definition of radio-loudness) is estimated at

∼ 10 − 20% (Zakamska et al., 2004; Jiang et al., 2007; Kratzer & Richards, 2015).

Of the three sources detected in FIRST, all have measured peak flux densities of

only ∼ 2 mJy (accounting for CLEAN bias) which corresponds to a k-corrected

luminosity of νLν [1.4 GHz] = 8.5 × 1041 erg s−1 at a mean redshift of 〈z〉 = 2.34.

At this redshift, such objects may be considered radio-intermediate (Xu et al., 1999).

But with typical luminosity sensitivity at this redshift of 1042 erg s−1, the FIRST

survey is not quite deep enough to probe the transition between the radio-quiet and

radio-loud population, and deeper observations were required

We start our analysis of the radio properties of this population with a stack of all

142 non-detected sources from the FIRST survey. We extract 30.6”×30.6′′ cutouts
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from the FIRST survey2 at the SDSS position of each quasar that was not detected at

the FIRST survey limit of ∼ 1 mJy and combine them using both a mean and median

stacking (see Figure 3.1). We find no detection in either stack. The standard deviation

of the mean image is 11.7 µJy and so we place the upper limit for a detection at 3σ or

35 µJy. While these sources were below the FIRST detection threshold, and thus were

not CLEANed during FIRST image processing, we must still account for Snapshot

bias in our detection which is also believed to be the result of the non-linear CLEAN

processing of images though it is still not well understood (White et al., 2007). We

correct for Snapshot bias using equation (1) in White et al. (2007), obtaining a 49

µJy upper limit (3σ) on the mean flux density of our stack. At a redshift of 2.5 our

measured upper limit on the flux density corresponds to a k-corrected luminosity of

νLν [1.4 GHz] < 2.4× 1040 erg s−1.

In our VLA program we targeted eleven high redshift obscured radio-quiet quasar

candidates from Alexandroff et al. (2013). Only one, SDSS J2201+0012, is detected

in our VLA program, with a flux density of 0.244 mJy corresponding to a radio power

of νLν [1.4 GHz] = 8.5 × 1040 erg s−1 at z = 2.6. This is above the limit set by our

FIRST stacking analysis. We extract cutouts of the same size as the FIRST cutouts

from our VLA maps around the SDSS positions of our undetected sources at 6.0

GHz. We see a detection in the mean stack with a flux density of 12.5 µJy at 6 GHz

(see Figure 3.2) which, correcting for our measured CLEAN bias, corresponds to an

2http://third.ucllnl.org/cgi-bin/firstcutout
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Figure 3.1: Mean (left) and median (right) stacks of FIRST images (20 cm) at the
locations of all 142 non-detected Type 2 quasar candidates from Alexandroff et al.
(2013) displayed using asinh scaling. Nothing is detected in either stack, allowing us
to set an upper limit on the mean flux density of our Type 2 sources at 35 µJy (without
Snapshot bias).
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Figure 3.2: Mean stack of VLA images at the locations of all non-detected Type
2 quasar candidates from our VLA program at 6.0GHz. We see a clear detection
here with a mean flux density of 12.5 µJy (not accounting for CLEAN bias). This
detection is also seen in additional stacks in which we remove a single source at a
time, indicating that the radio power is not dominated by a single bright source. The
other detection, on the top left of the image, comes from a bright source in the field
of SDSS J0818+2237. The patchy structure to the left is residual flux density from
the dirty beam of a nearby object in the field of SDSS J0951+4504.

expected real flux density of ∼ 24.5 µJy. This corresponds to a radio power using

the mean redshift of our sample 〈z〉 = 2.67 median redshift z = 2.59) of νLν [1.4

GHz]= 9.1(±2.2)× 1039 erg s−1 (νLν [1.4 GHz]= 8.4(±2.1)× 1039 erg s−1). We make

additional stacks, removing one source in each stack, and find that each shows a clear

detection, so the radio power in our stack is not predominantly from a single object.

The flux density of the stacked detection, if we assume a spectral index of α = −0.7,

is just below the upper limit set by stacking our FIRST images.
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3.3.2 Implications

Obscured quasar candidates at z = 2 − 3 remain a challenging population to

identify even in deep multi-wavelength surveys, and the full extent of this population

remains unknown. Their high infrared-to-optical ratios can be mimicked by those

of dusty star-forming galaxies (Mart́ınez-Sansigre et al., 2006). Optical colors alone

do not distinguish these objects from various other populations (Alexandroff et al.,

2013) because strong narrow emission lines with varying equivalent widths combined

with varying degree of extinction can yield a wide range of optical colors. Infrared

color selection methods and infrared-to-optical color selection methods recover inter-

esting populations of high-redshift obscured quasars (Assef et al., 2015; Ross et al.,

2015), but it is not known whether these methods are complete even at the highest

luminosities.

To select a sample of high-redshift obscured quasar candidates, Mart́ınez-Sansigre

et al. (2006) used radio flux densities as a distinguishing characteristic to separate

quasar candidates from star-forming galaxies. Their minimal radio flux density cut

was 0.35 mJy at 1.4 GHz, corresponding to νLν [1.4 GHz]= 1.7 × 1041 erg s−1 at

z = 2.5. None of our sources would be uncovered with these observations, indicating

that radio-based selection methods for obscured quasars recover only “the tip of the

iceberg” of the obscured quasar population.

As we’ve described above, the origin of the radio emission in radio-quiet obscured

quasars is unknown, but it appears that the amount of this emission in AGN and

84



CHAPTER 3. SENSITIVE RADIO SURVEY OF OBSCURED QUASARS

quasars is positively correlated with the kinematics of the forbidden emission lines

such as [OIII]λ5007Å (Mullaney et al., 2013; Zakamska & Greene, 2014), implying

that there is a connection between radio emission and the ionized gas winds driven

by the quasar. The best-fit quadratic relationship is

log(νLν [1.4 GHz], erg s−1) =

2× log(FWHM, km s−1) + 34.47 =

2× log(FWQM, km s−1) + 34.07, (3.2)

with a standard deviation of around 0.5 dex around this relationship when the radio-

loud quasars are removed. Here FWHM and FWQM are the full width at half maxi-

mum and at quarter maximum of the [OIII]λ5007Å emission line.

The strongest forbidden line [OIII]λ5007Å is redshifted out of the optical spec-

trum at the redshifts of our targets and therefore is not directly accessible with the

SDSS spectra. To probe where our candidates lie in relation to this correlation, we

use [OIII] kinematics analysis from Greene et al. (2014) who followed up 25 candidate

obscured quasars with near-infrared observations, including four of the objects with

VLA observations (SDSS J0913+0342, SDSS J0951+4504, SDSS J1032+3736, and

SDSS J2229+0055). The median FWHM([OIII]) in that sample is 475 km s−1, which

would imply the median radio luminosity of νLν [1.4 GHz]= 1039.8 erg s−1, entirely

consistent with the observed value (1040.0 erg s−1). The objects in our sample are
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selected in a manner similar to the optical selection of low redshift (z ∼ 0.5) ob-

scured quasars (Zakamska et al., 2003; Reyes et al., 2008): on the basis of strong

narrow rest-frame ultra-violet emission lines and the absence of a detectable quasar

continuum. When they are observed in the rest-frame optical they tend to show

relatively quiescent [OIII] kinematics (Greene et al., 2014) in addition to their small

radio luminosities.

We now compare these results with the properties seen in a population of ex-

tremely red quasars which are selected from BOSS and WISE based on their high

infrared-to-optical ratios and high equivalent widths of the CIVλ1549Å emission (Ross

et al., 2015). Although these objects do not conform to all the classical characteristics

of type 2 quasars, their multi-wavelength properties are indicative of large amounts

of obscuration (Ross et al., 2015; Hamann et al., 2017). In follow-up near-infrared

spectroscopy, four of these objects show [OIII]λ5007Å with extremely high velocity

widths, FWHM([OIII])=2800−5000 km s−1 (Zakamska et al., 2016a). Radio stacking

of a sample of 81 extremely red quasars using FIRST observations shows a mean flux

density of 0.13 mJy (Hamann et al. in prep.) which we estimate is about 0.18 mJy

when corrected for the Snapshot bias (White et al., 2007). Because this sample is of

similar size to our type 2 sample which showed no detection, we conclude that there

is a clear difference in the average radio properties of these two samples.

This flux density at the median redshift (〈z〉 = 2.48) of the stacked sample of

extremely red quasars corresponds to νLν [1.4 GHz]= 8×1040 erg s−1. With a median
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FWHM([OIII])= 2930 km s−1 (Zakamska et al., 2016a), we would expect a somewhat

higher radio luminosity, 1041.4 erg s−1. However, the objects picked for the near-

infrared follow up thus far are the most extreme and therefore likely have a higher

than average FWHM([OIII]) compared to the full sample, biasing any calculation of

the expected radio luminosity from the radio/kinematics relationship. Overall, the

qualitative agreement between the low-redshift kinematics/radio relationship and the

two high-redshift samples – type 2 quasar candidates from this paper and extremely

red quasars from Hamann et al. (2017) – is remarkable and implies that the relation-

ship observed between [OIII] kinematics and radio luminosity observed at z . 0.8

may also be applicable at higher redshifts. This gives further support to the notion

that radio emission in radio-quiet quasars is intimately connected with quasar-driven

ionized gas outflows.

Radio emission in nearby radio-quiet AGN is often attributed to star formation

(Rosario et al., 2013). However, in quasars with Lbol & 1045 erg s−1 at low redshifts

(z . 1), radio emission due to star formation (as estimated from infrared measures of

star formation) is about an order of magnitude too low to account for the observed

radio luminosity (Zakamska et al., 2016b). In high-redshift quasars, hundreds of M�

yr−1 of star formation would be required to power the observed radio emission at the

radio-quiet tail of the quasar distribution (Kimball et al., 2011; Condon et al., 2013).

In the two classes of obscured quasars discussed here, with estimated bolometric

luminosities in the range Lbol ∼ 1046−47 erg s−1 – narrow-line selected type 2 quasar
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candidates and extremely red quasars – 360 and 3800 M� yr−1 respectively would

be required to power all of the observed radio emission (our adopted calibration is

discussed in § 3.5.6). We do not yet have any additional information to support or rule

out this scenario of extremely high star formation accompanying the quasar activity

in these objects. Tsai et al. (2015) argue against such high star formation rates for

hot dust-obscured galaxies (which are analogs of extremely red quasars) on the basis

of the lack of a molecular gas reservoir, although it is not clear if the same argument

applies for our less radio-luminous type 2 quasars. Taken together, the improbably

high rates of star formation implied by converting νLν [1.4 GHz] to a star formation

rate, and the observed correlation between the quasar powered L[OIII] and νLν [1.4

GHz] suggests that the radio luminosity is being predominantly fueled by the quasar.

3.4 Low redshift quasars

As was discussed in the previous section, the radio emission of radio-quiet quasars

is related to the ionized gas kinematics (Mullaney et al., 2013; Zakamska & Greene,

2014). With this in mind we discuss high-resolution A-array observations of five low-

redshift quasars and their ionized gas kinematics in § 3.4.1 and the implications of

our observations in § 3.4.2.
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Figure 3.3: Relationship between radio power and [OIII] luminosity for type 1 and
type 2 AGN, after Xu et al. (1999) and Lal & Ho (2010). The gray crosses are the
sample of Xu et al. (1999) but using a modern cosmology. These objects appear to
cover two separate regions of parameter space, and were thus classified as radio-loud
(top) and radio-quiet (bottom) AGN respectively. The green points are those of the
objects from Xu et al. (1999) that are classified as radio-intermediate based on this
diagram. The red circles are from the sample of Lal & Ho (2010). The four low-
redshift Type 2 quasars and one low-redshift Type 1 quasar observed in this program
are plotted in purple.

3.4.1 FIRST and VLA observations of z < 1 quasars

We observed five fields with the A-array at 6 GHz, four centered on type 2 quasars

from Reyes et al. (2008) and one centered on a type 1 quasar from Liu et al. (2014). All

five are easily detected. All of our objects lie in the radio-quiet or radio-intermediate

regime based on the ratio of the [O III] emission to radio flux density (Figure 3.3, after

Xu et al. 1999).

We resolve or marginally resolve four of the five sources we observed with the

A-array resolution of 0.5′′ (Figure 3.4). The remaining source, SDSS J1101+4004, is

consistent with being point-like but it is almost certainly the core of a larger radio
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structure with lobes seen at ∼ 175 kpc from the nucleus on either side (Figure 3.5).

This is strikingly different from our previous attempt (Zakamska & Greene, 2014)

to spatially resolve radio emission in radio-quiet type 2 quasars on somewhat larger

scales: when we examined 19 objects that fell into the “Stripe 82” region covered by

1.8′′ observations by Hodge et al. (2011), none showed resolved structures. Therefore

it appears that the typical scale of radio emission in radio-quiet quasars might be well-

matched to the sizes of their host galaxies, as 1′′ = 5.4 kpc at the median redshift of

our five targets.

For the four objects that were previously detected in the FIRST survey, we can

calculate the spectral index between the 1.4 GHz FIRST observations and our 6

GHz observations. The fifth object, SDSS J1144+1043, is below the FIRST catalog

threshold, but in the FIRST image centered on the SDSS position we see a 0.69

mJy/beam flux density excess which we correct for CLEAN bias to yield an 0.94 mJy

estimate for the 1.4 GHz flux density. There is a significant time delay between the

FIRST survey and our observations. Our spectral indices do not take into account

the effects of variability on the measured flux densities, but unless much of the radio

emission is concentrated in a pc-scale core, the variability on several year time scales is

not a concern. To measure spectral indices, we calculate the peak and integrated flux

densities of our targets at 6.0 GHz using the CASA task imfit to fit a 2D Gaussian to

each source. In the case of SDSS J1123+3105 we fit a gaussian to each component and

label them left(l), right(r) and center(c) respectively. We use the larger of the peak
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Figure 3.4: Left: Radio maps of four quasars that are spatially resolved in our
VLA observations at 0.495′′ resolution. The black star shows the optical coordinates
of the source. The restoring beam is depicted as an ellipse on the lower left corner.
Right: Continuum-subtracted SDSS spectra of the [OIII] doublet (in grey) with
multi-Gaussian decomposition in red and the total fitted profile in black.
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Figure 3.4: continued
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Figure 3.5: Top left: VLA A configuration 6.0 GHz image of the one type 2
quasar SDSS J1101+4004; a point radio source at resolution of 0.495′′. Top right:
the FIRST image on larger scales show that there are faint symmetric double lobes
associated with the unresolved core. The projected physical distance between the
cored and each of the lobes is ∼175 kpc. Bottom: the corresponding SDSS spectrum
of [OIII] with the best multi-Gaussian fit.
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and integrated flux density as the radio flux density. Spectral indices are determined

between the FIRST flux densities and tapered 6.0 GHz flux densities with FWHM =

5′′ to match the resolution of the FIRST survey. The resulting spectral indices are

listed in Table 3.2.

Four objects show steep spectral indices between −0.5 and −1.0, whereas

SDSS J1101+4004 – the only point source in our sample and the only radio core

associated with clear large-scale jets – shows a flat spectral index of 0.4. For

SDSS J1123+3105, the spectral index is calculated using the total flux density from all

three components at 6.0 GHz. We also calculate a “corrected” spectral index for the

core assuming that both radio lobes have a steep spectrum of α = −0.7. Subtracting

the expected lobe radio flux density at 1.4GHz from the FIRST flux density gives a

value of αcore = −0.56. Thus, in this object the core component also appears to have

a steep index.

Figures 3.4 and 3.5 also include our kinematic models for the [OIII]λ5007Å emis-

sion of each quasar. Each [OIII]λ5007Å emission line is fit with one to three gaussian

components depending on the reduced χ2 value of the fit (for more details see Zakam-

ska & Greene (2014)). Note that in our model we assign no physical significance to

each of multiple gaussian components but we find that each [O III] profiles requires at

least two components, implying the existence of several structures moving at different

velocities (e.g. for SDSS J1123+3105 the reduced χ2 value for an emission line fit

using a single Gaussian component is 14.7 while for an emission line fit using three
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Gaussian components the χ2 value is 0.7). There appears to be no statistical rela-

tion between the observed radio properties and the kinematics of the [OIII]λ5007Å

emission lines for our sample of five quasars, although with such a small sample size

this is unsurprising. We will explore in the next section several possible qualitative

connections between the [OIII] kinematics and observed radio properties.

3.4.2 Discussion of low-redshift results

There are several models to explain the radio emission observed in these five ob-

jects on kpc scales: (i) compact jets (Leipski et al., 2006; Mullaney et al., 2013), (ii)

extended radio coronae (Laor & Behar, 2008; Raginski & Laor, 2016), (iii) radiatively

driven winds that produce radio emission as a biproduct (Stocke et al., 1992; Zakam-

ska & Greene, 2014; Nims et al., 2015), and (iv) star formation in the host galaxy

(Kimball et al., 2011; Padovani et al., 2011; Condon et al., 2013).

We can rule out possibilities (ii) and (iv) in our sample. Since four of the five

targets are resolved on a few kpc scales and these four objects also show steep spectral

indices, this most likely rules out a radio corona as the dominant contributor to the

radio emission: a putative radio corona would have scales of ∼ 105 Schwarzschild

radii – i.e., parsec scales – and because of its compactness would also be expected

to have a flat spectral index. The only object with both a compact radio source

and a flat spectral index is SDSS J1101+4004, but this is also the one object that

shows large-scale jets, so we can be quite confident that we are seeing the core of a
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collimated jet in this source (Blandford & Königl, 1979).

In addition, we have the infrared measures of star formation for the four type

2 quasars in the literature (Zakamska et al., 2016b). In all four cases the radio

emission due to star formation is 0.6−1.7 dex below the observed emission, so although

the objects are radio-quiet / radio-intermediate, star formation makes a negligible

contribution, and the radio emission must be associated with the quasar activity.

This leaves us with the possibility that the remaining four objects (excluding our

large-scale radio jet in SDSS J1101+4040) have radio emission powered either by

compact jets or radiatively driven quasar winds.

3.4.2.1 Implications from radio morphology and [OIII] kine-

matics

In three of our targets the spatially resolved emission is clearly directional. It is

therefore tempting to classify them all as jets (Leipski et al., 2006). This assumption

was recently called into question by Harrison et al. (2015) in a detailed observation of

a nearby AGN called the “Teacup”. In this object, both the ionized gas emission and

the radio emission are well resolved into a core and two lobe-like components. The

lobe components are further identified in high-resolution observations as shells that

are likely caused by an AGN-driven outflow. Although the source demonstrates a

classical ‘core+lobes’ morphology typically associated with collimated jets, Harrison

et al. (2015) demonstrate that despite exquisite observations available for this source,
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what drives the outflow – radiatively powered wind or collimated jet – remains an

unanswered question.

This observation is particularly relevant for our study because the double-lobed

morphology of our targets SDSS J1123+3105 and SDSS J1144+1043 is reminiscent

of the “Teacup”, and the double-peaked kinematics of the [OIII] emission line we

observe in these objects would also be a natural consequence of the two plowed shells,

each with relatively small internal velocity dispersion, but each expanding with a

significant overall velocity relative to the nucleus. Exactly this situation is seen in

the “Teacup” object where the two plowed shells are offset in velocity by about 330 km

s−1, while the two [OIII] components have FWHM of 250 and 325 km s−1 respectively.

In our source SDSS J1123+3105, the two [OIII] components in our spectral fit are

offset from each other by 330 km s−1. If the outflow is propagating close to the plane

of the sky – as the radio morphology of our source might suggest – then the physical

velocity of the outflow is much higher than the observed velocity splitting because of

the projection effects.

In addition, type 1 quasar SDSS J1144+1043 was previously observed using optical

integral field unit spectroscopy (Liu et al., 2014). This object shows [OIII] emission

with fairly low FWHM∼200 km s−1 (also consistent with a plowed shell) extending

in the South-East direction (Figure 6 in Liu et al. (2014), which is oriented with

South at the top and East to the left). Therefore, we find that the axis of elongation

for our radio image is qualitatively similar to the one seen in the ionized gas (see
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Figure 3.4). However, the brighter radio lobe extends toward the North-West from

the nucleus (and is thus co-spatial with the highest FWHM∼ 900 km s−1 [OIII]

component), whereas the brightest extended component of ionized gas as imaged in

[OIII] is extended toward the South-East, in the direction of the fainter radio lobe.

It is remarkable that these details are emerging from radio and integral-field unit

observations of a quasar at z = 0.678; for comparison, the “Teacup” is at z = 0.085.

3.4.2.2 Implications from radio spectral indices

It is possible that the three most extended sources – SDSS J1123+3105,

SDSS J1144+1043 and SDSS J1137+5731 – are similar to compact steep spectrum

(CSS) or Gigahertz-peaked spectrum (GPS) objects (O’Dea, 1998) in that they show

compact radio emission and steep spectral indices. CSS and GPS objects are produced

by powerful jets which strongly interact with the surrounding gas and produce very

luminous radio lobes. While CSS and GPS sources are compact (. kpc) by the

standards of radio galaxies (� kpc), the lobe emission is extended enough that self-

absorption is not important and thus as long as the lobe emission dominates over

the cores, the indices are steep. Recent research at very high resolution needed to

differentiate the morphology of GPS sources (e.g. Snellen et al., 2000; Taylor et al.,

2000; Polatidis et al., 2002; Orienti & Dallacasa, 2012, 2014), finds that many of

them look morphologically similar to SDSS J1123+3105 and SDSS J1144+1043. The

difference, however, is that GPS sources still have flat radio spectra in their core
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because on small scales the flux density is dominated by the self-absorbed jet core

(e.g. Snellen et al., 2000; Polatidis et al., 2002; Orienti & Dallacasa, 2012, 2014). This

contrasts with our observations of SDSS J1123+3105 and SDSS J1137+5731 where

the central radio source is both dominant and has a steep spectrum.

Therefore, the brightest compact parts of our targets are inconsistent with pure jet

core emission. This implies that our objects either have unresolved steep-spectrum

hotspots dominating the observed spectral index of their core component, or that

we must seek an alternative explanation, such as quasar winds, for their radio flux.

The presence both of extended radio lobes on several kpc scales and of young hot

spots within the unresolved central component would imply that the quasar has had

several episodes of strong interaction between the putative jet and the host interstellar

medium – the older episode resulting in the extended lobe emission and the newer

episode resulting in the more compact emission in the unresolved core. Because

the extended lobes expand with velocities 500−1000 km s−1 as seen in their [OIII]

emission over 5−10 kpc, their age must be about 107 years. Thus in order to explain

our observations with hot spots from multiple episodes of AGN activity and jet / gas

interactions, our quasars must have active episodes every 107 years and sufficient gas

available to interact with the jet. Evidence for such episodes is also seen in a nearby

quasar with a powerful outflow (Sun et al., 2014, 2017) and in large samples of FR

IIs with no core emission (van Velzen et al., 2015).

Alternatively, there is no jet at all on any scale, and the radio emission is domi-
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nated by particles accelerated in shocks which arise when a radiatively driven wind

propagates through the galaxy. Because this emission is extended on scales � 1

pc, it is not affected by self-absorption the way the jet core is and its spectrum

would be steep. In this scenario, the most extended double-lobed sources such as

SDSS J1123+3105 are produced when the wind “breaks out” of the galaxy and plows

through the circumgalactic medium resulting in shells of ionized gas and radio emis-

sion. Such extended morphology can be produced by jet-driven and radiatively-driven

outflows alike (Harrison et al., 2015). It is the characteristics of the central unresolved

emission that might make it possible to distinguish between the two.

SDSS J1109+4231 is both a steep spectrum source and is marginally resolved

but symmetric in our radio map. It also shows the most extreme [O III] kinemat-

ics from SDSS optical spectroscopy. Thus, this object may be the best candidate

for quasar-wind driven radio emission which could produce the observed spherically-

symmetric outflow observed in the radio. In this scenario the wind is in the early

stages of development and has not yet engulfed the entire galaxy and thus the radio

emission is relatively compact. The wind has also not yet slowed down due to inter-

actions with the galactic interstellar medium and therefore shows very high velocity

components in [O III]. This scenario fits well, qualitatively, with what we observe

in SDSS J1109+4231. Spatial mapping of the [O III] emission on galactic scales and

VLBI observations of the radio emission would help to confirm this scenario.
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3.4.2.3 Equipartition and Pressure Balance

If the observed radio lobes are indeed evidence for quasar-driven winds, we can

ask if the inferred energy density of highly relativistic particles is comparable to

that needed to drive an outflow. Assuming equipartition of energy we can make

an order of magnitude calculation of the energy density due to highly relativistic

particles in the lobes of SDSS J1123+3105 (Burbidge, 1956). Assuming that the radio

lobe is spherically symmetric, the minimum energy density in relativistic particles is

(Pacholczyk, 1970):

uEmin = c13 [(1 + η)L]4/7 R3/7 (3.3)

Using a total luminosity integrated from 107-1011Hz assuming a power-law flux

density with α = −0.7 and a radius for the lobe of R∼ 0.5kpc, we find a minimum

energy density of ∼ 10−9 dynes cm−2. This value is in very good agreement with

predictions of the pressure needed to drive a starburst-driven outflow and seen in

local starbursts ∼ 2− 4× 10−9 dynes cm−2 (Heckman et al., 1990). We would expect

a larger value for a quasar-driven wind, as the Heckman et al. (1990) calculation is for

a starburst but nevertheless this is good evidence that the energy density we measure

would be enough to drive an outflow.
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3.4.3 Conclusions

Lal & Ho (2010) found that 64% of a sample of z ∼ 0.5 Type 2 quasars from

Zakamska et al. (2003) were flat-spectrum sources, with only 10% being extended

at 0.8′′ resolution. Therefore, our results are quite different from those of Lal & Ho

(2010). As far as we know, the only difference in the selection of the two samples is

the [OIII]λ5007Å luminosity, with Lal & Ho (2010) objects being about an order of

magnitude less [OIII]-luminous than the ones discussed here (Figure 3.3).

If high bolometric luminosity (and with it, stronger [O III]) is a necessary condition

for the existence of powerful quasar winds (Zakamska et al., 2016a), the difference

between our observations and those of Lal & Ho (2010) may in fact indicate that we

are probing the transition between the low luminosity regime where large-scale winds

and associated radio emission do not exist and the high luminosity regime where

such an effect is prevalent. Some evidence for such a luminosity threshold is found

in observations of molecular outflows (Veilleux et al., 2013). In theoretical models

(Zubovas & King, 2012), the threshold quasar luminosity might arise because a more

powerful quasar-driven wind is necessary to push a given amount of material out of a

galactic potential. Our assessments are currently speculative with such a small num-

ber of objects but hopefully a future program at a similar resolution and sensitivity

would allow us to perform a more thorough investigation into the connection between

the radio emission in radio-quiet quasars and [OIII]λ5007Å kinematics. In addition,

VLBI observations of our objects with higher radio flux would allow us to probe to
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even higher resolution and perhaps differentiate these scenarios. Even from our small

sample, it can be seen that the combination of radio morphology, power and spec-

tral index can be a powerful tool to differentiate the origin of the radio emission in

radio-quiet quasars.
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3.5 Source Populations

In this section we describe our efforts to determine the nature of the field sources

identified in our radio fields using publicly available multi-wavelength surveys. We

compare our results to those of recent deep radio surveys. Automatic source iden-

tification is accomplished using Aegean (Hancock et al., 2012). This source finding

algorithm assumes a compact source structure allowing it to fit multiple components

(as determined by a curvature map) to each island of pixels identified in the algo-

rithm. This enables Aegean to identify both faint sources close to the detection limit

and sources within an island of pixels containing multiple components. According

to Hancock et al. (2012), when matching with a synthetic catalog, Aegean is 93.87%

complete for 5σ detections with a reliability of 98.69%. We ran Aegean on each of

our fields to produce a catalog of all sources present at a detection limit of 6σ. This

limit is chosen because there appeared to be a significant percentage (42%) of false

positives around 5σ as seen by an excess of sources around this detection thresh-

old relative to the expected value when extrapolating linearly from higher S/N. All

sources from this catalog are included in the analysis unless it is clear that the pro-

gram had mis-identified residual flux as a source. We excluded such sources by eye.

Our ability to match theoretical source counts (see section 3.5.2) gives us confidence

that the remaining sources are correctly identified with accurate fluxes by Aegean.

In total we identify 179 sources in our fields using Aegean, with flux densities

between ∼ 40 µJy and ∼ 40 mJy and a median flux density of 0.23 mJy. The
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Figure 3.6: Distribution of 6 GHz radio flux densities for all sources identified in
our twenty radio fields by Aegean.

distribution of peak flux densities are shown in Figure 3.6. The full table of all

sources is available online with the first 20 rows included here as Table 3.3. With

the 6 GHz-selected source catalog in hand, we use Aegean in forced measurement

mode to calculate the flux density at our source locations in matching 1.4GHz data

for fields in Program 13B-382 (see § 3.5.3).

Aegean returns both a point source flux density and an integrated flux density

for all islands and for each component within a given island. Unfortunately, the

current version, as of February 14 2016, does not correctly calculate the integrated

flux density of identified islands, though the integrated flux density of components is

correct. Thus, unless otherwise indicated, we choose as our sources Aegean islands,

but only report and use their peak flux density in our measurements. This means we

may be underestimating the true radio flux density in our resolved sources. Six of our

sources identified with Aegean, two of which are our targets, upon visual inspection
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are clearly multiple components of an extended source with lobes or other features.

All six sources are identified as single sources in FIRST.

We cross-matched all of our sources identified using Aegean with the FIRST cat-

alog. In the case of our B-configuration fields we have L-band (central frequency

∼ 1.4GHz) data at a similar resolution to FIRST which provides a direct check on

our measured flux densities. We create a test catalog using Aegean to identify sources

in our L-band fields and then cross-match this catalog with FIRST using a matching

radius of < 4′′. For sources where FIRST matches existed, typically 97% of sources

above 2 mJy and 25% of sources below 2 mJy, we found a mean flux density ratio of

fluxAegean/fluxFIRST = 0.83 and a standard deviation of 0.21. We are thus confident

that Aegean is capturing most of the radio flux density in our fields; the remaining

discrepancy is accounted for by the CLEAN bias (taken into account in the FIRST

catalog but not in our images) and the missed flux density in spatially resolved ob-

jects.

To verify that the faint sources we detect using Aegean are real, we stack FIRST

cut-outs of all of sources not individually detected in FIRST (121 sources). The

resulting FIRST stack at 1.4 GHz has a median flux density of 0.16 mJy, 6 times

below the FIRST detection limit, and a mean flux density of 0.18 mJy. (0.25 mJy

when accounting for Snapshot bias). For comparison, the mean and the median flux

density of the same sources measured by Aegean at 6 GHz is 0.22 mJy and 0.14 mJy

respectively. Assuming a spectral index of α = −0.7 our extrapolated 1.4 GHz flux
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density is a factor of two greater than the FIRST flux density measured in our stacked

image. The combination of the 1.4 GHz and 6 GHz results implies a spectral index

of α = −0.1, a flat value consistent with our results below (see § 3.5.3).

3.5.1 Resolved Sources

There are several accepted methods in the literature to determine the percentage

of resolved sources in a survey. In particular, the obvious definition is to check if

a source’s FWHM is greater than the beamsize taking into account the effects of

bandwidth smearing as a function of position and depth. Using this technique, the

FIRST survey found that ∼ 20% of their sources are resolved with a beam FWHM

of 5.4′′ and Hodge et al. (2011) found that ∼ 60% of their sources are resolved in

their survey of Stripe 82 with a beam FWHM of ∼ 2.3′′. We find, for the gaussian

components that make up our source islands, not taking into account the effects of

beam smearing, that 50% of the components we observed with the highest resolution

(A-array) had a FWHM > 0.495′′, which is the approximate beamsize at the center

of the image given natural weighting.

Alternatively, surveys such as VLA-COSMOS (Schinnerer et al., 2004) and E-

CDFS (Miller et al., 2013) compared the ratio of total integrated flux density/peak

flux density to peak flux density/rms noise. They take the definition of “resolved” to

be:
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Sint

Speak

> 1 +
A

(Speak/rms)3 (3.4)

where A is some constant set such that some large percentage of sources (& 95%)

fall above the function mirrored over the axis total/peak = 1. In good agreement with

our previous value, we find that 52.4% of the components that make up our sources

in our fields observed with the highest resolution A-array are resolved according to

this definition, when we set A = 100 (which bounds 98% of our sources). In addition,

according to this definition we find that 52.2% of the components that make up our

sources observed in the B-array configuration (approximate beamsize of 1.3′′ with

natural weighting) are resolved. In comparison, the VLA-COSMOS survey found

that 44% of their sources are resolved with a beam FWHM of ∼ 1.5′′ and the E-

CDFS survey found 14% of their sources are resolved with a beam FWHM of ∼ 2.2′′.

Thus, our observations seem consistent with the overall trend, unlike for our smaller

sample of low redshift type 2s where we appear to see a large increase in the fraction

of resolved sources at a specific resolution.

3.5.2 Source Counts

Our first task is to verify that we recover the faint radio sources at source number

densities comparable to those found in other deep radio surveys. We use the 6 GHz

catalog from both the A-array and B-array observations. The effective area of our
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observations varies as a function of flux density because of primary beam attenuation.

For every source flux density, we use the primary beam shape to estimate the distance

from the center of the field at which this source flux density would fall below the

detection limit and use this distance to calculate the effective area of the survey at

this flux density. We then calculate the number of sources detected per unit flux

density and per unit effective area of the survey, which is well fit by a power-law

between 0.1 and 10 mJy:

log

(
F 5/2
ν

dN

dFν
, Jy3/2 sr−1

)
=

(3.0± 0.2) + (0.8± 0.1) log (Fν , Jy) . (3.5)

(The errors include only the error in the fit, but not the cosmic variance. This should

be considered only an estimate as the same sensitivity curve is assumed for all the

fields.)

This is in excellent agreement with the compilation of source counts presented

by Massardi et al. (2010) at 5 GHz (which we correct to 6 GHz using a spectral

index of −0.7). According to their population synthesis models, 0.1 mJy at 5 GHz

is precisely the flux density above which AGN should dominate the radio population

and below which star-forming galaxies are expected to dominate. Unfortunately, our

survey becomes incomplete below 0.1 mJy where the source counts would start arising

predominantly from star forming galaxies (e.g. Padovani et al., 2011, 2015), but in
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what follows we attempt to elucidate the nature of the bulk of our detections between

0.1 and 10 mJy for comparison with such population synthesis models.

3.5.3 Spectral Indices

For our high-redshift fields in Program 13B-382, spectral indices are determined

using our 6.0GHz (C-band) and 1.4GHz (L-band) data. For a proper comparison,

new 6.0GHz maps are created at the resolution of the 1.4GHz data using CLEAN

with a uv-taper FWHM of 6.45′′ (the approximate resolution of the L-band in B-

configuration if imaged with natural weighting). We then force Aegean to calculate

the peak flux density in our L-band maps and tapered C-band maps using locations

provided from our full resolution C-band maps. A spectral index is then calculated

using our L-band data at 1.4 GHz (whenever the flux density from forced photometry

is positive) and our tapered C-band data at 6.0 GHz. We compare the measured C-

band flux density at full resolution to the calculated flux density using our uv-tapered

map and identify a sample of point sources for which the measured fluxes in the full

resolution map and lower resolution map are within a factor of five though we note

that the median spectral index of our full sample is actually steeper by only -0.04

with a similar standard deviation. We find a flat median slope of αmed = −0.19 with

a standard deviation of 0.66.

Although there are some hints of spectral index flattening toward lower radio

flux densities (Gralla et al., 2014; Huynh et al., 2015), such values are surprising.
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To understand this observation we conduct a simulation which closely mimics our

observations. We draw sources from the radio flux density distribution of Massardi

et al. (2010) and “observe” them including the effects of the primary beam on the

detection sensitivity both at 1.4 and 6 GHz. In addition, we include CLEAN bias,

typical observational errors and our catalog strategy, in which the sources are selected

at 6 GHz and then forced photometry is obtained at 1.4 GHz to produce the mock

catalog. Our simulation uses a Gaussian distribution of real spectral indices with

mean αim = −0.7 and standard deviation σα = 0.5, and then we use the generated

mock catalog to determine the mean and the standard deviation of the recovered

spectral index as a function of 6.0 GHz flux density for our survey.

We find much flatter output spectral indices, αout ' −0.2, similar to what we

observe, with overall trend αout ' 1.4σα − 0.9. The most important reason for this

strong spectral index bias is that our catalog is selected at 6 GHz and we dig well

into the noise at 1.4 GHz to recover objects with the flattest spectral indices, whereas

the objects with the steepest indices and faint (but detectable) 1.4 GHz flux densities

would never make it into our catalog as they are not detected at 6 GHz. Additional

complications include the difference in the shape of the primary beam, whose size

is ∝ 1/ν. As a result the 1.4 GHz data is not as sensitive as our 6.0 GHz data in

the center of the field, so we would have difficulty identifying flat spectrum objects

among the faint sources which can only be identified near the field center. As we

step away from the center of the field, the shape of the primary beam makes 1.4 GHz
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data more sensitive than the 6 GHz data, but the flux density limit for the detection

is now much higher. As a result, there is a slight steepening of the observed indices

at the faintest flux densities in the simulation which is also seen in the data. These

effects are a result of the fact that our survey is not a mosaic of a particular field and

so our sensitivity varies across each field. These effects swamp much of the intrinsic

effects we would hope to observe as trends in our spectral index as it evolves with the

changing distribution of source type.

3.5.4 Cross-matching with the SDSS data

We cross-match our 179 sources with the SDSS data release 12 (Alam et al.,

2015) photometric and the spectroscopic catalogs, within 1′′. We find 47 photometric

matches and 24 spectroscopic matches (excluding our original targets), for a total

recovery fraction of 41%. To estimate the chance background rate we displace our

source RA positions by +5’ are re-match to the SDSS catalog. We find a total

background match rate within 1” of 2 sources, implying 97% of our sources are likely

to be physical matches. Out of the sources matched in SDSS, 91% have either a

photometric redshift estimate (Csabai et al., 2007) or a clear measurement from SDSS

spectroscopy (Table 3.3). The matching rate as a function of radio flux density is

shown in Figure 3.7.

We examine the 24 spectra as well as their classifications from the Portsmouth

group (Thomas et al., 2013). We use the spectroscopic classifications from the
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Figure 3.7: Fraction of detections as a function of 6.0 GHz peak flux density. We
divided the sample into 10 bins with an equal number of sources in each bin and
placed the data point at the median flux density in each bin. The range of flux
densities in each bin is represented by the horizontal error bars. The green triangles
show the fraction of sources in each bin with a WISE detection within 3′′ and a S/N
ratio > 3 in W1. We plot an upper limit for each bin by including all WISE sources
detected within 6′′ with a S/N ratio > 3 in W1. The red squares show the fraction
of sources in each bin with an SDSS detection within 1′′.
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Portsmouth group in all cases except two for which both human classifiers agreed with

each other but disagreed with the pipeline. Our spectroscopic identifications include

seven AGN (including low-redshift Seyferts, high-redshift quasars, one serendipitous

z = 0.44 type 2 quasar and one blazar), two star-forming galaxies with redshifts

0.088 and 0.073 respectively, and ten absorption-line galaxies. In addition, there are

four LINERs and one composite object which is an absorption line galaxy that shows

signs of AGN activity. The median radio flux density at 6 GHz of this sample is 0.39

mJy, while the mean flux density is 3.4 mJy, dominated by the seven brighter sources

with flux densities > 1mJy. Of the spectroscopic matches identified as AGN, 33% are

above the median radio flux density of our full sample. One of our spectroscopic SF

galaxies falls above the median peak flux density of our total radio sample while one

falls below.

The photometric redshift estimator of Csabai et al. (2007) also provides optical

classification based on the best fit to the spectroscopic templates of Dobos et al.

(2012). We create three categories for optical classifications: AGN, SF galaxies, and

passive galaxies. We categorize any object showing signs of AGN activity in the opti-

cal (including LINERs from the spectroscopic sample) as AGN. Only objects without

any sign of AGN activity are placed in the SF category. Our final category, passive

galaxies, showed no sign of either AGN or star-formation activity in spectroscopy or

in the photometric template used in optical classification.

Using this classification scheme, of the 77 sources with SDSS spectroscopy or

115



CHAPTER 3. SENSITIVE RADIO SURVEY OF OBSCURED QUASARS

Figure 3.8: Redshift distribution of all of our objects with either a photometric or
spectroscopic redshift in SDSS. The different subsamples are classified according to
§ 3.5.4.

photometry, 22% of our sources are classified as SF galaxies, 29% are classified as

AGN and 30% are classified as passive galaxies. The remainder are either target

sources (8%), or did not have a photo-z (11%) so remain unclassified in all future

analysis. We show the full redshift distribution of our sources in figure 3.8. The

mean redshift of the sample is z = 0.48 though this represents only those sources

which had a match in SDSS – the missing sources with no counterparts in the optical

are likely to be at a higher redshift. In addition, in Figure 3.9 we show the radio

flux density distribution of our samples, including an additional category for both

unclassified objects (no detection in SDSS or WISE, or an SDSS detection without a

redshift and classification) as well as IR-bright objects (those detected in WISE W1

but not SDSS, see Section 3.5.5).

Interestingly, a significant fraction of our sources are identified as passive or ab-
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Figure 3.9: Distribution of radio flux densities at 6.0 GHz of all of our objects with
WISE and / or SDSS counterparts. The different subsamples are classified according
to § 3.5.5 and § 3.5.4.
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sorption line galaxies – showing neither star formation or AGN activity in the opti-

cal. This population is most plausibly identified with the “low-excitation” or “radio-

mode” AGN of Best & Heckman (2012). Such a population would be mis-identified

as star-forming galaxies in surveys that assume all objects not classified as AGN are

star-forming galaxies and require optical, infrared or X-ray signatures for AGN clas-

sification. For example, Bonzini et al. (2013) require X-ray or mid-infrared signatures

of AGN activity to be present in order to classify their sources as AGN. Similarly,

Smolčić et al. (2008) require either emission line activity or X-ray activity to classify

sources as AGN candidates, and it is not clear how passive galaxies would be classified

in their scheme. Such classification schemes would overestimate the contribution of

SF galaxies to the radio flux at small flux densities.

3.5.5 Cross-matching with WISE data

We use the All-WISE catalog of the Wide-Field Infrared Survey Explorer (WISE;

Wright et al., 2010a) to investigate the mid-infrared properties of the faint radio

population detected in our observations. Of the 179 sources individually detected in

all 20 fields in the C-band, we find 128 WISE matches within 3′′ and 143 matches

within 6′′. Because there is not a well-pronounced minimum in the distribution of

the matching distance, it is not clear what matching radius is more appropriate. We

consider the matches within 3′′ to be robust (listed in Table 3.3) and the other ones

to be tentative. Using the same technique as mentioned in section 3.5.4, we estimate
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that only 4% of our sources are spurious within a 3” matching radius.

In Figure 3.7 we show the fraction of sources with robust WISE matches as a

function of the measured radio flux density. The upper limit shows how the fraction

of detections in each bin would change if we instead used a matching radius of 6′′.

The overall detection rate remains high even down to our flux density limit, with a

detection rate of 67% of sources in W1 with flux densities between 40.5 and 67 µJy.

Essentially all SDSS matches are also matched in WISE, but the reverse is not true:

we define a category of objects, henceforth referred to as “IR-bright”, for which there

is a WISE detection in W1 but no SDSS detection.

Interestingly, the median W1−W2 colour for these objects has a value 0.25 mag

higher than the SDSS-detected sample (Figure 3.10). Of particular interest is the

condition W1−W2> 0.8 mag, which is often used to identify infrared-luminous AGN

(Assef et al., 2010; Stern et al., 2012). While this condition does not select all AGN

(an obscured AGN spectral energy distribution can be dominated by the host galaxy

with W1−W2< 0.8 mag if the warm dust is not visible from the observer’s direction,

Mateos et al. 2013), samples selected by this cut have low contamination rates. 29%

of objects in our IR-bright sample lie above this threshold, compared to only 18% of

SDSS-detected objects. Combined with non-detection in the SDSS, this observation

likely indicates that the IR-bright sample may be dominated by obscured AGN.

Using the IPAC Infrared Science Archive, we extract and stack WISE exposures

of individually non-detected faint radio sources, centered on the Aegean-derived po-
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Figure 3.10: WISE colors of the infrared-detected counterparts to radio sources,
classified as described in § 3.5.5 and § 3.5.4. The Rayleigh-Jeans tail of a stellar pop-
ulation has W1−W2' 0 mag because the WISE photometric system is Vega-based.
Objects with significant hot dust contribution (such as luminous AGN) typically have
W1−W2> 0.8 mag. While this is a sufficient condition for AGN selection, it is not
a necessary one, as the spectral energy distribution of dust can start rising at much
longer wavelengths depending on the geometry of obscuration, and such sources will
appear to have W1−W2 colors typical of a normal stellar population.

sitions. We find no detection in any of our stacks. The 2-σ brightness upper limit in

our W1 stack corresponds to a flux density of ≈ 6 µJy.

3.5.6 Star Formation Rates

We use the 6.0 GHz radio flux density and SDSS redshift of our sources, where

available, to estimate a star formation rate (SFR). SFRs are estimated using equation

(6) of Bell (2003), where we can calculate the rest-frame 1.4 GHz luminosity by k-

correcting as in our equation (3.1), with the resulting star formation rate:
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ψ(M� yr−1) = 3.94× 10−38

(
νLν [1.4 GHz]

erg s−1

)
. (3.6)

Calculated SFRs are shown in figure 3.11, where we have assumed α = −0.7

(radio luminosities and SFRs smaller by a factor of 2 would be inferred if α = −0.2

is assumed instead). A star-formation rate greater than 1000 M� yr−1 would be

comparable to some of the most active sub-mm galaxies in the universe (Casey et al.,

2014) making our calculated SFRs, especially for most objects identified as AGN,

improbable.

We can test whether our radio SFR estimates agree with the observed WISE fluxes.

At a redshift of ∼ 0.5, the strong polycyclic aromatic hydrocarbon emission feature at

7.7µm falls into the center of the W3 band, so W3 fluxes would be a sensitive measure

of extreme star formation at those redshifts. We take seven objects with measured

W3 fluxes (the rest are upper limits) and use SF templates from Mullaney et al.

(2011), placed at the redshift of each object, convolved with a W3 filter curve and

scaled to the observed W3 flux to calculate the total infrared luminosity (8-1000 µm)

which we then convert to a star-formation rate (Bell, 2003). Our key assumption is

that the total W3 flux is contributing to star formation, so there is no contamination

in the W3 band from AGN activity. Thus, the calculated SFR represents an upper

limit on the actual SFRs of our objects. We find star formation rates ranging between

2 and 25 M� yr−1 (with good agreement between the W3-based and the radio-based

star formation rates for the two spectroscopic SF galaxies), with only one object
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(photometric redshift z ≈ 0.7) at 200 M� yr−1. We find no star formation rates as

high as would be necessary to explain the radio flux density we see in this subsample.

This leads us to conclude that the majority of the objects classified by the SDSS

photometric pipeline as SF galaxies in our sample are in fact AGN. With only five

optical bands and often at the limit of the optical survey, distinguishing between

an SF galaxy and an AGN is very difficult. Both types of objects show emission

lines and blue continua of varying strength. We add additional information with our

radio detection, namely the implied radio-derived SFR, that allows us to distinguish

between SF galaxies and AGN. The two spectroscopically confirmed SF galaxies (both

at z < 0.1 and with SF rates of 2−5 M� yr−1) are robust classifications and consistent

with all observations.

For objects with SDSS spectroscopy we can also cross-check our radio-derived

SFRs with those calculated from Hα using equation 1 from Overzier et al. (2009).

We make no effort to correct for AGN contamination in the Hα emission line for

objects classified as AGN so these measurements represent upper limits on the SFR.

We find, with the exception of our star forming galaxies and a single AGN, that the

radio-derived SFRs also massively over-predict the Hα-derived SFRs, which range

from 1.0 × 10−3 M� yr−1 to 40 M� yr−1. This provides further confirmation, for a

small subset of our total sample, that the majority of the observed radio flux density

is not due to star formation alone.
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Figure 3.11: SFR as a function of redshift for all of our sources with a match
in the SDSS spectroscopic or photometric sample. Sources are identified as AGN,
SF or passive galaxies based on either spectroscopy or templates used in photometric
redshift determinations. SFRs of > 104 M� yr−1 are unlikely even in the high redshift
universe implying that some of the measured radio flux density must be due to AGN
activity.

3.5.7 Summary and discussion of the study of faint

radio sources

We identify 179 radio sources in the C-band observations. 41% of these have

optical matches in the SDSS (magnitude limit of iAB = 21.3) , and an additional

33% have matches in the WISE survey, but not in the SDSS. Our matching fraction

is somewhat dependent on the radio flux density, with a higher matching fraction

at higher flux densities. Smolčić et al. (2008) investigate the nature of the radio

sources in the VLA-COSMOS survey using follow-up optical data down to a depth

of iAB = 26 mag. They find optical counterparts to 65% of their sources. Because we

are sensitive to faint radio sources only over a small fraction of our observing area,
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the flux density distributions of radio sources in our mini-survey are biased toward

higher values than that of Smolčić et al. (2008), and therefore our optical detection

fraction of 40% is higher than what would be naively predicted from the flux density

distribution of matches in their survey.

We classify our detected counterparts into four roughly equal categories based on

their optical and infrared properties: AGN, passive galaxies (which have no signs

of AGN activity other than the radio source), star-forming galaxies and IR-bright

sources. Star-forming galaxies are primarily identified as such by the SDSS photo-

metric redshifts pipeline (Csabai et al., 2007), with only two star-forming galaxies

spectroscopically confirmed. Estimating star formation rates from the measured ra-

dio flux densities and the nominal photometric redshifts, we find that 73% of our

star-forming galaxy classifications have radio flux densities that imply star formation

rates > 100 M�yr−1 while 33% of our star-forming galaxies have radio flux densities

that imply star formation rates > 500 M�yr−1. These values are implausibly high

especially given the star formation rate estimated from the W3 flux which covers the

7.7µm PAH feature at these redshifts. Thus, these objects are probably mis-identified

AGN which are difficult to distinguish from star-forming galaxies on the basis of five

photometric measurements of the SDSS, especially close to the magnitude limit of

the survey.

Because we have a set of pointed observations rather than a mosaic, our survey

depth is not uniform and is strongly affected by the frequency-dependent primary
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beam. Correcting for this effect, we estimate that our number counts in the C-band

are consistent with the previous compilations by Massardi et al. (2010). These authors

predict from the population synthesis models that the < 0.1 mJy population should

be dominated by star-forming galaxies. The vast majority of the optical and infrared

counterparts that we find are not star-forming galaxies. Thus either star-forming

galaxies dominate at even lower flux densities than our survey probes or they all fall

below the flux limit of the SDSS survey (Smolčić et al., 2008; Padovani et al., 2011,

2015).

3.6 Interesting sources

3.6.1 Dual AGN

In the A-array observation of type 1 quasar SDSS J114417.78+104345.9 (which is

at redshift z = 0.678) we found two objects with SDSS optical spectroscopy unrelated

to our target (Figure 3.12). Both sources are at z = 0.444, separated by about 4′′, or

23 kpc. The northern source is an absorption line galaxy with no optical or IR signs

of AGN activity (it is detected in WISE with W1−W2 = 0.34 mag), and it is also a

63.2 µJy radio source, with a corresponding luminosity νLν [1.4 GHz]= 1.57×1039 erg

s−1. Its estimated mass from SDSS is 1010.9 M�. The southern source is an optically

identified type 2 quasar, but without a radio counterpart and an estimated mass of

1011.5 M�. The measured FWHM([OIII]) from SDSS of the type 2 quasar implies
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an expected radio luminosity of νLν [1.4 GHz]= 8.5 × 1039 erg s−1 according to our

equation (3.2), which should be easily detectable by our survey. It is not possible to

tell whether the two galaxies are in fact physically interacting.

3.6.2 Objects with interesting structure in radio

images

We show two particularly pretty objects from our radio fields (at 6 GHz) in Figure

3.13. The source on the left of Figure 3.13 is a beautiful example of a scaled-down

radio core/lobe structure with a clear jet. This source has an SDSS photometric

counterpart but no photo-z which prevents an optical classification. There is a WISE

detection < 1′′ from the SDSS optical position with W1−W2=0.83 mag implying it

is an AGN and so it is classified as an “IR-bright” source in our catalog. We measure

a total 6.0 GHz flux density of 10.4 mJy and it is detected at 1.4 GHz in FIRST at

31.52 mJy. While we cannot determine the spectral index of the seperate components

as it appears as only a single extended source in FIRST, the total spectral index of

the entire extended source is α = −0.76, suggesting that the source flux is dominated

by the extended lobes.

The source on the right of Figure 3.13 has no close optical counterpart in the

SDSS catalog, though there does appear to be a faint source at the radio location in

the SDSS images. The leftmost lobe has a radio flux density of 1.10 mJy and the
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Figure 3.12: VLA (6 GHz) image of the pair of active galaxies
SDSS J114419.74+104353.7 (left bottom red star marks optical position) and
SDSS J114419.56+104357.9 (center, detected radio source, optical position marked
with red star). The first object is an optically identified type 2 quasar which is not
detected in the radio, whose [OIII]λλ4959,5007ÅÅ emission is shown in the right
panel. The second object is detected in the radio, but shows a pure absorption-line
spectrum in the SDSS with no optical signs of AGN activity.
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rightmost lobe of 1.24 mJy. In FIRST at 1.4 GHz it appears that only the right lobe

is strongly detected with an integrated flux density of 11.06 mJy. The leftmost lobe

is visible at a peak flux density of 0.69 mJy, a 4.6σ detection. This would imply a

steep spectral index of α = −1.5 in the rightmost lobe, typical of jet-driven radio

hotspots, and an unusual flat spectral index of α = 0.32 in the left lobe. This source

is detected in WISE near the position of the radio center and shows W1−W2=0.27

mag. It would thus be placed in the “IR-bright” category in our analysis in section

§ 3.5.

3.7 Discussion and conclusions

In this paper we present a sensitive follow up with VLA of five low-redshift (z ∼

0.5) and eleven high-redshift (z = 2− 3) obscured radio-quiet quasar candidates.

Radio properties of the high-redshift type 2 population: Our high-redshift

candidates are selected on the basis of their emission line properties in the SDSS

spectroscopy (Alexandroff et al., 2013) and in their rest-frame spectra they show

moderate levels of obscuration (. a few mag, Greene et al. 2014). The eleven high-

redshift quasar candidates that we observed with VLA are radio-quiet, with typical

luminosities derived from stacking of νLν [1.4 GHz]= 9.1× 1039 erg s−1. At redshifts

2− 3, individual radio detections of optically-selected type 2 quasars remain elusive.

These objects are radio-quiet and would not be picked up by selection methods which
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Figure 3.13: Top: VLA (6 GHz) image of an AGN, SDSS J090612.01+031204.5.
The beautiful core+lobe structure has a spectral index of α = −0.76. It is detected
in SDSS with no photo-z measurement and in WISE with a W1−W2 colour of 0.83
which confirms its designation as an AGN. Bottom: VLA (6 GHz) image of a radio
lobe source which is undetected in SDSS but detected in WISE.
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require radio detections to distinguish these objects from dusty star-forming galax-

ies. Such methods would likely identify only a small fraction of the obscured quasar

population.

The radio and emission line properties of type 2 quasar candidates and extremely

red quasar candidates lie on opposite ends of the correlation between radio luminosi-

ties and velocity widths of [O III] (Mullaney et al., 2013; Zakamska & Greene, 2014).

Type 2 quasar candidates are radio-faint and have modest emission line widths (me-

dian FWHM[OIII]= 530 km s−1), whereas extremely red quasar candidates which

show signatures of fast outflows in their [OIII] emission (FWHM[OIII]= 2930 km

s−1) are also significantly brighter in the radio (νLν [1.4 GHz]= 1041 erg s−1). Despite

the low fraction of radio detected quasar candidates, we found the stacked radio lu-

minosity to be in agreement with that expected from the measured [O III] luminosity

using the relationship defined for z < 1 AGN, which suggests that this relationship

also holds at high redshift (z ∼ 2.5) and in a wide range of velocity widths.

Radio properties of the low-redshift type 2 population. The mechanics of

the radio / gas kinematics relationship and the origin of radio emission in radio-quiet

quasars can be difficult to untangle (Mullaney et al., 2013; Zakamska & Greene, 2014).

The relationship could be due to either compact jets driving outflows of ionized gas or

to radiatively driven winds which produce radio emission as they shock the interstellar

medium of the host galaxy. We attempt to address this issue using high-resolution

A-array observations of a small exploratory sample of 5 z < 0.8 radio-quiet and radio-
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intermediate quasars (four type 2s and one type 1). Few (if any) radio-quiet sources

are spatially resolved at the resolution of ∼ 10 kpc (Hodge et al., 2011), whereas 4

out of 5 are resolved with a resolution of ∼ 2.5 kpc. Thus, galaxy scales might be

the key scale to probe in understanding the origin of radio emission in radio-quiet

quasars. Future observations of a larger sample of redshift z < 0.8 type 2 quasars

using the VLA A-array would test this hypothesis.

Of the five sources observed, one is most likely powered by a jet, and in the VLA

images we are seeing the self-absorbed, compact jet core. Four more objects are spa-

tially resolved and have steep radio spectra in what would be otherwise considered

their radio “core”. In a jet scenario, a steep spectrum core in combination with ex-

tended emission requires multiple radio jet cycles every ∼ 107 yr of strong interaction

between the jet and the surrounding interstellar medium. Alternatively, we could be

seeing radio emission associated with radiatively-driven quasar winds.

Study of the faint radio population. We have observed 16 fields with the

A-array and the B-array of VLA in a frequency range centered at ∼6.0GHz. Eleven

of these fields are also observed at a frequency range centered at ∼ 1.4GHz. Because

of the high sensitivity of our observations (typical field center rms of 15 µJy and 80

µJy at 6.0GHz and 1.4GHz, correspondingly), we take the opportunity to investigate

the properties of the 179 faint radio sources detected in these observations.

The nature of the sub-mJy population remains poorly understood. We find SDSS

counterparts to 41% of our radio sources and an additional 33% are only matched in
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WISE. Using spectroscopic and photometric diagnostics we classify the counterparts

into optical AGN, passive galaxies (with no signs of AGN activity other than the radio

source), star-forming galaxies and IR-bright sources (most likely obscured AGN).

Although the four classes of counterparts have roughly equal numbers of sources, we

suspect that most of the star-forming galaxies in our sample are mis-identified AGN

because the required star formation rate would be implausibly high to account for the

observed radio emission. Although population models (Massardi et al., 2010) predict

that the 6 GHz sky below 0.1 mJy should be dominated by star-forming galaxies, we

find only a small number of such sources. While our small survey limits the number

of objects and is only able to probe to our highest sensitivity over a very small area,

nevertheless we show the fraction of passive galaxies (most likely identifiable with

the low-Eddington ratio sources of Best & Heckman 2012) and IR-bright sources is

under-appreciated in studies of the faint radio sky.

In the future, the Very Large Array Sky Survey (VLASS3) will likely share many

properties with our study of the sub-mJy radio population. Current plans for the

VLASS will use the B-array at 3.0 GHz down to a co-added sensitivity of 69 µJy.

Similarly, while sensitive data will be available in some regions, large-scale optical

and infrared identification will be accomplished with SDSS and WISE with supple-

mental data from e.g. PANStarrs, the Dark Energy Survey and Hyper Suprime-Cam.

Thus, it is clear from our analysis that it will be challenging to identify optical and

3https://science.nrao.edu/science/surveys/vlass
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infrared counterparts for many of the new faint sources we can expect to detect with

the VLASS. For example, E-CDFS matched only 74% of their sources with optical

counterparts when their optical data had a 5σ limit of 28.0 magnitudes (Bonzini et al.,

2013). In addition, care must be taken to classify sources based on all available mul-

tiwavelength data so as to correctly identify all AGN. While in-band spectral indices

will be possible with the VLASS, spectral indices with FIRST will be necessary to

probe a large frequency range. In this paper we have raised concerns regarding the

statistical analysis of spectral indices for populations in which the flux density limit

at one frequency is different from the flux density limit at the second frequency or in

which the sensitivity strongly varies across the mosaics. Accurately measuring indices

in large surveys will require uniform coverage and careful examination of possible bi-

ases. Much remains to be discovered about the sub-mJy radio population and a large

all-sky survey, especially one that allows for the calculation of spectral indices, will

allow us to start definitively identifying the composition of sources contributing in

the radio-quiet regime.
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Chapter 4

Spectropolarimetry of High

Redshift Obscured and Red

Quasars

Spectropolarimetry is a powerful technique that has provided critical support for

the geometric unification model of local active galactic nuclei. In this paper, we

present optical (rest-frame UV) Keck spectropolarimetry of five luminous obscured

(Type 2) and extremely red quasars (ERQs) at z ∼= 2.5. Three objects reach polar-

ization fractions of & 10% in the continuum. Though this is close to the theoretical

maximum polarization fraction achievable from dust scattering at this wavelength

range with typical dust distributions, this mechanism is still preferred because of the

known scales of obscuration in these targets. Emission lines are polarized at a lower
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level than the continuum. This suggest that the emission-line region is on similar

spatial scales as the scattering region. In three objects we detect an intriguing 90

degree swing in the polarization position angle as a function of line-of-sight veloc-

ity in the emission lines of Lyα, C IV and N V. We interpret this phenomenon using

a conical emission line region and equatorial scattering model in which the scatter-

ing material is outflowing at several thousand km sec−1. Our observations provide

a tantalizing view of the inner region geometry and kinematics of high-redshift ob-

scured and extremely red quasars and lend strong support for toroidal obscuration

and powerful outflows on the scale of the emission line region, as previously indicated

by near-infrared data.

4.1 Introduction

The classical unification model of Active Galactic Nuclei (AGN; Antonucci, 1993;

Urry & Padovani, 1995) explains the difference between unobscured or “Type 1”

AGN and obscured or “Type 2” AGN as the result of differences in viewing angle.

In this model, a geometrically and optically thick torus of gas and dust surrounds

the AGN accretion disk and broad-line region (BLR). Therefore, if the viewer’s line

of sight points through the torus, the majority of quasar emission from the accretion

disk and the BLR in the optical, ultraviolet (UV) and soft X-rays is obscured. Such

an obscured AGN is classified as a “Type 2” and is characterized at optical and
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ultraviolet wavelengths by little to no continuum emission and an absence of broad

lines (e.g. Kauffmann et al., 2003; Hao et al., 2005). Quasars are high-luminosity

AGN (typical bolometric luminosities & 1045 erg s−1) and it was only in the last

fifteen years or so that we have been able to identify appreciable numbers of Type

2 quasars and extend the unification model to all AGN luminosities (Norman et al.,

2002; Stern et al., 2002; Zakamska et al., 2003; Stern et al., 2005; Reyes et al., 2008;

Treister et al., 2009a; Donley et al., 2012; Alexandroff et al., 2013; Yuan et al., 2016).

In the local universe, a convincing case for the geometric unification model was

first made using optical spectropolarimetry of nearby Type 2 AGN (e.g. Antonucci

& Miller, 1985; Miller et al., 1991). Though the line of sight in Type 2 AGN is

blocked by the obscuring torus, in this geometry optical AGN emission can still

escape along the unobscured direction perpendicular to the torus and scatter off of

free electrons or dust particles in the quasar host galaxy and into the observer’s line of

sight. This scattering causes the emission to become linearly polarized, making optical

polarimetry and spectropolarimetry the best way to view this scattered emission from

the nucleus (Miller & Goodrich, 1990; Tran, 1995a).

This process is also presumably occurring in unobscured or Type 1 AGN, but

linearly polarized optical emission represents a much smaller fraction of the total light

in these objects and the geometry is less favourable (e.g. Borguet et al., 2008). In

fact, typical levels of polarization in unobscured AGN are only 0.5% (Berriman et al.,

1990). In contrast, optical polarization levels in Type 2 quasars at low redshift can
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reach values of at least a few percent (Smith et al., 2002, 2003; Zakamska et al., 2005)

and occasionally as high as & 20% (Hines et al., 1995; Smith et al., 2000; Zakamska

et al., 2005). In addition, light from the BLR scatters into our line of sight by the

same process so the spectrum of a Type 2 AGN in polarized light possesses broad

emission lines (e.g. Antonucci & Miller, 1985; Zakamska et al., 2005). Thus, high

measured levels of polarization and broad emission lines seen only in polarization are

a tell-tale sign of obscured active nuclei in the classical orientation model. Indeed,

it was imaging polarimetry and later deep spectropolarimetry that confirmed the

presence of hidden AGN at the centers of radio galaxies– demonstrating that these

objects were in fact radio loud Type 2 AGN (see Tadhunter, 2005, and references

therein).

Few, if any, spectropolarimetric observations of radio-quiet obscured quasars at

the peak of galaxy formation (z ∼ 2.5) are available because until recently, such

objects could not be readily identified. Furthermore, obscured quasars are by defini-

tion very faint at rest-frame optical and UV wavelengths, whereas spectropolarimetry

requires high signal-to-noise ratio observations to detect polarized flux at the level

of a few percent. Therefore, we can only perform polarimetry and especially spec-

tropolarimetry of high-redshift obscured quasars with large telescopes and / or long

integration times. Alexandroff et al. (2013) reported the results of spectropolarime-

try performed on two high redshift (z ∼ 2.5) rest-frame UV-selected Type 2 quasar

candidates using the CCD spectropolarimeter (SPOL; Schmidt et al., 1992b) at the
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6.5m MMT telescope. They demonstrated the presence of a polarization signature

at the level of a few percent but low S/N and data on only two objects made further

interpretation difficult.

While it is clear what the polarization signal is expected from a quasar obscured by

a classical torus (Type 2), perhaps not all quasars possess a classical obscuring region.

For example, Sanders et al. (1988) and Hopkins et al. (2006) argue that some obscured

quasars may be a particular phase in quasar evolution after a merger or some other

instability enshrouds the object in gas and dust. In this mode, obscuration exists

on galaxy-wide scales. We then might expect a population of objects with nearly

4π steradians of obscuring material, where the openings in the obscured material are

not well-organized in a conical structure. Red quasars at both low (e.g. Smith et al.,

2000; Glikman et al., 2007; Urrutia et al., 2009; Glikman et al., 2012, 2013) and

high (Eisenhardt et al., 2012; Wu et al., 2012; Tsai et al., 2015; Banerji et al., 2015;

Ross et al., 2015; Hamann et al., 2017) redshift may be undergoing a phase of quasar

evolution where the obscuring region exists on galaxy-wide scales as evidenced by

the presence of galaxy-wide outflows (Zakamska et al., 2016a) and merger signatures

(Glikman et al., 2015). Such objects, would not have the same axial scattering regions,

and thus would have a lower polarization fraction than classical Type 2 quasars. This

work represents an attempt to identify such differences.

In this paper we present observations of five high redshift obscured and extremely

red quasars (ERQs) with the Low Resolution Imaging Spectrometer (LRIS; Oke et al.,

142



CHAPTER 4. SPECTROPOLARIMETRY OF OBSCURED & RED QUASARS

1995) in polarimetry mode (Goodrich et al., 1995). We describe our sample selection

as well as observations and data reduction in Section § 5.2. Then Section § 4.3

describes our data analysis and results followed by a discussion of those results in

Section § 4.4. We introduce our proposed model in Section § 4.4.1 and summarize

our conclusions in Section § 4.5.

Throughout this paper, we adopt a cosmology with h = 0.7, Ωm = 0.3 and ΩΛ =

0.7. We use SDSS Jhhmm+ddmm notation throughout the text (full coordinates are

listed in Table 5.1) with an additional marker letter to represent how the source was

originally identified (see section 4.2.1 for more details). Throughout, u and q refer to

Stokes flux densities while U and Q refer to percentages.

4.2 Sample Selection, Observations and

Data Reduction

4.2.1 Parent Sample

Our sample includes five reddened and obscured quasars selected by a variety of

methods at redshift (z ∼ 2.5) described in detail in Alexandroff et al. (2013), Ross

et al. (2015) and Hamann et al. (2017). We briefly describe the original parent sample

selection methods below. General information on these five quasars may be found

in Table 5.1. The full sample was chosen to search for evidence of differences in the
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covering factor of obscuration (as traced by the polarization fraction) between these

two populations.

Two of our sources, which we mark with a ‘T’ at the end of the designation,

SDSSJ1515+1757T and SDSSJ1623+3122TE, were originally selected from the Sloan

Digital Sky Survey (SDSS) Baryon Oscillation Spectroscopic Survey (BOSS; Daw-

son et al., 2013) by their narrow line widths (FWHM < 2000 km s−1 in both C IV

and Lyman α) and weak continuum in the rest-frame UV, in an attempt to form an

optically-selected sample of high redshift Type 2 quasars (for more details see Alexan-

droff et al., 2013). Only objects from Data Release 9 (Ahn et al., 2012) or earlier were

included in this search, which yielded a sample of 145 Type 2 quasar candidates.

An additional three sources, labeled with an ‘E’, SDSSJ1232+0912E,

SDSS1652+1728E and SDSSJ2215−0056E were selected based upon a combination

of data from the SDSS and the Wide-Field Infrared Survey Explorer (WISE; Wright

et al., 2010b) AllWISE data release1 to search for objects with red infrared-to-optical

colours (Ross et al., 2015; Hamann et al., 2017). This selection method was used to

search for obscured quasars at high redshift based on expected high infrared-to-optical

ratios. A sub-sample of these very red objects show unusual spectroscopic properties

including large rest equivalent width (REW) emission lines (& 100 Å), unusually

high N V/Lyα ratios and emission lines with high kurtosis (lacking the typical broad

wings of gaussian emission lines). These objects were labelled Extremely Red Quasars

1http://irsa.ipac.caltech.edu/
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(ERQ). We separately selected objects with a required colour between the SDSS i-

band and the WISE W3 band (12 µm) ≥ 4.6 and a measured REW of CIV > 100 Å,

producing a final sample of 97 ERQs in a redshift range of 2.0 < z < 3.4 (Hamann

et al., 2017).

There is also some overlap between the two samples. While SDSSJ1652+1728E

does not meet the strict cutoff required of the Alexandroff et al. (2013) sample of Type

2 candidates, its relatively narrow FWHM in C IV (< 2500 km s−1) should be noted.

Additionally, SDSSJ1623+3122TE is considered to be a part of the “expanded” sam-

ple of ERQs, defined to have “ERQ-like” line properties even if they are less red than

the principal sample in i −W3 colours Hamann et al. (2017). We have labelled it

as TE in table 5.1 to denote this joint classification. Both the Alexandroff et al.

(2013) and the Ross et al. (2015), and Hamann et al. (2017) methods aim to select

obscured quasars at high redshifts. While we still do not fully understand the physical

properties of each of these populations, SDSSJ1623+3122TE and SDSSJ1652+1728E

demonstrate that there can be some overlap between the methods.
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4.2.2 Rest-frame Optical Properties

SDSS covers the rest-frame UV at the redshift of our objects and so follow-up

near-infrared (NIR) spectroscopy is necessary to probe the rest-frame optical. We will

study the rest-frame optical properties of our targets in more detail in forthcoming

papers. For the purposes of the current study, we use the near-infrared (rest-frame

optical) spectra primarily to distinguish between classical Type 1 and Type 2 objects,

as well as ERQs.

The [O III]λ5007Å+Hβ spectra for all five targets in this Keck program are shown

in Figure 4.1, with three objects on top from our new program on the Gemini Near-

Infrared Spectrograph (GNIRS) on Gemini-North and two objects on the bottom

from the previously published XShooter program (Zakamska et al., 2016a). Our new

GNIRS data was obtained in semester 15A in queue mode (PI Alexandroff). The

instrument was operated in cross-dispersed mode using the 1/32 mm grating and

with a slit width of 0.45′′ to provide full wavelength coverage from 0.9 - 2.5 µm,

which covers Hα, Hβ and [O III] in the rest-frame of our objects. Each object was

observed in queue mode for a total of 60 minutes in a series of nodded 300s exposures

along the slit. Data reduction was performed using the XDGNIRS package v2.0

(described in more detail in Mason et al., 2015), a wrapper script for the various

PyRAF tasks in the Gemini IRAF package. The script was run in interactive mode

and the data were examined at each step in the process to ensure that the pipeline was

giving sensible results. As these objects are relatively faint point sources we manually
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set the position of the aperture for the trace of each order rather than having the

program find it automatically.

Using the calibrated 1D spectra, we performed emission-line fits as in Zakamska

et al. (2016a). Briefly, [O III]λ4959Å and [O III]λ5007Å are always assumed to have the

same velocity structure and a fixed flux density amplitude ratio of 0.337. Beyond this

assumption, our fits are either “kinematically tied” – i.e., the same velocity structure

is assumed for [O III], and Hβ – or “kinematically untied”, in which Hβ has velocity

structure which is different from [O III]. Our null hypothesis is that in Type 2 quasars,

[O III] and Hβ are kinematically tied and their typical ratio is 10:1, with the caveat

that both of these characteristics can be affected by strong outflows (Zakamska &

Greene, 2014; Zakamska et al., 2016a).

Unlike low-redshift Type 2 quasars selected to have narrow Balmer lines, follow-

up observations in the rest-frame optical (Greene et al., 2014) of twenty-five objects

from our parent sample of Type 2 quasar candidates showed that ∼ 90% of objects

displayed a broad Hα or Hβ line and all had intermediate values of extinction (0 mag

< Av < 2.2 mag) akin to Type 1.8/1.9 quasars. Yet, both SDSSJ1515+1757T and

SDSSJ1623+3122TE – selected based on their narrow high-equivalent-width ultravi-

olet lines (Alexandroff et al., 2013) – show classical Type 2 quasar features in the

optical: they have weak continua, narrow Hβ that has the same velocity structure

as [O III], and [O III]/Hβ ratios of 9.9 and 6.9, respectively. These specific objects

were chosen for spectropolarimetry follow-up because they are unambiguously high-
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redshift Type 2 quasars. SDSSJ1515+1757T shows no sign of [O III] outflows, whereas

SDSSJ1623+3122T has a noticeable blue-shifted component in its [O III] emission.

SDSSJ1652+1728E has a mix of features. While it is best fit with a kinemati-

cally tied model with [O III]/Hβ=7.7, the rest-frame optical continuum is relatively

stronger and marginally inconsistent with a Type 2 classification. In addition, the

rest equivalent width of [O III]λ5007Å of 213Å is intermediate between Type 1s and

Type 2s at these luminosities, Greene et al. 2014. This object shows very kinemati-

cally disturbed [O III], with the width containing 80% of line power of w80 = 1760 km

sec−1, which is in the upper ∼ 5% of [O III] velocity width in the z < 1 Type 2 popula-

tion (Zakamska & Greene, 2014). The remaining two targets, SDSSJ1232+0912E and

SDSSJ2215−0056E, are ERQs. In the rest-frame optical, they have a mix of Type

2 and Type 1 characteristics as described in detail in Zakamska et al. (2016a). Pri-

marily, the rest-frame optical spectra is not best fit with a kinematically tied model

(in the case of SDSSJ2215−0056E there is no preference between kinematically tied

and untied) with REW of [O III]λ5007Å intermediate between expected Type 1 and

Type 2 values. Both objects have extremely fast [O III] outflows– FWHM measured

as 5630 and 3060 km s−1 respectively. Such velocities are too large to be contained

by any reasonable galaxy potential and perhaps indicate that these quasars are in the

predicted “blowout” phase of quasar activity (Hopkins et al., 2006).

The sample of five objects was selected for follow-up with Keck LRISp to be either

Type 2 objects in the rest-frame UV and optical or to be ERQs with signs of outflows.
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Thus, this sample allows us to probe the obscuring geometry and scattering efficiency

over a variety of obscuring properties in quasars at high redshift.

Figure 4.1: The continuum-subtracted [O III]+Hβ complex and best fits for the five
objects studied in this paper. Data was obtained for the top three objects with Gem-
ini GNIRS and has not previously been published. Data for the bottom two objects
was obtained with the VLT XShooter and was previously published in Zakamska et al.
(2016a). The grey histograms show the data, the solid black line shows the best over-
all fit and the dotted black line shows the [O III]λ5007Å fitted profile separately. In
SDSSJ1515+1757T, SDSSJ1623+3122TE and SDSSJ1652+1728E the best fits are kine-
matically tied (i.e., [O III] and Hβ have the same velocity structure), and the best velocity
fit is comprised of one, two and three Gaussian components, respectively. The best fits for
SDSSJ1232+0913E and SDSSJ2215−0056E were previously presented in Zakamska et al.
(2016a) and are reproduced here. In SDSSJ1232+0913E, the best fit is kinematically un-
tied; in SDSSJ2215−0056E it is kinematically tied; in both cases, two Gaussian components
are used for [O III].
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4.2.3 Observations and Data Reduction

Data for this project were obtained as part of a NASA time allocation on the

Keck Telescope in semester 2015A. All observations were conducted over the course

of a single night (UT 2015-05-22) on Keck I from Keck Headquarters in Waimea

in clear conditions with seeing around 0.6′′. The observational setup was chosen to

maximize S/N over resolution for our faint targets and to put the relevant emission

lines of Lyα and C IV on the blue side CCD where cosmic ray (CR) effects could be

minimized. We used a 1.0′′ slit width and the D68 dichroic to separate light into blue

and red beams. The blue side spectrograph used a 300 grooves mm−1 grism giving

a dispersion of 1.43Å pixel−1 while the red side used a 400 grooves mm−1 grating

which gave a dispersion of 1.16Å pixel−1. This blue side grism provides some level

of contamination on the red end due to second order light at λ & 6400 Å. No binning

either spatially or spectrally was applied during observations. Combined wavelength

coverage from both the blue and red sides stretched from 3100-10,300 Å, with a small

overlap around ∼ 6500 − 6800 Å. Calibration darks, dome flats and arcs were taken

the afternoon before the start of observations, with additional dome flats taken at

the end of the evening.

All of our science targets were observed in a standard sequence of four rotat-

able half-waveplate exposures (0◦, 45◦, 22.5◦, and 67.5◦) lasting 600 seconds on the

blue side and 520 seconds on the red side to synchronize read-out times for the ends

of the exposures. Four of the quasars were observed for two full observation se-
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quences for a total observed time of 4800.0/4160.0 seconds on the blue and red sides

respectively. SDSSJ2215−0056E was observed for a single full sequence– half the

time of the other objects due to timing constraints. In addition, we observed the

flux standard star Feige 34, the null (unpolarized) standard stars HD 109055 and

BD+28◦4211 (also a flux standard) and the polarized standards HD 155528 and HD

204827. All observations were done at the parallactic angle except for the special case

of SDSS1652+1728E described further below.

Cosmic rays for the blue detectors are removed from the unreduced science images

using the IRAF imaging version of L.A. cosmic (van Dokkum, 2001). The red detec-

tors, 300µm thick LBNL CCDs (Rockosi et al., 2010) have a much higher detection

rate of CRs than the blue CCDs. Because each Stokes parameter is measured using

four separate beam spectra and differencing pairs of spectra, any error in cleaning

cosmic rays is multiplied four-fold for a single Stokes parameter, and eight-fold for the

polarization fraction or polarization position angle. Thus, the red side CCDs suffer

so acutely from cosmic ray contamination that the data were unusable.

Data reduction and calibration were conducted following the methods of Miller

et al. (1988) and Barth et al. (1999). In brief, bias subtraction, flat fielding, spectral

extraction, wavelength and flux calibration were first performed using IRAF, and

polarization measurements were performed using routines written in IDL. Uncertain-

ties due to photon-counting statistics and detector readout noise were propagated at

every step of the reduction process, yielding error spectra for the Stokes parameters
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q and u. Extraction regions were 24 pixels (corresponding to 3.24′′) wide except for

SDSS1652+1728E which had a different spatial profile (described below). The back-

ground region was calculated over 10 pixels (corresponding to 1.35′′) above and below

the extraction region and additional 10 pixels away from the extraction region. A

wide extraction region was used because the science targets were very faint.

SDSS1652+1728E is point-like in the SDSS images. There is another point-like

source 1.6′′ away which doesn’t have SDSS spectroscopy. During the observations, we

placed the slit to cover both objects with the thought that the second object might

be physically related. The spectra of this companion showed no features in the rest-

frame UV and upon further inspection its SDSS photometric colours (u − g = 0.97,

g − i = 0.58) place it firmly in the stellar locus for SDSS point-like objects (Yèche

et al., 2010). The presence of this source on the slit makes proper extraction of

SDSS1652+1728E complicated as the sources are so close as to be blended in the 2D

spectra. We moved the background region an additional ten pixels away and made

the extraction region only 20 pixels to avoid the additional source.

The extracted spectra were rebinned to 2Å bin−1 prior to polarimetry analysis.

Then very fine wavelength alignment (to within 0.1Å) was done using the cross-

correlation of all eight available extracted spectra for a single object. The zero point

of the polarization angle was calibrated by normalizing to the published value for

HD15528 (Clemens & Tapia, 1990) of 105.13◦. We find that calculated polarization

values and angles for our polarized standards agreed well with published values. For
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HD15528 we measure a polarization of 4.979 ± 0.003% in the V-band (mean λ ∼

5388Å and ∆λ ∼ 352Å) which differs by 2.61% from the original published value

(Clemens & Tapia, 1990). For HD204827, we measure a polarization of 5.760±0.003%

with a polarization position angle of θ = 59.48±0.02 degrees in the B -band (4000-5000

Å). This is only 0.5% from the published values in Schmidt et al. (1992a). In addition,

observations of unpolarized standard stars show well-behaved, flat response over the

entire observed wavelength range and give a calculated polarization of 0.08%. Though

this measurement is some combination of the stellar and instrumental polarization

it is small enough that we conclude we can disregard the effects of instrumental

polarization.

We conduct a variety of consistency checks with our data to convince us of the

accuracy of our results. We measure the polarization for each sequence of exposures

separately to make sure they were consistent before we combined them using a simple

algorithm which weights each half equally. We also checked that the normal and

optimal weighting algorithms (Horne, 1986) for the source extraction gave similar

results. We used the optimal weighting algorithm except for when measuring the

line polarization for SDSS1515+1757T and SDSS1623+3122TE where the results did

not agree well. It is also encouraging that clear detections of polarization in the

continuum show consistent values of the observed polarization angle except in cases

where the polarization angle can clearly be seen to physically vary as a function of

wavelength (see section 4.3 for more information).
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All polarization measurements were then made in the q and u spectra and con-

verted to a debiased polarization and position angle, following the steps outlined in

Miller et al. (1988). To increase S/N in the continuum we binned over several hun-

dred Angstroms for each measurement. We are careful not to include wavelengths on

the very red edge of the blue CCD to avoid the second order light due to the blue

side grism. Polarization fractions and angles as well as the wavelength range over

which each was calculated are listed in Tables ?? and 4.3. The usual polarization is a

positive-definite value, p =
√
q2 + u2 which becomes problematic in our regime of low

S/N so instead we report the debiased polarization which has a better behaved error

distribution, p =
√
q2 + u2 − σ2

q − σ2
u. In the cases where measured error is larger

than the measured signal we report a debiased polarization fraction of zero. The total

flux spectra as well as continuum polarization and position angle measurements are

shown in figure 4.2.

All our candidates lie at relatively high Galactic latitudes (|b| > 30◦) with a range

of 34.0◦ < |b| < 71.5◦, and thus the contribution to the polarization from interstellar

dust is expected to be quite low. In fact, Serkowski et al. (1975) demonstrated that

the Galactic interstellar polarization is measured to be . 9% E(B-V). We check the

measured values of E(B-V) along the sightlines to our targets from both Schlegel et al.

(1998) and Schlafly & Finkbeiner (2011) and find a range of values 0.0206 < E(B-V)

< 0.1179 mag implying polarizations of . 1%, much smaller than any of the values

we are measuring in our targets. Thus we conclude that interstellar polarization has
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a negligible effect on our measured polarization values.

4.3 Results

Our sample spans a range of rest-frame optical properties as described in Sec-

tion 4.2.2, from classical Type 2 spectra with quiescent [O III] kinematics to extreme

[O III] outflow activity. Here, we discuss the results of our spectropolarimetry analysis

and connect them to other known multi-wavelength properties of our targets.

In Figure 4.2 we present the Keck LRISp data for each of our objects. We display

the high sensitivity total UV spectrum followed by the binned polarization fraction

and polarization position angle. We also display the full polarization position angle

as a function of wavelength in the emission lines (smoothed using a least-squares

polynomial smoothing filter with a window of five pixels) to allow variations to be

apparent. In the following sections we discuss the observed trends in our spectra

which we will attempt to connect to the relevant physics in section 4.4.

4.3.1 Level of Continuum Polarization

In Table 4.2 and Figure 4.2, we present continuum polarization measurements in

several continuum regions, chosen in the rest-frame of the quasar to avoid contamina-

tion by UV emission lines. The level of continuum polarization just blueward of C IV

(rest frame 1425Å-1525Å) spans from 15.7±0.4% in SDSSJ1652+1728E to consistent
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Figure 4.2: LRISp spectra of our targets. The top panel shows the total flux spectrum
while the middle panel shows the continuum polarization and statistical error in that mea-
surement over the binned wavelength range indicated by the x-axis error bars (same as
Table 4.2) and the bottom panel shows the same for polarization angle (also given in Table
4.3). The filled squares represent continuum measurements while the open squares repre-
sent emission line measurements. In grey, we include the unbinned polarization position
angle in the emission lines to highlight the wavelength dependence. See section 4.3.4 for a
discussion.
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Figure 4.2: continued

Figure 4.2: continued
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Figure 4.2: continued

Figure 4.2: continued
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with zero in SDSSJ2215−0056E.

These values of continuum polarization are very high for non-synchrotron emitting

sources. The notable exception is SDSSJ2215−0056E, where we observe low levels of

polarization with large uncertainty consistent with zero polarization in most wave-

length ranges covered. Overall, the polarization values measured are much higher

than that observed in Type 1 AGN where, for example, Berriman et al. (1990) found

an average polarization of 0.5% for all 114 quasars from the Palomar-Green Bright

Quasar Survey with a maximum polarization of 2.5%. These values are even on the

extreme end of Type 2 AGN, radio galaxies and BAL quasars (Hines et al., 1995;

Smith et al., 2000, 2002, 2003; Zakamska et al., 2005). For example, Smith et al.

(2002) found no Type 2 quasars with polarization values > 3% but their continua

were contaminated by host galaxy light. Zakamska et al. (2005) measure a polar-

ization > 3% in nine of twelve Type 2 quasars and a mean polarization of 5.7% for

all twelve objects with a maximum polarization of 15.4%. They contend all but one

object are uncontaminated by the host galaxy though this is for the rest-frame optical

(between ∼ 2800 and ∼ 6500Å). Smith et al. (2000) studied two Two Micron All-Sky

Survey (2MASS)-selected obscured AGN and found continuum polarization values of

∼ 15% in their optical continuum and BLR, in line with our measurements.

In Alexandroff et al. (2013), we found levels of polarization > 5% in the blue

continuum of one object, SDSSJ220126.11+001231.5, and an overall average polar-

ization of 1.9 ± 0.3%, higher than could be accounted for by a typical unobscured
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quasar combined with instrumental systematics (. 0.1%) and galactic polarization

(< 0.8%). The second object observed in that paper, SDSSJ004728.77+004020.3 had

an average polarization of only 0.91± 0.35% making our interpretation of the nature

of the source less clear. These objects however were not pre-selected to be unam-

biguous Type 2 quasars based on their rest-frame optical spectra unlike the objects

designated with a ‘T’ in this work.

We argued in Alexandroff et al. (2013) that the continuum luminosity detected in

our sample of high-redshift Type 2 candidates from SDSS was too high to be explained

by the host galaxy alone. Instead, because the rest-frame UV slope was relatively flat

or blue some sort of “patchy” geometry allowing some direct sightlines to the quasar

or scattered light were required to make up a significant fraction of the observed

continuum. Similarly, the high optical continuum in ERQs and other red quasars

also suggests patchy obscuration or scattering (Assef et al., 2016; Zakamska et al.,

2016a; Hamann et al., 2017) though if the obscuring/scattering region is more or less

spherically symmetric on galaxy scales then it would not lead to strong polarization.

Detecting such high values of continuum polarization in these sources is unambiguous

confirmation that most of the continuum emission is due to anisotropic scattered light.

In figure 4.3 we plot the mean continuum polarization fraction as a function of

outflow velocity as measured by the [O III] w80 parameter. Type 2 and ERQ objects lie

in different regions of this parameter space– the two Type 2s have the smallest outflow

velocities. Though admittedly a small sample, we find no relationship between the
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rest-frame optical type (Type 2, ERQ) or the presence of [O III] outflows and the

continuum polarization level.
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Table 4.3: Polarization percentages for each of our targets as a function of rest wave-
length. All measurements are listed as percentage of the total flux. For emission lines the
polarization was measured over the FWHM of C IV for each object.

Short Name Lyα N V C IV

SDSSJ1232+0912E 7.5±0.8 3.4±0.5 5.8±0.4
SDSSJ1515+1757T 8.8±0.9 5.3±4.7 7.0±1.3
SDSSJ1623+3122TE 9.6±1.0 5.3±3.9 5.6±1.1
SDSSJ1652+1728E 3.2±0.2 4.0±0.1 4.9±0.2
SDSSJ2215−0056E 1.8±1.9 1.5±4.2 0.0

4.3.2 Wavelength Dependence of Continuum Po-

larization

Scattering of the continuum can be due to dust or free electrons in the ionized

gas. The expected polarization fraction due to electron scattering is described by the

Thomson formula and is independent of wavelength. For dust scatting, the polariza-

tion fraction may vary as a function of wavelength depending on the dust composi-

tion and size distribution. Of course there are many complicating factors (see section

4.4.4), but it is still important to establish whether the polarization fraction varies in

order to help determine the polarization mechanism.

There is marginal evidence for a wavelength-dependence in the polarization frac-

tion in the continuum of our objects, with the polarization fraction appearing to rise

at longer wavelengths. Such a trend is particularly evident in SDSSJ1232+0912E.

Unfortunately, our achievable sensitivity makes it difficult to determine if this trend

is real as most of the variation is within the observed error bars.
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Alexandroff et al. (2013) also concluded for a single object that there was ev-

idence for wavelength-dependent polarization fraction that was strongest at bluer

wavelengths, the opposite of what we observe. A decreasing polarization fraction at

redder wavelengths suggests either that the polarization is wavelength-dependent and

therefore likely caused by dust, or that the continuum is contaminated in this region

by red unpolarized light that dilutes our polarization signal.

4.3.3 Overall Polarization of Emission Lines

The observed level of polarization in emission lines relative to the continuum is a

good indicator of the geometry and polarization mechanism of the emission lines. In

particular, the polarizing fraction of the emission lines relative to the continuum can

indicate the scale of the scatterer. If the emitting region and the scattering region are

on the same scale then this will dilute the polarization signature as there is no single,

coherent scattering direction. Higher values of the ratio of emission line to continuum

polarization imply scattering on large scales, beyond the line emitting regions, so that

the lines remain as polarized as the continuum while lower values of this ratio imply

that the scattering is on scales closer to or within the emission line region and thus

the line emission is only marginally polarized. This geometric dilution in emission

line regions relative to the continuum is found in many AGN sources (e.g. Stockman

et al., 1981; Glenn et al., 1994; Goodrich & Miller, 1995; Tran, 1995b) and implies

that the scattering region is on a similar, or slightly larger scale, than the emission
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region.

We consider the UV emission lines of Lyα, N Vand C IV, integrating over the

FWHM of C IV (see Table 5.1). In all cases the observed polarization fractions are

lower than the continuum polarization with the possible exception of the quasar

SDSSJ1623+3122TE. Nevertheless, polarization values can still reach levels of > 8%

in the Lyman α emission line, most notably in SDSSJ1515+1728T and

SDSSJ1623+3122TE.

In figure 4.3 we plot the ratio of the line polarization fraction to the continuum

polarization fraction just blueward of C IV between 1425Å and 1525Å. There is some

evidence that those objects designated as classical Type 2s in our sample (left side of

the plot, also with smaller outflow velocities), may show higher values of this ratio.

In fact, the mean ratio over all lines is 0.36 for ERQs, while the mean ratio for

Type 2 objects is 0.85. In a scenario where resonant scattering has little effect on

the measured polarization fraction this ratio measures the geometric mixing of each

emission region and the scattering medium. This implies that the scattering regions

for classical Type 2s may be on larger scales than the scattering regions in ERQs.

This scenario is complicated if resonant scattering has a strong effect on the measured

emission line polarization fractions but, in section § 4.4.4 we consider and reject the

possibility of resonant scattering as the source of polarization in the emission lines of

our objects.
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Figure 4.3: Top: Continuum polarization levels (percent) averaged over the continuum
regions as a function of outflow speed as measured by the w80 parameter of [O III]. We
see no trend between this measure of the outflow speed and the polarization fraction in
the continuum. Bottom: Ratio of line polarization for the three prominent lines in the
observable range of our objects to continuum polarization levels measured blueward of C IV

between 1425Å and 1525Å (percent) as a function of outflow speed as measured by the w80

parameter of [O III]. There is some evidence that the Type 2 objects are in a different regime
with higher line polarizations. In a scenario where this ratio is a measure of the geometric
mixing of the emission and scattering regions this would imply that the scattering regions
in classical Type 2s are on larger scales than the scattering regions of ERQs.
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4.3.4 Kinematics of Line Polarization

Figure 4.4: LRISp spectrum of SDSSJ1515+1757T, SDSSJ1623+3122TE, and
SDSSJ1652+1728E over various important emission line regions in velocity space. We
overplot the total flux of the line (red), the polarized flux (polarization fraction × flux;
purple), and the [OIII] flux (yellow), all scaled to arbitrary units to illustrate how the dif-
ferent quantities exhibit various structures in velocity space. We also show the polarization
position angle (green) below.

There is also a significant amount of variation in the polarization fraction across

emission lines. The polarization fraction tends to reach a minimum around the line

centroid and a maximum at a redshift between +1000 < vmax+2000km s−1. This pat-

tern is perhaps most pronounced in SDSSJ1652+1728E (Fig. 4.4). Such wavelength-

dependent polarization in emission lines is present in several objects in our sample

and may provide a unique window in to our understanding of the scattering geometry.
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Figure 4.4: continued
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Figure 4.4: continued
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Figure 4.5: Plot of q and u Stokes parameters for each of the key emission lines in our
targets. Each point represents a spectroscopic pixel. We show over ±2000 km s−1 in velocity
space with the colour scale. Notice, especially in SDSSJ1652+1728E, the clear presence of
loops in q vs. u space.
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We discuss further in section § 4.4.

Perhaps the most intriguing trend we observe is the wavelength-dependence of

the polarization position angle across all emission lines in many of our objects. This

trend can be observed in SDSSJ1515+1728T, SDSSJ1623+3122T and most dramat-

ically in SDSSJ1652+1728E. This observed trend has several key features. First, the

polarization position angle appears to vary by almost exactly π/2 radians across the

emission line (again, see Fig. 4.4). Most notably for our analysis, the polarization

position angle of the continuum is the same as the polarization position angle of the

emission line gas at the reddest wavelengths. This trend can easily be observed in

Figure 4.4 but we also present the observation as a change in the ratio of the u and

q Stokes parameters in Figure 4.5. This format is inspired by similar figures for the

study of polarization in supernovae (SNe; for a thorough review see Wang & Wheeler,

2008).

If there were a single, smooth and axisymmetric scattering region where the po-

larization was independent of wavelength, we would find a consistent polarization

fraction which would result in a clustering of all data points in the q/u plane. If, in-

stead, there is some form of homologous expansion of the scattering material (v ∝ r),

then at each wavelength the viewer is seeing a different slice or shell in the expanding

scattering material. Each slice will have a different optical depth which would intro-

duce a wavelength dependence to the polarization and thus cause the data points to

spread out in a line in the q/u plane, also known as the “dominant axis” (Hoeflich
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et al., 1996; Wang et al., 2001). Deviations from this straight line in the q/u plane

then represent deviations from the assumptions of smoothness or axisymmetry in the

scattering geometry. These deviations must be finite to maintain the presence of a

single dominant axis in the plane (e.g. the presence of clumpy material). This model

ignores scattering in the interstellar medium of our galaxy which can cause a rotation

in the polarization position angle. It also does not include scattering of continuum

photons in to resonance with emission lines which can change the polarization posi-

tion angle if the geometry of the continuum scattering region is different from that of

the emission line scattering region. One common feature both in our data, best seen

in SDSSJ1652+1728E, as well as many SNe (Wang & Wheeler, 2008) is the presence

of loops in the q/u plane where both the amount of polarization and the polarization

position angle varies across the emission line, representing a large physical deviation

from axial symmetry. Possible explanations for loops in the q/u plane include an

overall asymmetry to the scattering structure, an additional expanding shell with a

different geometry, or the breakup of an axially-symmetric scattering structure into

clumps (Kasen et al., 2003; Wang & Wheeler, 2008).

Loops in the q/u plane as a function of wavelength across emission lines has been

widely observed among a number of AGN observed with spectropolarimetry. Smith

et al. (1995) argued that structure in the polarization fraction of the emission lines in

Mrk 231 requires several scattering components. Smith et al. (2000) further argued

that structure in the polarization fraction and polarization position angle across broad
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emission lines coupled with larger values of polarization in the continuum than the

emission lines implies that the the BLR of the 2MASS quasars contains multiple

scattering components. In contrast, Young (2000), Smith et al. (2005), and Young

et al. (2007) have argued that such swings in the polarization position angle are due

to emission and scattering by an equatorial disk wind that is visible in Type 1 quasars

but is overwhelmed by polar scattering signatures in Type 2 quasars.

4.4 Discussion

Several trends are visible in our observations as noted in section 4.3:

1. polarization reaching > 10% in the continuum for three of five sources;

2. a ratio of emission line polarization/ continuum polarization that is close to 1/3

for ERQs and 4/5 in our Type 2 sources;

3. strong evidence for wavelength-dependent polarization fraction in the emission

lines; and

4. change in the polarization position angle across emission lines of ∼ π/2 radians,

with the redshifted line emission at the same position angle as the continuum.
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4.4.1 Proposed Model

To model these trends, we vary a number of parameters. Polarimetry models

include both an emission and scattering region (though they can be coincident) which

can be either stationary or have some velocity. In addition, we can vary the type of

scatterer and scattering mechanism. For example, the classical model that explains

the spectropolarimetry of obscured quasars is that of a point-like emitting region with

a conical scattering region defined by the opening angle of the torus (Miller et al.,

1991).

Combining all of these considerations, we constructed a model of the emission,

scattering and resulting polarization expected for simple geometries and polarization

mechanisms. The full details of this model are available in Zakamska et al. 2017 (in

prep). We find that the model with the best fit to our data is a polar emission region

(expanding emission within a filled cone) which is scattered by dust in an equatorial

outflow (see Figure 4.6). While there are certainly more complicated geometries that

would reproduce all our results, this model has the advantage of being straightforward

and physically motivated.

There is both observational evidence and much theoretical work to support an

equatorial, dusty outflow from the AGN accretion disk that is supported by radiation

pressure (e.g. Wills et al., 1992; Elitzur & Shlosman, 2006; Veilleux et al., 2016; Chan

& Krolik, 2016; Elvis, 2017). If the AGN is near or super-Eddington, the creation of a

geometrically thick accretion flow also produces polar radiation driven outflows (e.g.
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Disk BELR

SLIM DISK

outflowing
dust-free

gas outflowing dusty
BALR + BELR

SDSSJ1652+1728

Mrk  231

Figure 4.6: Our preferred model for SDSSJ1652+1728 is adapted from Veilleux et al.
(2016). It combines a polar outflow which produces the emission lines with a dusty equato-
rial wind where the scattering occurs. Side-on view of the inner ∼10 pc of our model (not
to scale). The inner accretion disk (. 0.01pc) is responsible for the X-ray emission and
is surrounded by a geometrically-thick accretion disk (“slim disk”) which, for a near- or
super-Eddington quasar produces narrow funnels that drive a polar wind. This polar wind
is comprised of both dust-free outflowing gas, responsible for X-ray absorption, as well as
dusty clouds that produce FeLoBAL absorption signatures and the blueshifted FUV emis-
sion lines of Lyα and C IV. The extended accretion disk is the source of the UV and optical
continuum emission as well as the Balmer lines (seen through the screen of the outflowing
dusty BALR). Mrk 231 is constrained to have a jet angle of θmax = 25.6+3.2

−2.2 degrees from
radio observations (Reynolds et al. 2013). This means that the scattered light, though still
significant, is unpolarized in the observer’s line of sight due to geometric cancellation. In
contrast, SDSSJ1652+1728 is seen at a larger angle to the jet or polar axis as inferred from
the mean SED of ERQs (see section 4.4.1 for further discussion). The increased column
density of obscuration suppresses the FeLoBAL features while the more edge-on sight line
reduces geometric cancellation of the polarization signature. Though the original cartoon
contains a radio jet we omit this as it is not the subject of this work.
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scattering outflow

emitting outflow

Figure 4.7: Our preferred model for SDSSJ1652+1728 is adapted from Veilleux et al.
(2016). It combines a polar outflow which produces the emission lines with a dusty equa-
torial wind where the scattering occurs. The same model as viewed from above (looking
along the polar axis). Here we show how the kinematic features in the polarized emission-
line regions are created by the blue and red-shifted scattering emission respectively. The
viewer (eye on the left) sees blueshifted emission coming towards them and scattered off
of cloudsmoving towards the observer. In contrast, the redshifted wings of the emission
lines are dominated by scattering off the “sides” of the outflow (from the observers perspec-
tive). Emission from the back of the cone is largely suppressed in polarization because the
scattering efficiency is low at angles & 90 degrees though this emission does contribute to
the overall redshift of polarized emission lines compared to the unpolarized emission lines.
These features combined produce the ninety degree rotation in the polarization position
angle across the emission lines.
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Abramowicz et al., 1988; Sa̧dowski et al., 2015; McKinney et al., 2015). We adapt

the cartoon of Veilleux et al. (2016) who model Mrk 231 with a slim disk responsible

for the continuum emission. The broad emission line region (BELR) is composed of a

polar region, an extended accretion disk atmosphere and the disk itself (see Veilleux

et al., 2016, figure 8 and our Figures 4.6, 4.7) whereas the broad absorption line region

(BALR) originates only in the polar outflow and disk atmosphere. Using this model,

the FeLoBAL features are produced in the BALR, blueshifted FUV emission lines

are produced in the outflowing BELR, and the optical and NUV emission lines are

produced in the disk BELR. We find that some of the features of this model reproduce

well our spectropolarimetry results. In particular, when the FUV lines are produced

in the polar region and then are scattered by a dusty, ionized equatorial outflow, the

puzzling kinematics of the emission lines can be reproduced.

The main difference between Mrk231 and our objects (ERQs and Type 2s) is that

our viewing angle is closer to edge-on than the ∼ 25 degrees polar viewing angle

inferred for Mrk 231 from radio observations (Reynolds et al., 2013). We make this

conclusion on the basis of the shape of the SED of our sources (Zakamska et al., 2016a;

Hamann et al., 2017): as a function of wavelength, ERQ SEDs do not rise until 1-

2µm, whereas Mrk231 is essentially unobscured at Hα wavelengths in the optical, and

the steep rise of the Mrk 231 SED occurs at ∼ 3000Å. Therefore, the net line-of-sight

column density of obscuration is ∼ 10 times higher in ERQs than in Mrk 231, implying

the more edge-on viewing angle. For an SMC-like dust curve (Weingartner & Draine,
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2001; Draine, 2003) in the “screen of cold dust” approximation, the Mrk231 rise

would correspond to AV ' 0.3 mag, and the 1−2µm rise for ERQs would correspond

to AV ' 5 mag. This difference in viewing angle could explain why Mrk 231 exhibits

low levels of FUV polarization – at the viewing angle of Mrk 231 the scattering

region becomes nearly symmetric and thus geometric cancellation would dilute the

polarization fraction (similar polarization fractions with opposite scattering angles

will combine to produce a lower total polarization fraction) though the scattered flux

is still high.

In subsequent sections we explore how this model matches the observational trends

noted in our data. Section § 4.4.2 explains how this model matches our continuum

polarization results while Section § 4.4.3 shows how this model produces the expected

line polarization features. Finally, in § 4.4.4 we demonstrate that resonant scattering

does not have a significant impact on our preferred model.

4.4.2 Continuum Polarization and Scattering Ge-

ometry

While scattering off of dust or electrons is the most likely source of polarization

in AGN, especially at the high levels we observe in our objects, without some un-

derstanding from imaging of the scales on which polarization occurs it is difficult to

distinguish between the two. For objects where the scattering cone is visible on ∼kpc
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scales (Dey et al., 1996; Kishimoto et al., 2001; Zakamska et al., 2005) the required

gas mass for electron scattering is likely prohibitive though it is not always possible

to completely rule out. In contrast, on circumnuclear scales the polarization of NGC

1068 is wavelength-independant from the X-ray to the optical, and is therefore likely

due to electron scattering (Miller et al., 1991).

The high infrared-to-optical ratios and multiple features of the rest-frame optical

spectra of our objects (Alexandroff et al., 2013; Ross et al., 2015; Zakamska et al.,

2016a; Hamann et al., 2017) indicate that they are obscured. We also know that the

observed UV continuum of our objects is dominated by scattered light, because the

net continuum polarization is so high that it cannot be appreciably diluted by the

direct (unpolarized) light of the host galaxy. Therefore, scattering must be happening

primarily on scales greater than obscuration scales, which in turn must be larger than

the dust sublimation region (defined by the radius, rdust; Barvainis, 1987, equation

5):

rdust = 1.3

(
LUV

1046erg/sec

)1/2(
T

1500K

)−2.8

pc. (4.1)

Here LUV is the UV luminosity and T is the dust sublimation temperature. In the

case of our extremely luminous sources (LUV ≈ a few ×1047), the sublimation scales

might reach a few to 10 pc.

For a normal dust-to-gas ratio, the cross-section of dust scattering is two orders of

magnitude higher than the electron scattering cross-section (Draine, 2003), therefore
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since scattering must be happening outside of the dust sublimation zone, the presence

of dust implies that dust scattering dominates our scattered light. In our proposed

model, therefore, the dust scattering occurs somewhere in the BELR/BALR region

(see Figure 4.6).

Scattering efficiency, the ratio of scattered flux to the flux that would have been

observed directly in the absence of obscuration, is

ε =
dσ

dΩ
∆Ω

∫
nH(r)dr. (4.2)

Here dσ/dΩ is the cross-section of scattering per unit hydrogen atom as calculated in

Draine (2003), ∆Ω is the solid angle covered by the scatterer as seen from the emitter,

and
∫
nH(r)dr is the column density of hydrogen associated with the scattering region.

For a constant velocity outflow, nH(r) ∝ 1/r2, and therefore this integral is weighted

toward the smallest unobscured sizes, so it is ∼ nH,maxdmin. We take a fiducial value

of ε = 3%, which is obtained by extrapolating the IR emission of ERQs using a type

1 quasar SED (Richards et al., 2006a) toward UV wavelengths to see what fraction of

this estimated intrinsic emission is observed (see figure 16 and figure 8 of Zakamska

et al. 2016 Hamann et al., 2017, respectively). We take ∆Ω = 4π
3

and 90◦ scattering

by SMC dust with dσ/dΩ ' 4× 10−24 cm2/H/Ω at 1500Å(Draine, 2003). We arrive

at the constraint in Figure 4.8 and hydrogen densities for scattering material on the

order of 10− 100 cm−3.
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Figure 4.8: The scattering efficiency and ionization parameter allow us to place con-
straints on the size of the scattering region and the density of scattering material. Assum-
ing a scattering efficiency of 3% and following from equation 4.3, the black lines show the
range of densities for reasonable distances to the dust (solid) or electron (dotted) scattering
regions respectively. The coloured lines in the upper right show the limits on the density
placed at the same distances based on our assumptions of the quasar ionizing luminosity
and ionization parameter (see equation 4.4. Our preferred regime is the grey region which
covers dust scattering at scales 3-30 pc (around the dust sublimation radius) though we are
not able to place strong limits on the actual ionizing luminosity available from our quasars
which is likely suppressed by extinction. We hypothesize that these two limits are incom-
patible because while the line emission is occurring in dense clouds in the quasar BELR,
the scattering is occurring on similar scales but in the less dense medium surrounding these
clouds.
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If this scattering region is too dusty, then no emission from the quasar could

escape at all. Therefore, we need to verify that our derived densities and sizes are

compatible with the escape of radiation from the quasar in order to be available for

scattering into our line of sight. We use equation 4.2 to find the optical depth to dust

extinction through the scattering region:

τ = Cext

∫
nHdr =

εCext

∆Ωdσ/dΩ
, (4.3)

where Cext = 2.9× 10−22 cm2/H is the total cross-section for extinction (Weingartner

& Draine, 2001). With our fiducial values, τ ' 0.5 and is therefore just right: a quasar

viewed through BELR / BALR would be reddened, as is Mrk 231, but not completely

extinguished. We also see from this expression that the scattering efficiency, ε, cannot

be a lot greater than our fiducial value, because otherwise the extinction becomes

prohibitively high. Therefore we conclude that our observed scattered component

cannot be appreciably extincted or obscured, either by diffuse or by patchy material.

Assuming an SMC-like dust distribution, the theoretically achievable maximum

polarization fraction at 1800 Å is ∼ 14.7% for a scattering angle of 90◦ and the

polarization fraction continues to rise towards the blue (Draine, 2003). Thus, some of

our targets display such high levels of polarization in the continuum that they come

close to reaching this theoretically achievable limit and the geometric cancellation of

polarization means that to achieve the observed 15% polarization level, the intrinsic
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polarization level of each scattering must be even higher. We know dust can be an

efficient polarizer depending on the size distribution of the dust as compared to the

wavelength of the scattered light (Weingartner & Draine, 2001). Thus, to achieve

the observed polarization fraction in our sources might require some adjustments to

the dust size distribution compared to pre-existing models. The same is true for any

wavelength-dependence in the polarization fraction of our objects that appears to

increase towards redder wavelengths– in contrast to the Draine (2003) predictions.

It is also not possible at this time to rule out a wavelength-dependent unpolarized

component which dilutes the polarization as the cause of any wavelength-dependent

polarization signatures in our continuum data.

4.4.3 Line Polarization

In low-redshift type 2 quasars, scattering occurs on a wide range of scales reaching

several kpc (Hines et al., 1999; Zakamska et al., 2005, 2006; Schmidt et al., 2007; Obied

et al., 2016) and on the same scales as the optical forbidden lines such as [O III] are

produced. The co-spatial distribution of the line-emitting gas and of the scattering

medium leads to a geometric cancellation of the polarization of the emission lines

and to mixing of direct (unpolarized) emission with scattered light, resulting in the

observed low fractional polarization of the narrow emission-line region (Stockman

et al., 1981; Glenn et al., 1994; Goodrich & Miller, 1995; Tran, 1995b).

In our objects, we observe a lower net polarization of the UV emission lines than
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in the continuum. By analogy to the suppression of polarization of the narrow-line

region of type 2 quasars, we hypothesize that the UV emission lines arise on scales

similar to those that dominate scattering. In the cartoon shown in Figure 4.6, the

low fractional polarization of the emission lines would be achieved if the lines are

produced either in the dusty BELR / BALR or in the dust-free cone at scales similar

to or greater than the scales of the dusty BELR / BALR. There is also empirical

evidence (Czerny & Hryniewicz, 2011) and emission line calculations (Netzer & Laor,

1993) that suggest the broad-liner region and inner edge of the obscuring material

should exist on similar scales.

In the simple case of a spherical emitting region of radius R and scattering region

of radius D, Cassinelli et al. (1987) show that the polarization is reduced by a factor of

[1− (R/D)2]1/2 relative to an emitting point source. If we assume that the continuum

emitting region is a point source, and it is roughly ∼ 3× more polarized than the

emission line region, this implies that the emission line region is 94% the size of

the scattering region, confirming that the emission line region and scattering regions

extend to similar scales.

What constraints on the physical conditions do we get from requiring that con-

tinuum scattering and UV emission line production occur on similar scales? The

ionization parameter is

U =
Lion

4πr2φnec
. (4.4)

Here Lion is the luminosity of the ionizing radiation, φ = 13.6 eV is the threshold
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energy of the ionizing photons, and ne ' (1 − 1.2) × nH is the electron density

which depends slightly on whether helium is fully ionized. As a fiducial value of the

ionization parameter in the C IV-emitting region we use logU = −0.5 from Rodŕıguez

Hidalgo et al. (2011).

It is clear from Figure 4.8 that if emission lines are produced on spatial scales

that are similar to those of scattering, then either a strong suppression of the ionizing

continuum or strong clumping of the emission-line gas or both are required to produce

the observed ionization parameter. We will model the UV emission lines of ERQs

in a forthcoming photo-ionization analysis of the emission line ratios (Hamann et

al., in prep.). In the meanwhile, our qualitative model is that the emission lines are

produced in high density clouds either in the joint BELR / BALR or in the dust-free

zone. These clouds are ionization-bounded and therefore are by definition optically

thick to ionizing radiation, so only the compact surfaces of these clouds will be able

to scatter continuum emission in the dusty zone (scattering is much weaker in the

dust-free zone and is unlikely to dominate). Thus, scattering is dominated by a

lower-density, volume-filling component of the BELR / BALR gas. This allows us

to reconcile the densities implied by the scattering efficiency and by the ionization

parameter (see Figure 4.8).

The biggest success of our model in Figure 4.7 is that our model naturally explains

the change in the polarization fraction and position angle as a function of velocity

in the FUV emission lines. The blue-shifted line emission we see in our objects is
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from the near-side of the equatorial outflow which gives it the observed velocity shift

(see Figure 4.7). In contrast, the observed redshifted emission is dominated not by

the back of the outflow (this emission is suppressed because dust back scattering is

inefficient) but instead from the sides of the equatorial outflow which are moving

away from the observer and thus produce redshifted scattered emission. This results

in the swing in polarization position angle as a function of velocity in the emission

lines as the two scattering regions are roughly perpendicular to each other as seen

in the plane of the sky so the polarization position angle transitions as a function

of velocity from being dominated by the near-side of the equatorial outflow in the

blue to the sides of the outflow in the red. This also explains the overall redshift in

emission line features seen in polarized light as the net redshift of the scattered line

is due to the redshift of the scatterer relative to the emitter.

Smith et al. (2004) suggested a similar model of the torus with both polar and

equatorial scattering regions to explain the range of properties observed in low redshift

Seyfert 1s and 2s. The polar scatterer extends beyond the torus and may be outflowing

while the equatorial scatterer lies within the torus and is described by Young (2000)

as a rotating disk wind. Other differences between our model and Young (2000) model

include the specific emission lines: they consider Balmer lines, which in our cartoon

are produced in a more extended region of the disk than the FUV lines which we focus

on. Furthermore, in Type 1 objects there is dilution of the scattered light by the direct

unpolarized continuum, which may explain the much lower values of polarization and
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position angle swings achieved in Seyfert 1s. But the main difference is that Young

(2000) explain the rotation in the polarization position angle using a rotating disk

wind, where rotation might be difficult to maintain dynamically. In contrast, in our

model the polarization position angle swing is achieved naturally by the geometric

projection effects, with the blueshifted scattered emission and the redshifted scattered

emission having different orientations in projection on the plane of the sky.

4.4.4 Resonant Scattering?

In addition to scattering by either electrons or dust grains, resonant scattering is a

possible mechanism for the polarization observed in the emission lines of our objects.

Permitted electric dipole transitions in an anisotropic radiation field can produce lin-

early polarized emission, and thus resonantly polarized scattering becomes important

mechanism either if the emission line source region is not spherically symmetric, or if

radiation, either from an emission line or the continuum region, is Doppler-shifted into

resonance with a permitted transition and is incident on a gas cloud (Lee & Bland-

ford, 1997). For a single ∆J = 0− 1 scattering viewed at 90 degrees the polarization

reaches 100% (Hamilton, 1947). However, the resonant scattering in AGNs might

involve multiple scatterings, and if the optical depth to scattering is high enough the

net expected polarization signal is low. Lee (1994) showed that standard emission-line

clouds emit almost completely unpolarized line radiation unless the optical depth is

τ . 1 which is usually only the case for the semi-forbidden C III] λ1909 transition. For

188



CHAPTER 4. SPECTROPOLARIMETRY OF OBSCURED & RED QUASARS

reflection off of nearby clouds to contribute significantly to the polarized line emission

the optical depth must be in a specific regime where only a small number of reflections

occur. Lee & Blandford (1997) determine that this happens at a column density of

N ∼ 1017 cm−2 for a single reflection which is approximately six orders of magnitude

smaller than the regime where electron scattering has a significant effect (N ∼ 1023

cm−2). We will find that resonant scattering contributes at most only modestly to

the polarization fraction in our objects.

We can calculate the expected ratio of the optical depth of resonant scattering

compared to the optical depth to dust scattering. The optical depth to dust scattering,

τdust is given by

τdust = NH × Cext,H (4.5)

assuming a constant number density of dust grains along the line of sight. Here NH is

the column density of hydrogen nucleons and Cext,H is the extinction cross section of

the dust per hydrogen nucleon, taken to be 3.768×10−22 cm2/H for an SMC-like dust

distribution at 1200Å from Draine (2003). Similarly, the optical depth to resonant

scattering, τres is given by:

τres = NH ×
mC

mH

∆v

vwind
σres (4.6)

where mC

mH
' 1.0 × 10−3 is the mass ratio of C IV to H nucleons which we estimate
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based on the assumption that the number ratio of carbon to hydrogen in the ISM

is solar, logNH

logNC
= 3.57 (Grevesse et al., 2010), and ∼ 30% of carbon is triply ionized

(Proga, personal communication). ∆v
vwind

≈ 0.1 is the fraction of photons that lie

within a thermal width of the resonance frequency given an estimate of the outflow

velocity of vwind ≈ 3000 km s−1 and the gas temperature T ≈ 15, 000K based on

the assumption of photo-electric temperature balance with C IV. Finally, the cross

section for resonant scattering is taken to be ∼ 1.0× 10−17 cm2 for a single scattering

event as taken from Lee et al. (1994). Combining these quantities gives us a rough

estimate for the ratio of the dust scattering to resonant scattering optical depth of

τres

τdust
≈ 0.3 implying that resonant scattering in the emission lines of our objects is

likely present but at most enhances the polarization fraction by ∼ 30%. We thus

conclude that continuum dust scattering is the dominant scattering mechanism both

for the continuum and the emission lines.

4.5 Conclusions

We have obtained rest-frame ultraviolet spectropolarimetry for five z ∼ 2.5 ob-

scured and highly reddened quasars using LRIS in polarimetry mode on Keck. Our

Type 2 targets are classically selected, narrow-line objects (Alexandroff et al., 2013).

Extremely red quasars are color-selected and show signs of extreme outflow activity

in their rest-frame optical spectra (Ross et al., 2015; Zakamska et al., 2016a; Hamann
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et al., 2017). Although our initial expectations were that narrow line-selected Type

2s should be more highly polarized than the extremely red quasars, we find (in this

admittedly small sample) no systematic trends between the optical and UV “type”

and the levels of continuum polarization.

We do see several interesting trends in our polarization data:

1. We find high levels of polarization in the continuum, higher than 15% in three

of our sources, with some signs that the polarization fraction may be increasing

to longer wavelengths.

2. We find lower levels of polarization in emission lines with a ratio of continuum

polarization/emission line polarization between 1/3 and 4/5.

3. Intriguingly, we see a rotation of almost exactly ninety degrees in the polariza-

tion position angle across all strong emission lines, Lyα, CIV, and NV;

4. The polarization position angle of the continuum matches the polarization po-

sition angle at the most redshifted part of emission lines.

To explain our data, we prefer a model in which an equatorial dusty disk wind

scatters both continuum emission from the disk and line emission from a polar outflow.

This model is physically motivated and appears to match the main features of our

observations. The high polarization fraction can be explained by dust scattering

though it may require a few adjustments to typical dust models. Assuming the

emission line region and dusty scattering region exist on similar scales that are larger
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than the continuum emission region produces the lower polarization fraction observed

in the emission lines of our objects. Finally, this model allows for different outflow

components to dominate in the continuum and the red wavelengths of emission lines

compared to the blue wavelengths of emission lines and thus produces a ninety degree

rotation in the polarization position angle as a function of wavelength across the

emission lines as observed.

Absent high resolution imaging, spectropolarimetry can be an important tool

to understand the scattering geometry of our high redshift obscured and reddened

quasars and can be an important piece of information to evaluate different proposed

models of quasar geometry on small scales near the black hole. This allows us a

window in to the potential launching mechanism for galaxy-scale quasar winds which

are a necessary ingredient for quasar feedback.
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Chapter 5

Molecular Gas in Obscured and

Red Quasars at z∼ 2.5

Quasar feedback is a key element of modern galaxy formation theory. During

powerful episodes of feedback, quasar-driven winds are suspected of removing large

amounts of molecular gas, thus limiting supplies for star formation and ultimately

limiting the maximum mass of galaxies. In this paper we present EVLA observations

of the CO(1-0) transition in 11 powerful red and obscured quasars, some of which

display signatures of powerful quasar-driven winds in their ionized gas. With a com-

bined exposure of over 10 hours, we do not detect any molecular emission, whether

kinematically disturbed due to quasar wind or in equilibrium with the host galaxy.

This observation is in stark contrast with the previous suggestions that such objects

should occupy gas-rich, extremely star-forming galaxies. Possible explanations in-
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clude paucity of molecular gas or inverted populations of CO rotational levels, both

of which could be the results of quasar feedback. We detect an average point-like (< 5

kpc) radio continuum emission with luminosity νLν [33GHz] = 2.2×1042 erg s−1, con-

sistent with optically-thin (α ≈ −1.0) synchrotron with some possible contribution

from thermal free-free emission. The radio emission of these radio-intermediate ob-

jects may be a bi-product of radiatively driven winds or may be due to weak jets

confined to the host galaxy.

5.1 Introduction

In order for analytic simulations of galaxy formation to match the observed galac-

tic number density over cosmic time, it is necessary to invoke a process to limit the

maximal mass of galaxies in the universe (Springel et al., 2005; Bower et al., 2006;

Croton et al., 2006; Silk & Mamon, 2012). At the less massive end, this process is

likely feedback from supernovae-driven winds (Heckman et al., 1990; Veilleux et al.,

1994, 2005). At the most massive end of the galaxy mass function, this process is

believed to be quasar feedback (Hopkins et al., 2006; Fabian, 2012).

Quasar feedback is invoked for several reasons. Firstly, there is an observed empir-

ical correlation between the mass of a galaxy’s supermassive blackhole (SMBH) and

galaxy bulge properties which seems to imply a causal correlation (Magorrian et al.,

1998; Ferrarese & Merritt, 2000; Gebhardt et al., 2000; Gültekin et al., 2009; Wang
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et al., 2011; Kormendy & Ho, 2013). In addition, the quasar number density and

galaxy number density peak at a similar time in history again implying some form

of co-evolution (Boyle & Terlevich, 1998; Hopkins et al., 2008; Madau & Dickinson,

2014).

Theoretical models derive these correlations through the mediating relation of

quasar winds– strong, energetic winds that couple the energy of the quasar to the

surrounding gas, thereby clearing the surrounding galaxy of gas and shutting off star

formation (Sanders et al., 1988; Hopkins et al., 2006). For the most luminous quasars,

only ∼ 1% of the energy released by the quasar need couple to the surrounding gas

to clear the galaxy of the material necessary for star formation (King, 2010; Zubovas

& King, 2012).

Evidence is beginning to point to “red quasars” as the missing “blow-out” phase

of quasar feedback where the quasar wind is clearing the host galaxy of material.

Samples of red quasars have been identified at both low and high redshifts under

different names including red quasars (Glikman et al., 2007, 2012, 2013), hot dust

obscured galaxies (hot DOGs; Wu et al., 2012; Tsai et al., 2015) and extremely red

quasars (ERQs; Ross et al., 2015; Hamann et al., 2017) using mid- or near-infrared

selection often combined with another wavelength such as the optical (Ross et al.,

2015; Hamann et al., 2017, selected with a combination of SDSS and WISE) or the

radio (Glikman et al., 2007, 2013, selected with a combination of FIRST and 2MASS).

These objects are extremely luminous, and observations of the high ionization
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emission line of [O III] in some of the most extreme of these objects show evidence

for outflow speeds of & 2000 km s−1 (Zakamska et al., 2016a), clear evidence for an

outflow capable of clearing the host galaxy of high ionization gas as it is too fast to

be contained by any reasonable galaxy potential. The question remains however, do

the extreme outflows we observe in ionized gas exist in the molecular gas?

It is crucial to understand how quasar-driven outflows are affecting the molecular

gas in their hosts galaxies as this is the main material of star formation. Tracing

molecular gas is difficult, however, because the bulk of the molecular gas in the

interstellar medium (ISM) is in the form of molecular hydrogen (H2), which has

no emission or absorption features at the relatively cool temperatures expected in

the ISM (though quasar-driven winds might enhance the emission of warm H2, Hill &

Zakamska 2014). Instead, carbon monoxide (CO) is a common and useful tracer of the

molecular gas content, with several rotational transitions at the correct temperature.

The study of many high redshift quasars, due to frequency and sensitivity con-

straints, is often conducted at higher J transitions (J ≥ 3) and so are biased towards

more highly excited gas which may or may not be a good tracer of the overall molecu-

lar gas distribution. Indeed, for z & 2 unlensed quasars, the CO(J = 1→ 0) transition

is redshifted out of the frequency range of Atacama Large Millimeter/submillimeter

Array (ALMA) and in to the high frequency range of the Karl A. Jansky Very Large

Array (VLA).

In this paper we present the new limits on the CO (1-0) luminosity in a sample
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of obscured and red quasars at z ∼ 2.5 using the VLA which allow us to place

stringent limits on the molecular gas reservoirs in these galaxies. We find significant

evidence for depletion of the molecular gas reservoirs in these objects which provides

the first evidence that these luminous quasars are clearing their host galaxies of star

forming material. We present our sample selection in § 5.2 and our observations and

data reduction in section § 5.3. We discuss our resulting constraints on the quasar

continuum in section § 5.4 and the CO (1-0) emission line in section § 5.5. We offer

our conclusions in section § 5.6.

Throughout this paper, we adopt a cosmology with h = 0.7, Ωm = 0.3 and ΩΛ =

0.7. We use SDSS Jhhmm+ddmm notation throughout the text (full coordinates are

listed in Table 5.1).

5.2 Sample Selection

Our sample includes eleven red and obscured quasars at redshift z ∼ 2.5 described

in detail in Alexandroff et al. (2013), Ross et al. (2015) and Hamann et al. (2017).

We briefly describe the original parent sample selection methods below. General

information on these eleven quasars can be found in Table 5.1.

Three of our sources, were originally selected from the Sloan Digital Sky Survey

(SDSS) Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et al., 2013) by their

narrow line widths (FWHM < 2000 km s−1 in both C IV and Lyman α) and weak
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continuum in the rest-frame UV in an attempt to form an optically-selected sample

of high redshift Type 2 quasars. Only objects from Data Release 9 (Ahn et al., 2012)

or earlier were included in this search which yielded a sample of 145 Type 2 quasar

candidates (for more details see Alexandroff et al., 2013).

An additional eight sources were selected based upon a combination of data from

the SDSS and the Wide-Field Infrared Survey Explorer (WISE; Wright et al., 2010a)

AllWISE data release1 to search for objects with red infrared-to-optical colours (Ross

et al., 2015; Hamann et al., 2017). This selection method was used to search for

obscured quasars at high redshift based on expected high infrared-to-optical ratios.

A sub-sample of these very red objects also possessed unusual spectroscopic properties

such as large rest equivalent width (REW) emission lines (& 100 Å), unusually high

N V/Lyα ratios and emission lines with high kurtosis (lacking the typical broad wings

of Gaussian emission lines). These objects were labelled Extremely Red Quasars

(ERQ). The final sample selection required a value of i-W3 ≥ 4.6 and a measured

REW of CIV > 100 Å and produced a sample of 97 objects with a redshift range

of 2.0 < z < 3.4 (Hamann et al., 2017). One source, SDSSJ1623+3122, originally

selected as a Type 2 quasar candidate, is also part of the “expanded” ERQ sample

which has slightly less red colours but many of the same line properties as ERQs

(Hamann et al., 2017).

The eleven objects were selected to span the widest possible range of rest-frame

1http://irsa.ipac.caltech.edu/

199



CHAPTER 5. MOLECULAR GAS IN OBSCURED AND RED QUASARS

optical ionized gas properties, as traced by the [O III]λ5007Åẽmission in follow-up

rest-frame optical spectroscopy. The [O III] line has been shown to be a good tracer of

high-ionization outflows mostly because it is particularly strong and exists on galaxy-

scales. Strong signs of galaxy-scale outflows, where the gas velocities are greater than

the galaxy escape velocity, demonstrate that the quasar is likely able to clear its

host galaxy of gas and affect galactic evolution (Hopkins et al., 2006). In particular,

a blueshift in the centroid position of [O III] and/or large measured velocity widths

are both strong indicators of outflows (e.g. Whittle, 1985; Greene et al., 2009, 2011;

Villar-Mart́ın et al., 2011; Liu et al., 2013). Our sample was chosen to span the

range from completely quiescent to those with extreme outflow signatures in their

[O III] lines.
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5.3 Observations & Data Reduction

5.3.1 Observations

We chose eleven objects for deep observations with the VLA (see Table 1) in

semester 16A (Program ID 16A-326) surrounding the rest-frame of the CO (1-0)

transition (νrest =115.2712 GHz). This required us to use the VLA’s Ka frequency

band (νobs =26.5-40 GHz) with the central frequency tuned to match the rest frame

of the quasar. Without absorption features from the host galaxy to benchmark the

host redshift, we used redshifts derived from the centroid of the Hα or Hβ line (e.g.

Zakamska et al., 2016a) to determine the host galaxy redshift. Observations were

scheduled dynamically. Each object was part of its own scheduling block and so

observations were spaced out over the course of the semester.

We observed one flux/bandpass calibrator, either 3C286 or 3C48, at the beginning

or end of each observation set. Targets were observed while nodding between a

phase/amplitude calibrator which also served as a reference pointing approximately

ever seven minutes. Total on-source time was 53 minutes per source. We recorded

in full polarization across two bands using the 8-bit samplers with each baseband

(spanning 128 MHz) being covered by 64 channels (the lowest possible resolution) to

yield a total instantaneous bandwidth of 2 × 1024 = 2048 MHz. Due to constraints

with the correlators there is a gap between the two contiguous bands.

We observed in the C configuration giving us a resolution of ∼ 0.6′′ which corre-
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sponds to approximately ∼ 5kpc at a redshift of 2.5 – thus allowing us to probe for

the presence of CO emission on galaxy scales.

5.3.2 Data Reduction

We reduced the data using the Common Astronomy Software Applications (CASA)

package v4.3.0 (McMullin et al., 2007). Raw visibilities were calibrated using the

VLA Calibration pipeline version1.3.14. All solutions were inspected and additional

flagging, as necessary, was accomplished by hand using CASA’s Plotms task.

We created average images for each source over the full bandwidth range using

CASA’s clean task in mfs mode with a Briggs weighting scheme of ROBUST = 0.5 to

study the continuum emission from our sources. The typical rms at the field center

was 1.0 × 10−5 Jy/beam. If initial imaging showed the clear detection of a source

(the case for SDSSJ0812+1819T, SDSSJ0826+0542 and SDSSJ1652+1728), we used

CASA task uvcontsub to subtract a continuum point source (displayed in Figure 5.1),

assuming a linear slope to the flux within the 2 GHz bandwidth and fitting without

the three subbands containing or nearest to the expected rest frequency of the CO

(1-0) line. Then with the continuum subtracted images for these sources as well as

the initial reduced data for our other sources we mapped our data to the velocity of

the CO (1-0) line at the quasar redshift using the CASA task cvel to image in 25

km s−1 intervals from −5000 to +5000 km s−1 around the CO (1-0) line center. We

created clean maps for these images using the same input as for the full bandwidth
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images.

Table 5.2: Radio properties of our obscured and highly reddenned quasars including
previous detections with FIRST (if any) and the results of our current survey with the
VLA Ka band (observed frame 26.5 - 40 GHz) tuned to center CO (1-0) in the rest frame
of the quasar.

Short Name 1.4peak 1.4Int Ka band α
mJy/beam mJy mJy/beam

SDSSJ0812+1819 2.10 3.31 0.23 -0.8
SDSSJ0826+0542 1.14 0.90 6.5E-02 -0.9
SDSSJ0832+1615 1.00 1.13
SDSSJ1652+1728 1.64 1.26 6.0E-02 -1.0

With no clear detection in any single source (including those three sources with

clear detections in the continuum) we stacked all of our non-detections in 100 km s−1

velocity bins and used the idl task aper to calculate the flux in each bin to derive a

rough spectrum which is displayed in Figure 5.2. We chose an extraction radius of

five pixels as this covers approximately one and a half beamwidths and so captures

all of the potential source flux.

5.4 Continuum Measurements

5.4.1 FIRST Detections

Of our eleven sources, four are detected in the Faint Images of the Radio Sky

at 20 Centimeters (FIRST; Becker et al., 1995) Survey at 1.4 GHz (for more de-

tails see Table 5.2). Their close to marginal detections at this redshift makes them
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Figure 5.1: VLA C configuration 33.0 GHz images at 0.6′′ resolution of our three quasars
detected in the continuum. The black star shows the optical coordinate of the source. The
restoring beam is depicted as an ellipse on the lower left corner of each map and the scale
is given on the right. The detections have a S/N of 24, 6.5 and 6.0 respectively. The top
source has been lightly cleaned to a flux level of 0.1 mJy.
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Figure 5.2: Extracted spectra of all eleven stacked sources at 33GHz. We used an
extraction radius approximately 1.5× the beamsize and used data that had been re-binned
in 100 km s−1 bins covering the range ±5000 km s−1 around the line center (for more
information see Section 5.3).

radio intermediate under the definition of Xu et al. (1999). Stacking the remaining

seven images produces a mean image with no detection but a standard deviation of

57µJy. Assuming a 3σ threshold for detection this places an upper limit on the flux

of the undetected sources at ∼ 0.17mJy which corresponds to a radio luminosity of

logνLν [1.4GHz]= 40.95 at the median redshift of the undetected sources (z ∼ 2.4).

Thus we can conclude that all of the sources which are not detected in FIRST are

either radio intermediate or radio quiet.

At this frequency range this detection is most likely that of synchrotron emission

from the source though without additional information it is difficult to discern if the

synchrotron emission is from small-scale jets, winds, star-formation or nuclear coronae

(For a more detailed discussion see Alexandroff et al., 2016).
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5.4.2 VLA 33 GHz Detections

Three of our sources are directly detected at ∼ 33GHz. We measure their flux

using the CASA task imfit and list the results in table 5.2. We have three detections

and with a conservative estimate of the rms noise in each image as 1.0× 10−5Jy, they

have a SNR of 24, 6.5 and 6.0 respectively.

For the remaining eight sources we create a mean stack of the images excluding the

region within ±500 km s−1 from the CO(1-0) line center and find a detection with a

peak flux of 1.9×10−2 mJy/beam. Given the standard deviation of the stacked image

this represents a & 3.5σ detection of the stacked sources. At the median redshift of

these eight sources this corresponds to a radio luminosity of νLν [33GHz] ≈ 2.9×1041

erg s−1.

There is the possibility at our rest-frame frequency of ∼ 115 GHz that the observed

radio emission is due not to synchrotron emission, but to free-free emission. There is

some evidence from Hwang et al. 2017 (in prep) that the average spectral index for

ERQs from synchrotron emission, measured from 5.0-7.0 GHz in the observed frame,

is actually significantly steeper than α = −0.7 with αmean = −1.3± 0.3 for the seven

ERQs detected with enough signal to noise to derive in-band spectral indices. In

addition, of these seven ERQ detections at 6.0 GHz, only one has the flat spectral

index expected of a nuclear core. This provides some evidence to suspect that the

spectral index for synchrotron emission in these sources is likely fairly steep. As a

result, the spectral index we calculate between 1.4GHz and 33GHz (listed in Table 5.2)
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may be disguising a broken power law with steeper spectral index due to synchrotron

emission at lower frequencies and an additional component due to free-free emission

at higher frequencies (with spectral index of α = 0.1). Assuming an intrinsic power-

law for the synchrotron emission of α = −1.3 for our sources, we can calculate the

expected contribution to the rest-frame 115 GHz flux from free-free emission. While

it cannot be ruled out that the AGN is providing the ionizing flux to generate the

free-free emission, we can estimate an upper limit on the star formation rate using

the free-free emission and the prescription in Murphy et al. (2012)

(
SFRT

M�yr−1

)
= 4.6× 10−28

(
Te

104K

)−0.45 ( ν

GHz

)0.1

(
LTν

erg s−1Hz−1

) (5.1)

Where the star-formation rate is a function of the electron temperature, Te, here as-

sumed to be 104K, the rest frequency (νrest = 115 GHz) and the contribution to the

thermal (free-free) luminosity at that frequency (LTν ). Any flattening in the actual

spectral index from synchroton emission would increase the contribution from syn-

chrotron emission at these frequencies and thus reduce the calculated star formation

rate. Alternatively, any contribution by the AGN to the free-free emission would also

reduce the true SFR. The calculated SFRs are extremely high– if true, it would make

these sources both some of the most luminous quasars in the universe and some of the

most heavily star-forming galaxies. We estimate an upper limit on the star-formation
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rate of SFR ≈ 6.6 × 104 M� yr−1 for SDSSJ0812+1819 and SFR ≈ 1.8 × 104 M�

yr−1 for both SDSSJ0826+0542 and SDSSJ1615+1728. Without knowing the real

spectral index or AGN contribution to free-free emission in these objects it is likely

that the true star formation rate is far smaller than this though there is some evi-

dence to suggest that the SFRs in other samples of red and dust obscured quasars are

extremely high (e.g. Tsai et al., 2015). This calculation also does not account for any

contribution to the continuum at this wavelength from thermal emission from dust,

though at 115GHz this contribution should also be negligible (Gralla et al., 2014).

Some evidence to support a contribution from free-free emission at a rest-frame

of 115GHz comes from comparing the detection of our eight sources in our VLA

data with the non-detection in FIRST. Assuming the steep spectral index of ERQs

(α = −1.3) we would expect only a negligible contribution at rest-frame 115 GHz

from synchrotron emission. It is only when assuming a typical spectral index of

(α = −0.7) that we can account for the observed emission at 33GHz with only

synchrotron emission.

5.5 Line Measurements

We find no detection of CO (1-0) in any of our individual z ∼ 2.5 quasars nor in the

stacked quasars binned at the rest frequency of the line within ±500 km s−1 (see Figure

5.2). This does allow us to place a strict upper limit on the velocity-integrated line
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Figure 5.3: VLA C configuration 33.0 GHz stacked image at 0.6′′ resolution of eight
quasars undetected individually in the continuum. We binned within ±5000 km s−1 of the
CO(1-0) transition, excluding the region within ±500 km s−1 of the line center. There is a
3σ detection at the location of the stacked sources with a flux of 0.19 mJy.

flux of CO (1-0) emission in these sources. The upper limit on the velocity-integrated

line flux, SCO, was calculated according to the equation: SCO = 3σ(δv∆vFWHM )1/2

(e.g. Seaquist et al., 1995; Greve et al., 2005) where σ is the channel-to-channel rms

noise measured to be 1.2 × 10−5 Jy, δv is the velocity resolution (here 100 km s−1)

and ∆vFWHM is the linewidth. We take a conservative value for the FWHM of 500

km s−1 (similar to Greve et al., 2005; Coppin et al., 2008). This gives us a velocity-

integrated line flux of SCO ∼= 8 mJy km s−1. To convert to a CO line luminosity we

use the standard conversion from Solomon & Vanden Bout (2005):

LCO = 1.04× 10−3SCO∆vνrest(1 + z)−1D2
L (5.2)
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where the final result is in units of L�, νrest is the rest frequency of the observations

(here 115 GHz), and the luminosity distance is in units of Mpc. We calculate a line

luminosity of LCO = 1.2× 105L�. We also calculate the line luminosity in units of K

km s−1 pc2 using the correspond equation in Solomon & Vanden Bout (2005):

L′CO = 3.25× 107SCO∆vν−2
obs(1 + z)−3D2

L (5.3)

which for our sources gives us an upper limit of L′CO = 2.4× 109 K km s−1 pc2.

To translate this in to a gas mass requires the use of the conversion factor αCO =

Mgas

L′CO
usually taken to be 0.8 for starbursts and 4 for normal star forming galaxies such

as our Milky Way assuming that the CO emission is optically thick (Bolatto et al.,

2013). It is common practice to adopt the starburst conversion factor for quasars

(e.g. Coppin et al., 2008; Wu et al., 2014; Banerji et al., 2017) so we do the same.

Our assumption of optically thick CO emission may also be incorrect for our objects

(see Section 5.5.1). Nevertheless, adopting the give value for αCO gives us an upper

limit on the gas mass in our quasars of Mgas = 1.9 × 109 M�. This value, though

a stringent limit, is not unheard of in sub-millimeter galaxies (SMGs) at a similar

redshift though it is low compared to quasars selected in similar ways (see Figure

5.4). It should be noted that most samples of SMGs and quasars chosen for follow-up

with the VLA, ALMA or other sub-mm facilities are highly biased as they are often

pre-selected by a detection in the far-infrared (e.g. Coppin et al., 2008) thus biasing

previous attempts to detect molecular gas in quasar hosts. This is not true, however,
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for some of the samples we show in Figure 5.4 including Banerji et al. (2017) which

was selected based only on NIR colour.

Figure 5.4: Gas mass as a function of redshift in our stacked quasars as compared to
samples of quasars and SMGs at similar redshifts. We re-calculate every gas mass assuming,
r3−2/1−0 = 0.97, r4−3/1−0 = 0.87 and αCO = 0.8 These samples, unlike ours, are often pre-
selected based on past detections in the sub-mm or FIR so it is difficult to construct an
unbiased comparison sample.

5.5.1 Evidence for suppression of low-J transitions?

There is emerging evidence to suggest that quasars may have more highly ex-

cited molecular gas than SMGs or main sequence galaxies. Riechers et al. (2011)

find evidence for a single, highly excited gas component in a sample of five redshift

z ∼ 2.5 lensed quasars. Both objects modeled are best fit with optically thick CO(1-
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0). Evidence suggests that all of the molecular gas is associated with star formation.

In addition, it is possible that either wind- or jet-mediated quasar feedback would

introduce a second more excited component of molecular gas. For example, citet-

Dasyra2016 found that the ratio of CO(4-3)/CO(2-1) in IC 5063 was ≈ 1 for the

disk but closer to 5 in regions near the AGN-driven jet (necessitating that the gas be

optically thin).

This is contrast to SMGs where there appears to be an excess of cold, low-

excitation gas (Ivison et al., 2011). For example, Ivison et al. (2011) find a typi-

cal brightness temperature ratio of r3−2/1−0 ∼ 0.4 in a sample of four submillimeter

galaxies at z = 2.2 − 2.5 (though this may be high as the sample was pre-selected

by a detection in CO(3-2)). Thus, we may be missing a significant component of the

molecular gas in our objects by our choice to probe a low-J transition. Follow-up

ALMA observations would help to confirm this.

Nevertheless, should it be the case that the molecular gas in our targets is highly

excited, and thus not visible given our sensitivity in CO(1-0), this supports the the-

ory that SMGs and quasars are at different stages in galaxy evolution with quasar

feedback clearing the host galaxy of low-excitation molecular gas in quasar hosts but

not SMGs.
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5.5.2 Evidence of gas depletion?

The evidence for luminous quasars driving power outflows of high ionization gas

(Greene et al., 2011; Villar-Mart́ın et al., 2011; Harrison et al., 2012; Cano-Dı́az et al.,

2012; Liu et al., 2013; Harrison et al., 2014; Villar Mart́ın et al., 2014; Brusa et al.,

2015; Perna et al., 2015; Kakkad et al., 2016; Zakamska et al., 2016a) as well as other

components of the hot wind (Rupke & Veilleux, 2013; Greene et al., 2014; Nardini

et al., 2015) is increasing. However, observations of molecular gas content of powerful

quasars using sub-millimeter continuum and molecular line emission provide some

conflicting results. Some objects appear gas-rich and strongly star-forming (Beelen

et al., 2004; Coppin et al., 2008; Husemann et al., 2017; Banerji et al., 2017) and

others depleted of gas (Cicone et al., 2014; Kakkad et al., 2016; Carniani et al., 2017).

Our observation, which places the gas mass in our objects at a level significantly

below other transition objects at a similar redshift (see Figure 5.4), implies that our

objects exist at a later evolutionary stage. Red quasars are often considered to be

transition objects but still possess high levels of star formation (> 1000M� yr−1)

and significant molecular gas reservoirs (Wu et al., 2014; Banerji et al., 2017). Our

objects would be part of the “blowout” phase of quasar feedback when instead the

quasar is actively clearing its host galaxy of star forming material but has not yet

removed enough dust to be an unobscured blue quasar. This provides an interesting

contrast to our calculation in Section 5.4 and suggests either that we overestimated

the contribution from free-free emission to our observed fluxes or perhaps that a
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starburst phase has also contributed to the depletion of the molecular gas reservoir

in these sources.

5.6 Conclusions

Quasar feedback is a key ingredient in galaxy evolution and it is crucial to ex-

plore the ability of quasar winds to clear their host galaxy of star forming material

(molecular gas).

We report a non-detection in a stack of eleven high redshift obscured and red

quasars at the frequency of the CO(1-0) transition. This places a strict upper limit

on the line luminosity of LCO = 1.2 × 105L�. This is almost an order of magnitude

smaller than other “transition” quasars at a similar redshift. Whether due to a

lack of cold, low excitation gas as observed by the J=1-0 transition, or because the

molecular gas reservoir has been significantly depleted, this points to the effects of

quasar feedback on the molecular gas in these sources. More sensitive observations

with ALMA at higher J transitions will allow us to confirm our hypothesis.

We also report a detection of continuum emission at rest-frame 115GHz in three

individual objects as well as a stack of the remaining eight sources. Pending a confir-

mation of the spectral index from synchrotron emission in our sources, we can only

place an upper limit on the contribution from free-free emission at this frequency

in our sources and use that to derive a star formation rate. With an upper limit

215



CHAPTER 5. MOLECULAR GAS IN OBSCURED AND RED QUASARS

> 1.0 × 104M� yr−1 in all cases, we see some evidence for a recent starburst that

may have accompanied or preceded the “blowout” phase of quasar feedback though

it is possible that there is a quasar contribution to the measured free-free emission.

Additional radio observations at different frequencies will allow for full SED modeling

of the different contributions at 115 GHz.
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S. F., Arns, J. A., Aubourg, É., Bailey, S., Balbinot, E., & et al. 2011, AJ, 142, 72

Elitzur, M. & Shlosman, I. 2006, ApJL, 648, L101

Elvis, M. 2017, ArXiv e-prints

Erb, D. K., Pettini, M., Shapley, A. E., Steidel, C. C., Law, D. R., & Reddy, N. A.

2010, ApJ, 719, 1168

Fabian, A. C. 2012, ARA&A, 50, 455

Fan, X. 1999, AJ, 117, 2528

Faucher-Giguère, C.-A. & Quataert, E. 2012, MNRAS, 425, 605

Ferrarese, L. & Merritt, D. 2000, ApJL, 539, L9

Fukugita, M., Ichikawa, T., Gunn, J. E., Doi, M., Shimasaku, K., & Schneider, D. P.

1996, AJ, 111, 1748

225



BIBLIOGRAPHY

Gebhardt, K., Bender, R., Bower, G., Dressler, A., Faber, S. M., Filippenko, A. V.,

Green, R., Grillmair, C., Ho, L. C., Kormendy, J., Lauer, T. R., Magorrian, J.,

Pinkney, J., Richstone, D., & Tremaine, S. 2000, ApJL, 539, L13

Gibson, R. R., Brandt, W. N., & Schneider, D. P. 2008, ApJ, 685, 773

Gilli, R., Comastri, A., & Hasinger, G. 2007, A&A, 463, 79

Gilli, R., Vignali, C., Mignoli, M., Iwasawa, K., Comastri, A., & Zamorani, G. 2010,

A&A, 519, A92

Giroletti, M. & Panessa, F. 2009, ApJL, 706, L260

Glenn, J., Schmidt, G. D., & Foltz, C. B. 1994, ApJL, 434, L47

Glikman, E., Helfand, D. J., White, R. L., Becker, R. H., Gregg, M. D., & Lacy, M.

2007, ApJ, 667, 673

Glikman, E., Simmons, B., Mailly, M., Schawinski, K., Urry, C. M., & Lacy, M. 2015,

ApJ, 806, 218

Glikman, E., Urrutia, T., Lacy, M., Djorgovski, S. G., Mahabal, A., Myers, A. D.,

Ross, N. P., Petitjean, P., Ge, J., Schneider, D. P., & York, D. G. 2012, ApJ, 757,

51

Glikman, E., Urrutia, T., Lacy, M., Djorgovski, S. G., Urry, M., Croom, S., Schneider,

D. P., Mahabal, A., Graham, M., & Ge, J. 2013, ApJ, 778, 127

226



BIBLIOGRAPHY

Goad, M. & Koratkar, A. 1998, ApJ, 495, 718

Goodrich, R. W., Cohen, M. H., & Putney, A. 1995, PASP, 107, 179

Goodrich, R. W. & Miller, J. S. 1995, ApJL, 448, L73

Gralla, M. B., Crichton, D., Marriage, T. A., Mo, W., Aguirre, P., Addison, G. E.,

Asboth, V., Battaglia, N., Bock, J., Bond, J. R., Devlin, M. J., Dünner, R., Hajian,

A., Halpern, M., Hilton, M., Hincks, A. D., Hlozek, R. A., Huffenberger, K. M.,

Hughes, J. P., Ivison, R. J., Kosowsky, A., Lin, Y.-T., Marsden, D., Menanteau,

F., Moodley, K., Morales, G., Niemack, M. D., Oliver, S., Page, L. A., Partridge,

B., Reese, E. D., Rojas, F., Sehgal, N., Sievers, J., Sifón, C., Spergel, D. N., Staggs,

S. T., Switzer, E. R., Viero, M. P., Wollack, E. J., & Zemcov, M. B. 2014, MNRAS,

445, 460

Green, R. F., Schmidt, M., & Liebert, J. 1986, ApJS, 61, 305

Greene, J. E., Alexandroff, R., Strauss, M. A., Zakamska, N. L., Lang, D., Liu, G.,

Pattarakijwanich, P., Hamann, F., Ross, N. P., Myers, A. D., Brandt, W. N., York,

D., & Schneider, D. P. 2014, ApJ, 788, 91

Greene, J. E., Zakamska, N. L., Ho, L. C., & Barth, A. J. 2011, ApJ, 732, 9

Greene, J. E., Zakamska, N. L., Liu, X., Barth, A. J., & Ho, L. C. 2009, ApJ, 702,

441

Greene, J. E., Zakamska, N. L., & Smith, P. S. 2012, ApJ, 746, 86

227



BIBLIOGRAPHY

Greve, T. R., Bertoldi, F., Smail, I., Neri, R., Chapman, S. C., Blain, A. W., Ivison,

R. J., Genzel, R., Omont, A., Cox, P., Tacconi, L., & Kneib, J.-P. 2005, MNRAS,

359, 1165

Grevesse, N., Asplund, M., Sauval, A. J., & Scott, P. 2010, Astrophysics and Space

Science, 328, 179

Groves, B. A., Dopita, M. A., & Sutherland, R. S. 2004, ApJS, 153, 75

Gültekin, K., Richstone, D. O., Gebhardt, K., Lauer, T. R., Tremaine, S., Aller,

M. C., Bender, R., Dressler, A., Faber, S. M., Filippenko, A. V., Green, R., Ho,

L. C., Kormendy, J., Magorrian, J., Pinkney, J., & Siopis, C. 2009, ApJ, 698, 198

Gunn, J. E., Carr, M., Rockosi, C., Sekiguchi, M., Berry, K., Elms, B., de Haas, E.,
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Khachikyan, É. Y. & Weedman, D. W. 1971, Astrophysics, 7, 231

Kimball, A. E., Kellermann, K. I., Condon, J. J., Ivezić, Ž., & Perley, R. A. 2011,

ApJL, 739, L29

King, A. R. 2010, MNRAS, 402, 1516

Kirkpatrick, J. A., Schlegel, D. J., Ross, N. P., Myers, A. D., Hennawi, J. F., Sheldon,

E. S., Schneider, D. P., & Weaver, B. A. 2011, ApJ, 743, 125

233



BIBLIOGRAPHY

Kishimoto, M., Antonucci, R., Cimatti, A., Hurt, T., Dey, A., van Breugel, W., &

Spinrad, H. 2001, ApJ, 547, 667

Koekemoer, A. M., Aussel, H., Calzetti, D., Capak, P., Giavalisco, M., Kneib, J.-P.,
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Mason, R. E., Rodŕıguez-Ardila, A., Martins, L., Riffel, R., González Mart́ın, O.,
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T., Rich, R. M., Martin, D. C., Ptak, A., Schiminovich, D., Ford, H. C., Madore,

B., & Seibert, M. 2009, ApJ, 706, 203

Pacholczyk, A. G. 1970, Radio astrophysics. Nonthermal processes in galactic and

extragalactic sources

Padovani, P., Bonzini, M., Kellermann, K. I., Miller, N., Mainieri, V., & Tozzi, P.

2015, MNRAS, 452, 1263

Padovani, P., Miller, N., Kellermann, K. I., Mainieri, V., Rosati, P., & Tozzi, P. 2011,

ApJ, 740, 20
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