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Abstract
THE HOST GALAXIES OF LUMINOUS REDDENED QUASARS AT Z~ 2

CLARE WETHERS

The work in this thesis concerns the host galaxies of a class of luminous, yet heavily-
obscured, quasars at z~2 - a peak epoch of both star formation and black hole accretion. Here,
we seek to characterise the star-forming properties of these obscured quasars to improve our
understanding of galaxy-quasar coevolution.

A key issue facing host galaxy studies among populations of the most luminous quasars
is being able to disentangle the galaxy emission from that of the quasar. With combined
observations from the Dark Energy Survey (DES), the VISTA Hemisphere Survey (VHS)
and the UKIDSS Large Area Survey (ULAS), we exploit the quasar dust extinction in our
sample to demonstrate that the quasar and galaxy emission can be separated via SED-fitting
in these systems. By isolating the galaxy emission in this way, we estimate instantaneous
SFRs for the galaxies in our sample, based on the restframe UV emission. In general, we
find obscured quasars to reside in prodigiously star forming hosts with 25 < SFRyy <
365 Muyr~!. Furthermore, we show that the most luminous quasars reside in the most
actively star-forming galaxies, potentially indicating the same gas supply is fuelling both star
formation and accretion on to the black hole.

Having isolated the galaxy emission via SED-fitting, we test our ability to model the
restframe-UV emission of obscured z~2 quasar hosts in 2D. Until now, morphological
studies of luminous quasar hosts have typically been limited to low redshifts or relied
on space-based imaging. By making use of a multi-band modelling code however, we
demonstrate that it is possible to accurately infer several galaxy properties (i.e. the position

of the galaxy in the image, (X,Y), its radius, R, axis ratio, qgar, angle of orientation, 0,



iv

and Sérsic index, n), based on current ground-based imaging, accross the full range of galaxy
and quasar luminosities considered in our sample. This potentially opens the door to future
ground-based morphological studies of obscured quasars at high redshift.

At sub-mm wavelengths, thermal emission from cold dust peaks, meaning these wave-
lengths can be used to probe the dust heating by star formation, effectively giving a measure
of the obscured star formation in the galaxy. Using targeted observations from SCUBA-2, we
trace the 850 m emission in a sample of obscured quasars, finding evidence for prodigious
star formation > 2400 M yr~! in three of the 19 quasars in our sample. The detection rate of
our obscured quasar sample is found to be consistent with that of both more heavily-obscured
Hot-DOGs and UV-luminous quasars, once the samples have been matched in luminosity and
redshift. Furthermore, we find evidence that several of the obscured quasars lie in overdense

regions of the sky (~ 3 times denser than sub-mm blank fields).
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CHAPTER

INTRODUCTION

1.1 THE DISCOVERY OF QUASARS

The discovery of quasars is arguably amongst the most ground-breaking astronomical
findings of the last century. Their existence not only challenged what we thought possible in
observational astronomy but also was the final nail in the coffin for the then popular steady
state theory of our Universe. Their discovery is attributed to the CalTECH Astronomer
Maarten Schmidt (Schmidt, 1963) when observing the radio source 3C 273. Initially this
radio source was thought to be a nearby star due to its extreme brightness, but its spectrum
revealed something far more unusual - the emission lines observed in 3C 273 were unlike any
known star. Maarten Schmidt recognised these unusual emission lines as the Balmer series
shifted in wavelength and thus concluded this object to lie at redshift z = 0.158, making it
among the highest redshift observations of the time. The combination of being both very
distant and incredibly bright led to a new classification of astronomical objects. Today,
we recognise objects such as 3C 273 as quasars (derived from the term quasi-stellar radio
source).

In the years following their discovery, many astronomers worked to characterise the
nature of quasars, finding them to be a luminous class of Active Galactic Nuclei (AGN)

powered by the accretion of matter onto a supermassive black hole (e.g. Lynden-Bell, 1969;
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Lynden-Bell and Rees, 1971; Salpeter, 1964; Zel’dovich and Novikov, 1965). A major
break-though came with the discovery that these exotic systems were not unusual at all,
but rather were found to reside in numerous nearby galaxies (Kormendy et al. (1994) +
references therein). This led to the idea that black holes potentially exist in the centre of a
large proportion, if not all, galaxies and thus may play an important role in their evolution.
Thanks largely to direct dynamical measurements, we now understand that supermassive
black holes are commonplace in the centres of nearby, massive galaxies (Armitage and
Natarajan, 2002; Kormendy and Richstone, 1995; Magorrian et al., 1998; Peterson and
Wandel, 2000), but the nature by which they interact with their host galaxies remains an

active area of research.

1.2 QUASAR - GALAXY CO-EVOLUTION

Since finding supermassive black holes to be common in galactic centres, astronomers have
worked to directly link black hole activity to that of the surrounding galaxy. Observations in
recent decades indicate a so-called ‘coeval’ scenario, in which AGN activity influences the

surrounding galaxy, resulting in the simultaneous evolution of the AGN and its host.

1.2.1 Mpy AND THE GALACTIC BULGE

Perhaps the strongest evidence for such a ‘coeval’ scenario is the tight correlation between
the black hole mass, Mpy, and the velocity dispersion of stars in the galactic bulge, o, (e.g.
Ferrarese and Merritt, 2000; Gebhardt et al., 2000). Fig. 1.1 shows this relation for a range
of different galaxies from spiral systems to ellipticals (Giiltekin et al., 2009), with black
hole masses derived from direct dynamical measurements compiled from Ferrarese and Ford
(2005); Graham et al. (2008); Marconi and Hunt (2003); Tremaine et al. (2002). We note
however, that galaxy models without a quantative measure of how well they fit the data (e.g.
x?) and those appearing to provide a poor fit have been excluded from the galaxy sample in

Fig. 1.1. As such, the selection biases of the Giiltekin et al. (2009) sample likely tightens
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M(My)

Fig. 1.1 Relation between My and the velocity dispersion of stars in the bulge, based on a range of different
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the relation observed in Fig. 1.1. Were the full sample to be included, the scatter in Fig. 1.1

would appear much larger.

In nearby galaxies, tight correlations have also been observed between Mgy and several
other properties of the galactic bulge including the total bulge mass (Magorrian et al., 1998),
the bulge luminosity (Faber and Jackson, 1976) and the stellar mass (Kormendy and Ho
(2013) + references therein). These relations may appear counter-intuitive given the typical

radius of a galactic bulge extends well beyond that of the sphere of influence of a black hole

(rinf), Where

This apparent contradiction has long been an active area of research. Since the discovery
that the AGN and its host appear linked (Magorrian et al., 1998), understanding the mecha-
nisms by which AGN seemingly influence the outer regions of their host galaxies has been a

topic of interest. To explain this phenomenon, one could imagine two extreme scenarios. In

o?

Vinf =
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the first instance, the apparent link between AGN and the galactic bulge is entirely driven by
the bulge itself, i.e. there exists a regime in which the bulge properties dictate the amount
of material available for accretion onto the BH, and therefore its size. At the other extreme,
one could instead imagine the BH is entirely responsible for shaping its host. In this regime,
dynamical interactions may be invoked to reach beyond the sphere of influence and shape
the outer regions of the galaxy. Current thinking suggests the apparent relations between
AGN and their hosts is due to some combination of these two extremes (e.g. Di Matteo et al.,
2005).

One popular idea is that the amount of energy released as material spirals inward onto
the BH is limited by the mass of the BH itself, Mpy. The limit on the amount of this energy
that can be radiated as luminosity is known as the ‘Eddington limit’, Le4q, and is given by

4rGMgum,c

Mg
Logg = ———2200P7 35104222 1.2
edd or M, (1.2)

where G is the gravitational constant, m,, is the mass of a proton, c is the speed of light
and or is the Thomson cross section. L.gq denotes the luminosity at which the outward
radiation pressure exceeds the gravitational force causing accretion onto the BH and is
directly proportional to Mgy. When the accretion rate of the AGN exceeds that allowed by
this limit, gas will be driven out of the central regions of the galaxy by radiation. It is this
process of gas ejection which is thought to eventually stop the growth of the BH entirely.
Simulations by Shankar et al. (2008); Sijacki et al. (2007) show the efficiency with which
the AGN expels this gas to be reliant on both the gravitational potential of the bulge and the
velocity dispersion of stars in this region, ¢, meaning there is a strong interplay between the
AGN and the galactic bulge (i.e. the bulge shapes BH accretion, which in turn shapes the

bulge).

1.2.2 AGN FEEDBACK

Whilst the connection between galaxies and their black holes is now generally accepted

(e.g. Giiltekin et al., 2009; King, 2003; Peng et al., 2006), the exact nature of the feedback
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processes driving their apparent co-evolution remains widely disputed. One key challenge
lies in understanding the role of AGN in both fuelling (via positive feedback) and quenching
(via negative feedback) star formation in the host galaxy.

The importance of negative AGN feedback is strongly supported by two key pieces of
observational evidence. The first is found in the bright end of the galaxy luminosity function,
where the number of bright galaxies is shown to decline more rapidly than models predict.
Benson et al. (2003) demonstrate that this feature cannot be explained by cooling processes
alone, rather additional feedback is required. The second major piece of evidence is the
detection of X-ray cavities. The existence of these cavities (or ‘bubbles’) was first postulated
in 1973 by Gull and Northover (1973), but they were not observed until some 20 years later
(Boehringer et al., 1993). The X-ray cavities, made from relativistic plasma, are thought
to form via AGN-driven jets (Fabian, 2012) and subsequently rise through the intra-cluster
medium (ICM). As the cavities rise, they release vast amounts of thermal energy exceeding
that lost via the cooling flows (Graham et al., 2008), thus quenching star formation.

More recently, the role of positive AGN feedback in triggering star formation has also
been an active area of research. One mechanism for this triggering is given by Ishibashi and
Fabian (2012), who suggest that dusty shells of gas are driven outwards from the central
regions of the galaxy by radiation pressure. As these shells expand, it is thought that the
surrounding cold gas is compressed, resulting in overdense regions of cool gas, which induces
star formation in the shells. A recent study by Ishibashi and Fabian (2014) finds the rate of
this induced star formation to increase with black hole mass, indicating the most massive

black holes trigger the most star formation.

1.2.3 THE CoSMIC EVOLUTION OF GALAXIES AND AGN

Further evidence for the co-evolution of black holes and their hosts can be seen in the
similar evolution of galaxies and their AGN with redshift. AGN, for example, exhibit
so-called downsizing behaviour in their luminosity, in which the number density of high-
luminosity AGN peaks at a higher redshift compared to their lower-luminosity counterparts

(e.g. Bongiorno et al., 2007). Aird et al. (2015) illustrate this trend among AGN populations
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credit: Madau and Dickinson (2014)

across a range of X-ray luminosities, Lx ! (Fig. 1.2). Fig. 1.2 shows AGN with the highest

— 1045747

X-ray luminosities (Lx ergs~!) to peak in number at z~2 compared to z~0.5 for

= 10*"%ergs™!). A similar trend is observed in the

those with low X-ray luminosities (Lx
assembly of galaxies, with the most massive galaxies appearing to form at early cosmic times
(e.g. Collins et al., 2009; Cowie et al., 1996). In this anti-hierachical picture, massive galaxies
are thought to assemble the bulk of their stellar mass at high redshift, whilst lower mass
systems are observed to form later. Although this idea seemingly contradicts the ‘bottoms-up’
structure formation predicted by ACDM cosmology in which small structures are the first
to form (e.g. Bond et al., 1991; Lacey and Cole, 1993; White and Frenk, 1991), several
studies have shown that invoking AGN feedback mechanisms can eliminate the need for this
hierarchy by preferantially suppressing star formation in massive galaxies at low redshift

(e.g. Bower et al., 2006; Croton et al., 2006; Kauffmann and Heckman, 2009; Scannapieco

et al., 2005).

Hog(Liop) = (0.44 & 2.30) + (1.02 & 0.06) x log;o(Lx) (Grupe, 2004)



1.3 TRIGGERING AGN 7

lookback time (Gyr) ' L L L B LR R R
0246 8 10 12 0.8 v 4
_0-4 _| I T | T | T I T I T I i :
o r 4 -1.2 -
| o b —~ —
5—0.8 - - I& _18 3
T -12 | 1 = -2 ;
= L ] '; P I
g_l-s _: Zo -0.8 IR _:
> ol ] = ]
3 : »-12 E
-2.4 C I | I | T R A -1.6 _:
0 1 2 3 4 5678 i .
redshift -2 3
1 l 1 I 1 I 1 llllllllr
0 1 2 3 4 5678

redshift

Fig. 1.3 The history of cosmic star formation based on FUV (top right), IR (bottom right) and combined FUV+IR
(left) restframe measurements. Image credit: Aird et al. (2015) with data points from Miyaji et al. (2015).
Further to illustrating the downsizing behaviour of AGN, Fig 1.2 also demontrates AGN
activity to peak at z~2 among the most luminous populations. This peak in AGN activity
coincides with that of cosmic star formation, which is also shown to peak at z~2 (Fig. 1.3).
Madau and Dickinson (2014) characterise the evolution of star formation across a general

galaxy population, finding the star formation density, y(z), to vary with reshift as

2.7

1+z
1+ [(142)/2.9]>

v(z) =0.015 ~Moyear™'Mpc™, (1.3)

shown as solid black curves in Fig. 1.3. Studying populations of luminous AGN and their
hosts during this peak of star formation and BH accretion is therefore key to understanding

the apparent coevolution of galaxies and their AGN.

1.3 TRIGGERING AGN

The triggering of AGN themselves has proven somewhat controversial over recent decades.
Whilst secular processes, such as minor mergers, bar instabilities and stochastic gas accretion
appear sufficient in fuelling low- and moderate- luminosity AGN, more violent gas-rich
major mergers (merging galaxies of comparable sizes) may be required to trigger the most

luminous systems.
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In cosmoligical simulations, major mergers are often invoked to model the formation
of massive galaxies. Barnes and Hernquist (1991) for example, demonstrate that gas-rich
mergers can result in rapid gas assembly in the central regions of the galaxy and trigger
violent bursts of star formation, potentially offering an explanation for the existance of
luminous IR galaxies. Hopkins et al. (2005, 2007) also demonstrate gas-rich mergers to
trigger high rates of star formation and black hole accretion and suggest that the AGN will
appear heavily obscured during bursts of star formation, before quasar-driven winds expel
the remnant dust and gas from the galactic centre. The inclusion of these gas-rich mergers in
simulations can reproduce several observations of quasars, including the quasar luminosity
density out to z = 6 and the quasar luminosity function.

Observationally, the role of mergers in triggering AGN is more complicated, with strong
variations across populations of high- and low- luminosity systems at different redshifts.
Several independent studies of the last decade find little evidence that major mergers trigger
quasars at low redshift. Cisternas et al. (2010) for example, find no difference in the merger
fraction of moderate luminosity AGN at 0.3 < z < 1.0 compared to inactive galaxies at
similar redshifts. Furthermore, recent population synthesis modelling indicates that non-
merger processes are likely to be the dominant trigger of AGN at z < 1.5 (Cisternas et al.,
2010; Treister et al., 2012). At higher redshifts (1.5 < z < 2.5), this trend appears to continue
among populations of low- and moderate- luminosity quasars, with Kocevski et al. (2011)
also finding no difference between the merger rates of moderate-luminosity AGN and their
galaxy control sample. Such studies suggest low- to moderate- luminosity AGN are no more
likely to have undergone a recent major merger than an inactive galaxy at the same epoch.

The AGN merger fraction has however been shown to increase rapidly with AGN
luminosity. Treister et al. (2011), for example, suggest major mergers trigger only the most

luminous ~10 per cent of AGN (or quasars), finding ~90 per cent of AGN to show signs of

1 1

merger activity at Lol AGN ~1047ergs* compared to ~4 per cent at L) AGN ~1043ergs* .
Whilst the need for major mergers in triggering the most luminous AGN has generally been
accepted (e.g. Kocevski et al., 2011; Treister et al., 2012), there is conflicting evidence (e.g.

Villforth et al., 2016). Morphological studies of AGN at z~0.7 by Villforth et al. (2014)
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show no evidence for additional merger signatures (e.g. dynamical disruptions, asymmetries
etc.) amongst their AGN sample. Instead, they find mergers to account only for a small

fraction of AGN, even at the highest luminosities in their sample (Lx ~ 10+ ergs™!).

1.4 DUST OBSCURATION

Another topic of debate over recent decades has been the cause of reddening in AGN.
Reddening occurs when dust preferentially attenuates blue light from an astronomical object,
causing it to appear redder in colour. In the case of AGN observations, several factors
can contribute to this dust including the Milky Way galaxy, intervening galaxies along the
line-of-sight, the AGN host galaxy and dust from the nuclear region (the obscuring medium
within the central few kpc of the galaxy). The amount of reddening in a given system is often
given as a colour excess, E(B— V), but is also commonly quoted in terms of either the total

V-band extinction, Ay, or the total extinction at a given wavelength, A, where

A, =R,E(B-V) (1.4)
and
k(A)A,
Ay = (R) (1.5)

Observationally, the value of R, has been shown to lie in the range 2 < R, < 6 with
denser regions having a larger value of R, (Cardelli et al., 1989), but conventionally a value
of either R,=3.1 or R,=5.0 is selected (based on the diffuse ISM and dense molecular clouds
respectively). The choice of extinction curve, k(1) for both the galaxy and the AGN makes
little difference to the inferred extinction at long wavelengths (Agesy = 4000A), but can
vary significantly at shorter wavelengths (Fig. 1.4). When modelling the extinction effects
of interstellar dust (i.e. the galactic extinction) either an SMC, an LMC or a Milky Way
extinction curve is typically assumed, the forms of which are shown in Fig. 1.4. Modelling

the effects of circumnuclear dust obscuring the AGN however is somewhat less constrained
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Fig. 1.4 Comparison of AGN extinction curves (Czerny et al., 2004; Gaskell et al., 2004) with SMC, LMC and
MW extinctions. Image credit: Wang et al. (2014).
in terms of standard models. AGN extinction curves are typically derived empirically from
either individual reddened AGN (e.g. Gaskell et al., 2004) or composite quasar spectra (e.g.
Czerny et al., 2004; Gaskell et al., 2004). Two such examples are shown in Fig. 1.4 (Czerny
et al., 2004; Gaskell et al., 2004), although many more are commonly used (e.g. Gallerani

etal., 2010).

1.4.1 THE UNIFIED MODEL OF AGN

Generally speaking, AGN can be classified into two groups - Type I, in which both broad and
narrow emission features are present (Seyfert 1s) and Type II, containing only narrow lines
in their spectra (Seyfert 2s). Two scenarios intuitively explain the lack of observed broad
emission features in Seyfert 2 galaxies; (i) Seyfert 2s do not contain broad emission features
or (ii) their broad-line emission is being obscured by some medium. An early study from
Rowan-Robinson (1977) finds that Seyfert 2 galaxies have excess dust extinction compared
to Seyfert 1s, suggesting that dust surrounding the AGN core may be responsible for the
observed differences between Type I and Type II AGN. Studies in the radio (e.g. Barthel,

1989) further reveal there to be very little difference between quasars and radio galaxies, both
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morphologically and evolutionarily, with the vast majority of quasar models invoking radio
beaming in some form, implying quasars and radio galaxies may also be linked, differing
only in orientation with respect to the observer.

The idea of a unified model linking radio and Seyfert galaxies with the general AGN
and quasar population has since been elaborated upon to produce the current paradigm
(Fig. 1.5), in which the dust obscuration of AGN can be explained solely in terms of the
orientation with regards to our line of sight (Antonucci, 1993). In this regime, AGN are
surrounded by an optically-thick accretion disc. The emission arising from the infall of
material onto this accretion disc can be characterised as a blackbody spectrum peaking at
optical/ UV wavelengths (see Section. 1.5). Above and below the plane of the accretion disc
exist optically-thick clouds, which give rise to the broad emission features observed in AGN
spectra, leading to this inner region being referred to as the ‘broad line region’ (BLR). A
so-called ‘torus’ - a region of clumpy, obscuring dust and gas - is thought to surround the
BLR, lying co-planar to the accretion disc. Whilst the structure of this ‘torus’ remains an
active area of research (e.g. Elitzur and Shlosman, 2006; Konigl and Kartje, 1994; Krolik and
Begelman, 1988), it is generally modelled as a static doughnut-like structure, as illustrated
in Fig. 1.5. Gas clouds further out from the AGN are thought to give rise to narrow line
emission, forming the so-called narrow line region (NLR).

From Fig. 1.5, it can be seen that when an AGN is viewed completely edge-on (i.e. the
line of sight passes directly through the torus structure), the dust from the torus completely
obscures the broad emission lines arising from the inner regions closest to the AGN. Systems
in this orientation - often referred to as Type-II AGN - therefore appear to contain only
narrow line emission in their spectra arising from the more extended NLRs. If instead the
AGN is viewed face-on (i.e. the plane of the torus lies perpendicular to the line of sight) -
as in the case of Type I AGN - both the broad and narrow line emission are clearly visible
along the line of sight. Intermediate AGN dust obscuration is then thought to arise when the
system is orientated at an angle between these two extremes, where some fraction of the inner
broad line region remains visible. Some of the most compelling evidence in favour of this

model comes from spectropolarimetric observations of Type-II AGN, which reveal hidden
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Fig. 1.5 Cartoon depiction of the unified AGN model postulated by Antonucci (1993). Image credit: Brian
Koberlein

broad line emission in these systems (e.g. Tran, 2001). Through such observations, polarised
(hidden) broad line regions (HBLRs) have been confirmed in a number of Seyfert 2 galaxies,
with Tran (2001) finding HBLR galaxies to exhibit higher radio power relative to their IR
emission than non-HBLR galaxies in the study. Despite these differences however, Tran
(2001) find no difference in the level of dust obscuration in either class of galaxies, indicating
that the orientation model of AGN cannot be applied to all Seyfert galaxies. Instead, a more

complicated picture of AGN may be required to explain observations.

1.4.2 DUST AS A TRACER OF QUASAR EVOLUTION

For several decades, it has been suggested that the AGN paradigm is rather more complicated
than the unified model postulated by Antonucci (1993). Along with the effects of orientation,
dust reddening may also indicate the evolutionary phase of the AGN. Sanders et al. (1988)
were among the first to put forward this idea, postulating that unlike moderate to low
luminosity and low redshift systems, in which secular processes appear sufficient in fuelling
the AGN, the most massive and luminous AGN are triggered by major mergers. Such mergers

can drive vast amounts of gas towards the central regions of the merging galaxy and fuel both
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the AGN and star formation, leading to starburst activity in the galaxy. As this star formation
begins to decay, Sanders et al. (1988) suggest that the AGN expels the remnant dust and gas
from the galaxy in a short-lived blowout phase, during which the AGN is thought to appear
heavily obscured. Once the obscuring dust has been cleared from the central regions of the
galaxy, the AGN is then thought to appear bright in the UV.

Studying the transitional phase between a starburst galaxy and UV-luminous AGN is
therefore important in constraining the link (or lack thereof) between dust obscuration and
AGN evolution. One way in which the above evolutionary picture can be tested is by looking
at the connection between star formation and AGN luminosity. Sanders et al. (1988) suggest
that AGN undergoing a blowout phase came about via massive mergers, meaning the same
gas supply is likely fuelling both the AGN and the star formation in these transitional systems.
If this is indeed the case, one would therefore expect to find more luminous AGN to reside in
more actively star-forming galaxies. Whilst no such connection is found in either low-redshift
or low- to moderate- luminosity AGN (e.g. Urrutia et al., 2012), several studies indicate
the emergence of a trend among high-luminosity, high-redshift AGN (Chen et al., 2013;
Rodighiero et al., 2010). Furthermore, this trend appears most prominent among populations
of obscured AGN, supporting the evolutionary picture put forth by Sanders et al. (1988).

Another test of this evolutionary model is to search for evidence of a recent starburst in
heavily obscured AGN. If, as Sanders et al. (1988) suggest, obscured AGN have recently
undergone a starburst phase, one would expect to find heavily obscured AGN to reside
in actively star forming hosts. Indeed, a recent study by Alaghband-Zadeh et al. (2016a)
demonstrates the majority of luminous, obscured AGN are found in prodigiously star-forming
galaxies at z~2, based on observations of their narrow Ha emission. If these system are
very dusty however, it is likely that much of the star formation will appear obscured and
therefore will not be fully accounted for in the Hor emission. Accurately measuring both
the unobscured and obscured SFRs and their connection with AGN luminosity in luminous,

reddened AGN hosts therefore remains an important test of evolutionary AGN models.
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A key property of AGN - one which has severely hindered AGN host galaxy studies -
is their strong continuum emission across many regions of the electromagnetic spectrum
(Fig. 1.6). The brightest AGN, or quasars, typically dominate the spectrum by several orders
of magnitude compared to the light emitted from their host galaxies, particularly at UV/
optical wavelengths, where AGN emission peaks. Assuming the accretion disc plasma to be
optically thick and thermal, one would expect it to appear as a superposition of blackbody
emission with a range of temperatures. If the BH is accreting close to Lgpp (see Eqn. 1.2),
the temperature of the blackbody emission from the disc will result in the radiation peaking
in the UV when considering the size scales of SMBHs. Indeed, this peak in continuum
emission forms a key feature in AGN spectra (Fig. 1.6) and is often referred to as the ‘big
blue bump’. Many studies have studied this feature in great depth (e.g. Kolykhalov and
Sunyaev, 1984; Shields, 1978) and conclude the ‘big blue bump’ to arise from the thermal

emission of gas in the accretion disc.
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A secondary peak in the AGN spectrum occurs in the IR (Fig. 1.6). Emission in this
region is dominated by thermal emission from dust heated by the AGN, with the location
of the peak depending on the temperature of the dust. This thermal emission process arises
from the absorption and re-emission of high-energy photons by dust in the torus. Whilst
the geometry of the torus remains an active area of research, it is generally believed to be
clumpy in structure and contain clouds of dust rather than a smooth disc. These clouds
of dust absorb photons from the accretion disc, causing the dust to heat up. The absorbed
photons consequently loose energy and are thermally re-emmited at longer wavelengths,
giving rise to IR emission. Although the exact form of the resultant IR emission varies for
each source, it is typically characterised by a broken power law < 40 um with a steep drop
off 2 40 um (e.g. Mullaney et al., 2011), peaking at A ~ 20-50 pm.

At sub-mm wavelengths, thermal emission from dust heated by the AGN continues to
contribute at <100um. At longer wavelengths, thermal emission from cooler dust begins to
contribute, with dust further from the AGN and dust heated by star formation dominating the
sub-mm emission at >100um. Dust heated by star formation peaks at ~1mm (shown by the
starburst SED in Fig. 1.6), meaning several studies have relied on sub-mm observations to
characterise the star formation in quasar host galaxies (e.g. Jones et al., 2015, 2014; Priddey
et al., 2003).

Many studies of the last decade have made use of Herschel observations at these longer
wavelengths to explore the connection between AGN and their hosts. Stanley et al. (2015)
for example calculate the SFRs for a sample of luminous (Lpg ~10*¥ergs™') AGN at 0.2 <
z < 2.5, finding a weak trend between AGN luminosity and SFR. Another study by Harris
et al. (2016) finds a similar trend between SFR and both AGN luminosity and black hole
mass out to SFR~600Myyr~! at 2 < z < 3 - a limit which Harris et al. (2016) suggest
may be due to the saturation of the starburst by supernova winds. Pitchford et al. (2016)
however, find no such relation in their sample of 2.15 < z < 3.5 AGN, although the derived
SFRs generally lie above the 600Myr~! limit above which Harris et al. (2016) also find
no correlation. Studies at FIR/ sub-mm such as these rely heavily on separating the dust

heating via star formation from that of AGN - something which can often prove problematic.
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A common assumption is that sub-mm emission is dominated by heating via star formation,
with very little contribution from the AGN, but this has been widely debated in the literature.
Symeonidis et al. (2016) for example find that AGN heating alone can account for the FIR/
sub-mm emission. Furthermore, Symeonidis and Page (2018) conclude that the fraction of
of AGN dominated sources increases with the total FIR luminosity, suggesting the majority
of bright IR galaxies are shaped by the AGN rather than star formation. Among galaxies
with Lig > 10137 at 1 < z < 2, Symeonidis and Page (2018) find that the AGN can account
for the entire IR emission. This contamination by AGN heating can lead to the overestimate
of the SFR in AGN hosts, particularly among very luminous systems. At longer sub-mm
wavelengths, synchrotron radiation from the AGN can also contribute to the emission, again
leading to the overestimate of the star formation in the host if this feature is not properly

accounted for.

1.6 THESIS OUTLINE

This thesis aims to characterise the host galaxies of luminous, reddened quasars at z~2
across multiple wavelengths. Particular focus is placed on the star formation, morphologies
and environments of these systems in the context of galaxy evolution. The thesis is structured
as follows:

Chapter 2 investigates the UV star-forming properties of luminous, reddened quasar
host galaxies in DES. Here we perform the first population study of luminous quasar hosts at
1.4 < z < 2.7 in the rest-frame UV, exploiting the dust reddening of the quasar to directly
study emission from the galaxy. Through SED fitting, we derive star formation rate estimates
for the host galaxy sample and study the link between these rates and the intrinsic luminosity
of the quasar.

Chapter 3 makes use of the third year of DES observations to map the star-forming
regions of our quasar host sample in 2D, based on their emission in the rest-frame UV. This
chapter predominantly tests our ability to do this mapping with the existing data, outlining

the limitations of the fitting method on current observations. From the results, we infer basic
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structural properties for luminous quasar host galaxies at 1.4 < z < 2.7, placing constraints
on the spatial extent of the star formation measured in Chapter 2.

Chapter 4 explores the sub-mm properties of reddened quasars at 1.4 < z < 2.7.
Using brand new 850um targeted observations from SCUBA-2, we analyse the SFRs and
environments of 19 reddened quasars lying in the Northern hemisphere. The sub-mm
properties of our sample are directly compared to those of quasars with higher and lower
dust content, allowing us to place our sample in the broad context of the general quasar
population.

Throughout this thesis, we assume a flat ACDM cosmology with Hy = 70kms~'Mpc~!,
Qp = 0.3 and Qp = 0.7. All quoted magnitudes are based on the AB system, which is
the native magnitude system for the optical data used in this work. In cases where these
magnitudes have been converted from the Vega system (e.g. in IR surveys), the conversion is

specified.






CHAPTER

REDDENED QUASAR HOSTS IN THE
Uv

2.1 INTRODUCTION

Quasars typically outshine their host galaxies by several orders of magnitude, particularly in
the rest-frame UV where the quasar continuum peaks. This has significantly limited studies
of quasar host galaxies at these wavelengths, requiring high spatial resolution to separate
the point-like quasar light from the more extended host galaxy emission. Such a limitation
has largely confined studies of quasar hosts to relatively low redshift (z < 1), where good
spatial resolution is much easier to achieve (e.g. Dunlop et al., 2003; Matsuoka et al., 2015).
At these low redshifts, host galaxy emission has been separated from that of the quasar
via both image (e.g. Jahnke et al., 2004; Sénchez et al., 2014) and spectral decomposition
(e.g. Matsuoka et al., 2015; Vanden Berk et al., 2006), with these studies finding a strong
correlation between Mpy and Myyige. However there appears to be no correlation between
the quasar accretion rate and star formation rate (SFR) of the host at these low redshifts (e.g.
Urrutia et al., 2012).

At higher redshifts (z~2) - the epoch at which BH activity peaks - a handful of studies
have used high-resolution spaced-based imaging from the Hubble Space Telescope (HST)

to spatially isolate the host galaxy emission, although these studies have largely targeted
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moderate-luminosity quasars (Lpo1.Qso ~108~*ergs™!), where emission from the galaxy
makes up a significant fraction of the flux in the rest-frame UV/ optical (e.g. Jahnke et al.,
2004). In these moderate-luminosity quasars, Jahnke et al. (2004) find no dependence of the
SFR on the quasar luminosity, deriving SFRs ~6 M, yr~! (prior to dust correction) across
their entire quasar sample. To analyse the hosts of more luminous quasars, studies have
primarily relied on observations at longer wavelengths in the far infra-red (FIR) to millimetre
regime, where the host galaxy emission peaks (e.g. Harris et al., 2016; Priddey et al., 2003).
Unlike their low-redshift and lower-luminosity counterparts, the SFRs of high-luminosity
quasars at z 2 2 have been shown to correlate with Ly gso, With several studies finding
more luminous quasars to reside in more actively star-forming hosts (e.g. Coppin et al., 2008;
Delvecchio et al., 2015; Harris et al., 2016; Hatziminaoglou et al., 2010; Rosario et al., 2013;
Xu et al., 2015).

Several studies have also attempted to probe these luminous, high-redshift quasar hosts
in the rest-frame optical to near infra-red (NIR), making use of emission at rest-frame
wavelengths of ~1um, where the fraction of galaxy-to-quasar emission is larger than in the
rest-frame UV (e.g. Kukula et al., 2001; Ridgway et al., 2001). Even in this wavelength
regime, however, these studies have typically required high-resolution space-based imaging
from HST in order to accurately subtract the quasar point spread function (PSF) from the
galaxy emission - a problem which remains challenging (e.g. Mechtley et al., 2016). The
majority of these studies find an enhanced merger fraction in populations of high-luminosity
quasars, although this conclusion remains disputed (e.g. Villforth et al., 2016).

An alternative approach to observing quasar hosts at optical/ NIR wavelengths is to
exploit dust obscuration along the quasar line-of-sight, which can heavily redden the quasar
continuum and enhance the fractional flux contribution of the galaxy at these wavelengths
(e.g. Fan et al., 2016; Glikman et al., 2015; Urrutia et al., 2008, 2012). This approach
has also been used to study quasar hosts in the rest-frame UV, but the rare nature of these
heavily-reddened quasars has limited high-redshift studies to individual objects (e.g. Cai
et al., 2014). These high-redshift, dust-obscured quasars may provide key insights into the

connection between quasars and their hosts, with Sanders et al. (1988) suggesting that a
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connection between Ly, gso and SFR may be more prominent among these dusty systems
than among un-obscured quasars.

In this chapter, we explore the star-forming properties of luminous, yet heavily reddened
(A, ~2-6) quasars at z~2, exploiting dust obscuration to directly study the host galaxies
in the rest-frame UV. Using an SED fitting routine, we separate galaxy emission from that
of the quasar, allowing the SFR of the host to be inferred. Our derived SFRs are compared
to rates measured from independent studies of these quasars and investigate the potential
link between these rates and quasar luminosity. Throughout this chapter, the following
conversions have been applied to convert the Vega magnitudes of UKIDSS and VISTA to the
AB system;

Jukipss,AB=JUKIDSS,Vegat0.938; Jvista, AB=JVISTA, Vegat0.937;
Hukipss,aB=Hukipss,vega+1.379; Hyista,AB=HvisTA Vegat1.384;

Kukipss,AB=Kukipss,vegat1.900; Kgvista, aB=KsvisTa, vegat1.839.

2.2 DATA

The reddened quasars considered throughout this chapter lie at redshifts 1.5 < z < 2.7. The
sample selection criteria is outlined in detail in Banerji et al. (2015a, 2012), but the basic

criteria and the new imaging data are described below.

2.2.1 NIR SELECTION OF LUMINOUS REDDENED QUASARS

Red quasar candidates were identified using NIR imaging from wide-field surveys such as
the UKIDSS Large Area Survey (ULAS) and VISTA Hemisphere Survey (VHS), as detailed
in Banerji et al. (2015a, 2012). Objects that appeared as point-sources in the K-band, with
Kap < 18.4!, formed the flux-limited base sample. This point-source restriction was applied
to ensure that the K-band light is dominated by an unresolved object, therefore excluding
galaxies and isolating high-redshift, NIR-luminous quasars. Targets were further required to

possess extremely red NIR colours, (J-K)4p > 1.5 (corresponding to an E(B-V) 2 0.5 at z ~ 2,

"Magnitudes were calculated within a 2 arcsecond diameter aperture (apermag3) and include an aperture
correction appropriate for point sources.
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for a typical quasar SED). The morphological cut applied to the K-band ensures the host
galaxy emission is subdominant in the NIR, meaning these red NIR colours can be attributed
to dust reddening rather than starlight in the galaxy. Finally, a WISE colour cut (W1-W2 >
0.85vega) Was applied to separate quasars from stars. Of the 66 targets selected in this manner,
61 were successfully followed up with either SINFONI VLT or Gemini-GNIRS observations
(Banerji et al., 2015a, 2012, 2013). 38 of these were spectroscopically-confirmed to be
Type-1 broad-line (BL) quasars at 1.5 < z < 2.7 and form the parent spectroscopic sample
of heavily reddened quasars in this thesis. With extinction-corrected bolometric luminosities

and Mgy ~10°~1° M, (Banerji et al., 2015a), these quasars are

of Lpol,0s0 ~1047ergs_
among the most luminous and massive accreting SMBHs known at this epoch.

Detecting even the most luminous, star-forming quasar host galaxies at z ~ 2 requires
deep optical imaging data. The most UV-luminous, star-forming galaxies at z ~2 currently
known have typical r-band magnitudes fainter than ~22 (AB) (e.g. Reddy et al. 2008). These
magnitudes lie below the flux limit of wide-field optical imaging surveys such as the Sloan

Digital Sky Survey (SDSS), which, until recently was the deepest optical imaging survey

available over the > 1000 deg? area overlapping the VHS and ULAS survey footprints.

2.2.2 REDDENED QUASARS IN THE DARK ENERGY SURVEY (DES)

We make use of new deep optical photometry for the reddened quasars from observations
conducted as part of the Dark Energy Survey (DES). DES is a wide-field survey, imaging
5000 deg? of the southern celestial hemisphere in the grizY-bands (Abbott et al., 2016;
Flaugher et al., 2015; Frieman et al., 2013). The 5-year survey began in 2013 and uses the
570 Megapixel DECam on the 4m Blanco telescope at the Cerro Tololo Inter-American
Observatory (CTIO). DES is among the deepest wide-field surveys currently in operation
and will eventually reach depths of i < 24.0 (100; AB) for extended sources.

The work detailed in this chapter is based on observations conducted during the first
year of DES operations (2013 Aug - 2014 Feb) corresponding to the Year 1 Annual 1
(Y1A1) internal data release (Diehl et al., 2014). Sixteen of the 38 reddened quasars in

our spectroscopic sample overlap with the DES Y1AL1 footprint, which covers ~1800 deg?.
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Table 2.1 The effective wavelengths (A¢) and 100 limiting magnitudes reached by the Y1A1 data in a 2 arcsec

diameter aperture.

Relative Transmission

Filter A () Magnitude Limit
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Fig. 2.1 Transmission curves fo each of the DES grizY filters.
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The 100 limiting magnitudes reached by the Y1 A1 data in a 2 arcsec diameter aperture are

summarised in Table 2.1, where the effective wavelength, Agr each passband is given by

Equation 2.1 (Tokunaga and Vacca, 2005). The transmission of each of the DES filters is

given in Fig. 2.1.

W [TAs()dz
eff — fS(l)% )

where S(A4) denotes the filter transmission function.

2.1

For a single quasar, ULASJ1002+0137, in the COSMOS field, we also make use of DE-

Cam observations conducted as part of the Science Verification. This data goes considerably

deeper than the Y1A1 data, reaching an i-band magnitude limit of 25.1 in a 2 arcsec aperture
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Table 2.2 Summary of the reddened quasar sample considered in this work. Mpy and z are derived from the
VLT spectral follow-up observations presented in Banerji et al. (2015a, 2012). Values of Ly, gso have been
calculated based on the results of this paper.

Name RA DEC Z loglo (Lbol,QSO) loglo
(erg s~! (Lo)) (Mpa/Ms)
ULASJ0016-0038 4.0025 -0.6498 2.194 46.54 (12.95) 9.3
ULASJ1002+0137 150.5470 1.6185 1.595 46.51 (12.92) 10.1
VHSJ2024-5623 306.1074 -56.3898 2.282 46.63 (13.05) 9.8
VHSJ2028-5740 307.2092 -57.6681 2.121 47.66 (14.08) 10.1
VHSJ2100-5820 315.1403 -58.3354 2.360 47.08 (13.50) 9.1
VHSJ2115-5913 318.8817 -59.2188 2.115 47.49 (13.91) 9.3
ULASJ2200+0056 330.1036 0.9346 2.541 47.34 (13.76) 9.2
VHSJ2220-5618 335.1398 -56.3106 2.220 47.87 (14.28) 9.9
ULASJ2224-0015 336.0392 -0.2566 2.223 46.87 (13.28) 8.9
VHSJ2227-5203 336.9491 -52.0682 2.656 46.87 (13.29) 10.0
VHSJ2235-5750 338.9331 -57.8371 2.246 47.13 (13.55) 10.1
VHSJ2256-4800 344.1443 -48.0088 2.250 47.43 (13.85) 10.1
VHSJ2257-4700 344.2589 -47.0156 2.156 46.60 (13.02) 9.5
VHSJ2306-5447 346.5010 -54.7882 2.372 46.90 (13.32) 10.0
ULASJ2315+0143 348.9842 1.7307 2.560 48.06 (14.48) 8.8
VHSJ2332-5240 3563.0387 -52.6780 2.450 46.78 (13.19) 9.5
VHSJ2355-0011 358.9394 -0.1893 2.531 47.34 (13.75) 10.1

(100; AB). We note however, that the optical magnitudes of ULASJ1002+0137 are such
that it would also be detected with the Y1A1 depths, had this region been part of the Y1A1
footprint. The sample considered in this work therefore consists of 17 spectroscopically-

confirmed reddened quasars at 1.5 < z < 2.7, with an average black hole mass, Mpy ~

047 1

10°8Moyr~! and bolometric luminosity, Lo ~ 10+7ergs™! - representative of the parent
sample of 38 reddened quasars in Banerji et al. (2015a, 2012) in terms of redshift, BH
mass and luminosity (Mg ~ 109—109M@yr_1 5 Lol ~ 1047ergs_1 ). The DECam grizY band
observations for the sample are summarised in Table 2.2, with the corresponding gri-band

colour composite images given in Fig. 2.2.
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At redshifts 1.5 < z < 2.7, the DES filters trace emission at rest-frame UV wavelengths
(Arest ~1300 - 3800 10\). We use the DES MAG_AUTO SExtractor magnitudes for our sources,
which have been shown to perform best in SED-fitting of galaxies with the DES data
(e.g. Sanchez et al. 2014). The MAG_AUTO magnitudes are preferred to the DES model
magnitudes as the model magnitudes assume an exponential disk model, which may not
be appropriate for our high-redshift galaxies. We note however, that differences between
the model and MAG_AUTO magnitudes are typically small and our choice of magnitudes
therefore does not affect the main conclusions of this study. The MAG_AUTO magnitudes
do however underestimate the fluxes of point sources, as no aperture correction is applied.
Indeed, Reed et al. (2017) find that for point sources in DES Y1A1, the MAG_AUTO values
are systematically fainter by ~0.1 mag compared to the MAG_PSF values. Although our
quasars are mostly extended in the DES griz-bands, they are often unresolved in the DES
Y-band, where the MAG_AUTO values are ~0.1 mags fainter than the MAG_PSF values. Once
again, we find these magnitude variations to have a negligible effect on the results of this
study. The DES MAG_AUTO magnitudes for all 17 sources are presented in Table 2.3. All
photometry has been corrected for any spatial non-uniformity in the global calibration and
for the effects of Galactic extinction using the stellar locus regression technique described in
Drlica-Wagner et al. (2017). Sixteen of the 17 quasars in our sample are detected at > 10c
in at least one of the gri DES bands.

The DES MAG_AUTO values in the g-band presented in Table 2.3 are typically one
magnitude brighter than predicted from the SED fitting in Banerji et al. (2015a, 2012)
(80s0,sEp). Assuming the reddening towards the quasar sight line calculated from modelling
the NIR photometry (Banerji et al., 2015a, 2012), we derive g-band magnitudes >1.0 mag
fainter than the DES MAG_AUTO magnitudes for 15 of the 17 quasars. This suggests that
the DECam images are detecting some source of excess emission in the rest-frame UV that

cannot be accounted for by a reddened quasar template.



Table 2.3 DES MAG_AUTO magnitudes for the reddened quasar sample. All magnitudes are on the AB system and have been corrected for the Stellar Locus Regression (SLR) offsets in
the g,1i and z-bands. gqso,sep denotes the predicted g-band magnitude, based on the SED fits to the NIR photometry alone (Banerji et al., 2015a, 2012).

Name £QS0,SED &auto 8QSO,SED ~ &auto Tauto Lauto Zauto Yauto
ULASJ0016-0038 24 .36 23.16 +0.08 1.20 21.80 +£0.04 21.19 £0.04 - 20.43 £+0.10
ULASJ1002+0137 28.14 23.55 #+0.05 4.59 23.01 #£0.03 22.14 £0.02 21.36 +0.02 21.06 £0.04
VHSJ2024-5623 25.34 24.81 +0.37 0.53 23.68 +£0.16 22.34 £0.07 21.63 +0.07 21.69 £0.23
VHSJ2028-5740 29.19 24.15 4+0.24 5.04 23.32 +£0.12 22.45 +£0.08 21.61 £0.08 21.37 +0.26
VHSJ2100-5820 26.95 25.37 +0.49 1.58 24.51 +£0.39 23.56 +£0.21 22.17 +0.13 22.37 +£0.68
VHSJ2115-5913 27.61 22.52 +0.05 5.09 22.28 +0.08 21.90 +£0.09 21.14 +0.11 21.37 +0.50
ULASJ2200+0056 23.70 22.03 +0.03 1.67 21.36 £0.02 20.71 £0.02 19.90 #+0.01 19.60 £0.04
VHSJ2220-5618 24.99 23.24 +0.06 1.75 22.63 +0.06 21.72 +£0.04 20.53 +£0.03 20.04 +0.05
ULASJ2224-0015 24.78 23.65 +0.10 1.13 22.82 +£0.06 21.77 £0.04 20.89 #+0.03 21.03 £0.11
VHSJ2227-5203 28.59 23.88 +0.16 4.71 23.22 +0.08 22.45 +£0.05 21.35 £0.05 21.56 +0.18
VHSJ2235-5750 24 .44 23.20 £0.09 1.24 22.71 #£0.07 21.82 £0.05 21.05 +0.04 20.74 £0.09
VHSJ2256-4800 24.27 22.76 £0.07 1.51 22.55 £0.05 22.20 £0.08 21.32 +0.05 20.90 £0.15
VHSJ2257-4700 25.88 25.57 +0.46 0.31 23.83 +0.14 22.48 £0.07 21.57 +0.07 21.43 £0.26
VHSJ2306-5447 25.87 24.07 +0.12 1.80 23.90 +0.16 22.66 £0.08 21.69 +0.06 21.75 £0.34
ULASJ2315+0143 30.55 22.70 +0.08 7.85 22.46 +0.10 22.47 £0.20 21.94 +0.19 -
VHSJ2332-5240 25.78 23.49 £+0.10 2.29 23.49 +0.14 23.01 £0.15 22.27 +0.14 22.54 +£0.82
VHSJ2355-0011 25.98 22.43 4+0.03 3.55 22.51 +0.06 22.18 +0.06 21.64 +0.06 21.41 +0.19
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To quantify whether the excess emission in the g-band photometry (Table 2.3) extends
beyond the local PSF, we use the MODEST star-galaxy classifier (Drlica-Wagner et al.,
2017), based on the SPREAD_MODEL quantity from SExtractor. SPREAD_MODEL is defined
to be a normalised linear discriminant between the best-fit local PSF-model and a more
extended, exponential disk model convolved with the PSF (Desai et al., 2012). The MODEST
classifier takes account of the value of SPREAD_MODEL and its associated error in each
band. MODEST has been optimised for the selection of a high-purity galaxy sample in
DES by comparing to classifications from both deep space-based (HST) and high-quality
ground-based (CFHTLens) surveys. The contamination rate from stars is estimated to be < 5
per cent for i < 22.5 (Drlica-Wagner et al., 2017). MODEST classifications for the full sample
are given in Table 2.4, where a MODEST classification of 0 denotes an unphysical PSF fit
(likely star) while 1 indicates a high-confidence galaxy, 2 indicates a high-confidence star
and 3 denotes an ambiguous classification. A detailed morphological analysis is beyond the
scope of the investigation presented in this chapter. Instead, we simply seek to discriminate
between point-like sources and extended images, which could indicate the detection of the
host galaxy.

Ten of the 17 reddened quasars in our sample are morphologically classified as high-
confidence galaxies in the DES g-band, with a further two having an ambiguous classification
and therefore also consistent with being spatially extended. This number of high-confidence
galaxies increases to 12 in the r-band, representing 70 per cent of our sample. Even in the
redder DES bands, 9 (7) of the quasars are classified as being extended beyond the local PSF
in the i- (z-)bands. Quasar emission is spatially unresolved, yet the MODEST classifications
in Table 2.4 indicate a significant fraction of our quasar sample to be spatially resolved in the
DES ground-based imaging. Moreover, this fraction of extended sources increases at bluer
wavelengths. Investigating the reason for the spatial extension and the excess rest-frame UV

emission seen from these quasars in the DES data forms the central aim of this chapter.
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Table 2.4 MODEST star-galaxy classifiers for the quasar sample, where 0 = unphysical PSF fit (likely star), 1 =
high confidence galaxy, 2 = high confidence star and 3 = ambiguous.

Name MODEST, MODEST; MODEST; MODEST,
ULASJ0016-0038 2 2 2 1
ULASJ1002+0137 1 1 1 3
VHSJ2024-5623 1 1 3 3
VHSJ2028-5740 1 1 1 3
VHSJ2100-5820 1 1 1 1
VHSJ2115-5913 1 1 1 3
ULASJ2200+0056 2 2 2 2
VHSJ2220-5618 1 1 1 1
ULASJ2224-0015 0 2 2 2
VHSJ2227-5203 3 2 3 0
VHSJ2235-5750 2 1 1 3
VHSJ2256-4800 1 1 3 3
VHSJ2257-4700 0 3 3 2
VHSJ2306-5447 1 1 1 3
ULASJ2315+0143 1 1 1 1
VHSJ2332-5240 1 1 0 2
VHSJ2355-0011 3 1 1 2

2.3 SPECTRAL ENERGY DISTRIBUTION (SED) FITTING

To characterise the nature of the rest-frame UV emission seen in the DECam images, we fit
SED models to the DES grizY and the ULAS/VHS NIR JHK photometry for each source.
We thus determine a model SED spanning rest-frame UV through optical wavelengths
(approximately 1400-7000 A) for each of the reddened quasars in our sample. In cases where
the photometric errors are < 10 per cent of the observed flux, an error floor of 10 per cent is
applied prior to the SED-fitting to mitigate against the effect of any systematic uncertainties
in the photometry and quasar variability (Section 2.4.3). This floor has been selected to
represent the scatter in unreddened quasar SEDs over the rest-frame wavelength interval
1200—10000 A . Although the parametric quasar model used in this work (Section 2.3.1) is
found empirically to reproduce the broad-band colours (ugrizY JHK) of unreddened quasars
2 (Schneider et al., 2010), not all quasar SEDs look exactly the same, rather there appears

to be a scatter ~ 10 per cent. The effectiveness of the parametric model at reproducing the

2The quasar model reproduces broad-band quasar colours to & ~ 0.1 mag, based on quasars at 0.2 < z < 4.0
with m; < 19.1 from the SDSS DR7 quasar catalogue
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broad-band quasar colours is not expected to improve among reddened populations and so
we apply this scatter as a floor on the photometric errors to avoid large contributions to the

x? values (Section 2.3.3).

2.3.1 QUASAR MODEL

We make use of a refined version of the quasar model described in Maddox et al. (2008),
which has been used in a number of studies including Hewett et al. (2006) and Maddox
et al. (2012). The continuum in the rest-frame UV is represented by two power-laws, f(V) o<
v®, where o = —0.424 at 1 < 2340 A and & = —0.167 at 2 > 2340 A. To account for the
reddening of the quasar, we apply an extinction curve (Eqn. 2.2), which has been determined
empirically using quasars in the seventh data release of the Sloan Digital Sky Survey (SDSS
DR?7) and is very similar in form to that presented by Gallerani et al. (2010). Whilst there
is no 2200 A feature in the extinction curve, the amount of extinction at wavelengths <
2500 A is somewhat less than that derived from the Small Magellanic Cloud (SMC) (Pei,
1992). We note, however, that due to the significant reddening of the quasars in our sample
(E(B—V) > 0.5), the extinction of the quasar light in the rest-frame UV is so great that the
exact form of the extinction curve is not important. The results presented in this paper would

be essentially identical if an SMC-like extinction curve were used.
kaon(A) = 1.392,, (2.2)
When applying the extinction curve in Eqn. 2.2, the flux changes by some factor such
that

Fobs ()L) = Fip X 10_0'414}”, (23)

where A) = k(A)E(B—V) and Fyps and Fjp; denote the the observed and intrinsic flux,
respectively.
The above quasar model also incorporates UV and optical emission lines and Fell

multiplets based on the Large Bright Quasar Survey (LBQS) composite of Francis et al.
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(1991). In general the strengths of the emission lines do not significantly affect the quasar
broad-band colours except in the case of Ha, which has a higher equivalent width relative to
the other lines. We therefore adjust the Ho equivalent width in the quasar model for each
reddened quasar to match that measured from the NIR spectra in Banerji et al. (2015a, 2012).
Hence, all reddening estimates for the quasars presented in this paper account for the effect

of the Hox emission line on the observed colours.

2.3.2 HOST GALAXY MODEL

A key aim of this study is to investigate whether the emission observed in the rest-frame
UV is consistent with that of a star-forming host. Given the limited photometry tracing the
rest-frame UV emission, we are unable to solve for all properties of the galaxy in the fitting.
Instead, we consider a single star-forming galaxy SED template from Bruzual and Charlot
(2003) with a constant star formation history (SFH) to model the host galaxy emission. The
galaxy model is attenuated using a two-component Charlot and Fall (2000) dust model, with
Ty = 1.0 (corresponding to an E(B — V)4 ~ 0.35) affecting the young stellar populations,
which is consistent with the level of dust extinction seen in local star-forming galaxies. In
cases where we see a significant deviation of the rest-frame UV-slope as traced by our g
and r-band photometry, from that in the default host galaxy model, we also consider galaxy
models with 7v = 0.2 and 7y = 5.0, representing bluer and redder rest-frame UV colours
respectively (Bruzual and Charlot, 2003). We note however, that the rest-frame UV slope
in the host galaxy model is sensitive to both the dust content (7y) and the SFH. Due to
the limited photometry tracing the rest-frame UV and the degenerate nature of these two
parameters, we cannot derive meaningful estimates for both 7y and the SFH, so we are
limited to these discrete scenarios. In all cases, we assume a Chabrier (2003) initial mass

function (IMF) and solar metallicity.

2.3.3 FITTING METHOD

We fit the combined optical+NIR photometry of the individual quasars using combinations

of the models described above, in order to investigate the source of the excess rest-frame
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UV emission. In particular, we consider three scenarios: (i) the rest-frame UV flux arises
from resonantly scattered Lyman-o emission, (ii) the excess emission is scattered continuum
light from the central quasar, and (iii) we are seeing UV emission due to star formation
in the quasar host galaxy. Although in reality, the rest-frame UV emission is likely due
to some combination of the above, the limited DES photometry means we are unable to
simultaneously solve for a mix of multiple scenarios. Instead, we seek only to determine the
dominant source in each case. To quantify the likelihood of each scenario, we make use of

x? statistics, calculating the reduced y? for each quasar in the sample, i.e.

Fonoti — Finod. \
xfedzx(phm’l - m°d’1) / N, 2.4)
1

i
where a szed ~ 1 indicates a good fit. Fypor and Fyq denote the photometric and model
fluxes respectively. N is the number of degrees of freedom (with N = Nyata — Nparam) and
o denotes the photometric errors, floored at 10 per cent. In order to obtain full posterior
distributions for all free parameters and marginalise over nuisance parameters, we employ
a Markov Chain Monte-Carlo (MCMC) method (Foreman-Mackey et al., 2013; Hastings,
1970; Metropolis et al., 1953) to explore the parameter space. Throughout the fitting we

assume flat priors across the entire parameter space.

2.4 RESULTS

This section presents the results of fitting different combinations of the above models to the
combined optical+NIR photometry. We initially consider only a reddened quasar template,
but later consider three possible sources of the rest-frame UV emission - (i) resonantly-
scattered Lyman-c, (ii) scattered quasar continuum and (iii) a relatively un-obscured star-

forming host galaxy.

2.4.1 QUASAR ONLY SED-FITS

Whilst the majority of objects in our are poorly fit by this model, returning a szed,QSO 210,

Four quasars - VHSJ2024-5623, VHSJ2100-5820, VHSJ2257-4700 and ULASJ0016-0038
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- return a much lower xfed7Q50 < 2.5, which we consider to be a good fit. Given the lack
of photometric data available and the number of assumptions made about the SED models
in this chapter, we would not expect a szecLQso = 1, even if another component were to be
introduced into the model. We therefore suggest that we cannot distinguish any additional
component of UV flux from the quasar-only scenario and therefore We begin by modelling
the photometry with a reddened quasar template, setting the only free parameter - the quasar
dust reddening (E(B —V)gso) - to lie in the range 0.3 < E(B—V)qgso < 5.0. Four quasars
are found to be well-fit by this model - VHSJ2024-5623, VHSJ2100-5820, VHSJ2257-4700
and ULASJ0016-0038, returning a xfedQSO < 2.5 and residuals (Finod — Fphot) < 20 across
all bands. The fitted templates for each of these four quasars, along with their associated
residuals, are presented in Fig. 2.3. A full list of szed,QSO values, as well as y? results for all
models presented in this chapter are given in Table A.1 (appendix).

The derived values of E(B —V )gso for each of the four quasars in Fig. 2.3 are presented
in Table 2.5, with all four quasars returning an E(B —V)qgso consistent to within 0.1 of
those presented in Banerji et al. (2015a, 2012) (hereafter denoted E (B —V )gso,g). Although
values of E(B —V)gso,s were derived using only the NIR JHK-band photometry, our
fitting provides little evidence for additional rest-frame UV emission in the DES Y1A1l
photometry of these quasars. Despite the MODEST classifier characterising two of these
sources (VHSJ2024-5623 and VHSJ2100-5820) as high-confidence galaxies in the DES g
and r-bands, we find that a reddened quasar SED is sufficient to fit the photometric data
in both cases. Any extended emission in these galaxies is therefore faint and difficult to
disentangle from the quasar emission via SED modelling. As such, we find these four quasars
to be well characterised by a reddened-quasar template alone and therefore exclude them
from the remainder of our analysis. Conversely, the remaining 13 quasars in the sample return
xr2ed,QSO > 5 when fitted in the above manner, indicating that some additional component is

required in the model to account for the observed rest-frame UV flux.
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Fig. 2.3 Upper panels: Best-fit quasar SEDs for ULASJ0016-0038 (a), VHSJ2024-5623 (b), VHSJ2100-5820

(c), VHSJ2257-4700 (d) for which szed QS0 < 2.5. Black points show the grizY DES and JHK VHS/ULAS
photometry. Lower panels: The error-weighted residuals for each fit.

Table 2.5 E(B —V)qso values for the four quasars returning szed 0so < 2.5. Dust extinction values derived by
fitting the NIR photometry (Banerji et al., 2015a, 2012) (E(B —V)qso,) are given for reference.

Name E(B — V)QSO E(B — V)QSO,B
ULASJ0016-0038 0.43 0.5
VHSJ2024-5623 0.58 0.6
VHSJ2100-5820 0.81 0.8

VHSJ2257-4700 0.67 0.7
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2.4.2 SCATTERED LIGHT
SCATTERED LYMAN-ALPHA EMISSION

One possible explanation for the rest-frame UV flux in the 13 remaining quasars is Lyman-o
emission, which can appear spatially extended due to resonant scattering by the surrounding
material. We immediately rule out this possibility for seven of the quasars in our sample,
as the Lyman-a emission falls outside the wavelength range of the DES g-band®. We
model the remaining six quasars - ULASJ2200+0056, VHSJ2227-5203, VHSJ2306-5447,
ULASJ2315+0143, VHSJ2332-5240 and VHSJ2355-0011 - with a two-component model
consisting of a reddened quasar template and a Lyman-« emission line. As in the quasar-only
fitting (Section 2.4.1), E(B—V)qso is set to lie in the range 0.3 < E(B—V )gso < 5.0, while
the fraction of scattered Lyman-o can take values O < fiyq < 1, where fiyq = 1 represents
the complete scattering of Lyman-a photons.

Fitting this model returns xrzedJya > 2.5 for four of the six quasars listed above, indicat-
ing that scattered Lyman-o emission cannot accurately reproduce the rest-frame UV flux
observed in these systems. Although both ULASJ2200+0056 and VHSJ2306-5447 return
)(r%d_ylya ~2, we note that excess rest-frame UV emission relative to the reddened quasar
model is detected in multiple bands in ULASJ2200+0056, further ruling out the scattered
Lyman-«a scenario for this quasar. From this, we conclude VHSJ2306-5447 to be the only
quasar for which the rest-frame UV flux may arise solely from Lyman-a emission. The
best fit SED of this scenario for VHSJ2306-5447 in shown in Fig. 2.4. For the remaining
12 quasars, we require some other mechanism to characterise the observed emission in the

rest-frame UV.

SCATTERED QUASAR CONTINUUM LIGHT

It is also possible that some fraction of the rest-frame UV quasar continuum light is being

scattered into our line of sight by the surrounding dust. The extent of this scattering is

3Lyman-a lies at 1216 A in the rest-frame, which corresponds to 3155-4446A in the observed frame over the
full redshift range of our sample. Thus the Lyman-¢ line can only affect the DES g-band fluxes in our SED fits
for all the quasars.
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Fig. 2.4 Best-fit model (black) for VHSJ2306-5447 with individual Lyman-o (blue) and reddened quasar (pink)
components overlaid.
assumed to be wavelength-independent and is modelled with two quasar templates, one of
which is completely un-obscured to represent the scattered continuum. The dust reddening of
the obscured quasar and the fraction of scattered continuum form the two free parameters in
the fitting, taking values 0.3 < E(B—V)gso < 5.0 and 0 < fgso < 1 respectively, where an
foso = 1 represents the complete scattering of the quasar continuum. This model generally
appears to provide a good fit to the photometry, finding a scattering fraction ~0.2 per cent
across all sources and returning a xrzed@ont < 2.5 in 10 of the 13 quasars, with only three
quasars - VHSJ2028-5740, VHSJ2227-5203 and VHSJ2256-4800 - returning szed,cont >2.5.
The MODEST classifier shows evidence for spatially extended emission in all but two
(ULASJ2200+0056 and ULASJ2224-0015) of the quasars well-fit by this model (Section 2.2).
Obied et al. (2016) show that giant ‘scattering cones’ of free electrons and dust can scatter the
quasar continuum out to ~ 10kpc, resulting in extended regions with narrow line emission

and indeed integral field spectroscopy of luminous, obscured quasars have shown narrow-line
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regions extended over scales of ~20-30 kpc (Liu et al., 2013). The NIR spectra of our
reddened quasar sample (Banerji et al., 2015a, 2012) however, show emission from narrow
line regions to be weak, thus ruling out the presence of such a scattering cone. Considering
the small fraction of quasar light being scattered in our sample (~0.2 per cent), it is also
possible that extended emission arises from scattering within the interstellar medium (ISM)
(e.g. Young et al., 2009). We note however, that in an ionised ISM with a conventional
dust-to-gas ratio, scattering by dust has been shown to dominate over free-electron scattering
by a factor ~10 in the UV (Draine, 2003; Weingartner and Draine, 2001). Draine (2003)
have shown this dust scattering to be strongly biased towards forward scattering, meaning the
single scattering of the quasar continuum is unlikely to scatter out from the dust in the plane
of the galaxy and into our line of sight. Furthermore, if a small fraction of this emission were
to be scattered into our line of sight, we would expect a much bluer quasar spectrum than
the fitted unobscured quasar SED, as the scattering efficiency rapidly increases at shorter
wavelengths. We find no evidence to suggest a bluer quasar template would better fit the gri
DES photometry of our sample and hence conclude this scenario to be unlikely. Although we
cannot rule out the scattered light scenario in explaining the UV excess in ULASJ2200+0056
or ULASJ2224-0015, where we see no evidence for extended emission, we likely require an
alternative explanation for the remainder of our quasar sample.

The above SED model, used to test for the scattered quasar continuum, could also result
from a system with a close binary AGN (e.g. following a merger event) in which only one
is significantly obscured by dust. If our systems were to contain two quasars they would
be at small physical separations, but have very different line-of-sight extinctions. Based
on our fitting results, the second quasar would also need to have Ly gso ~ 500 times
(~7 magnitudes) fainter that the primary (reddened) quasar and although there are very
few constraints on the number densities of such low-luminosity AGN, the combination of

properties required for this explanation to hold makes the scenario somewhat implausible.
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Fig. 2.5 1D and 2D posterior distributions from the MCMC fitting for VHSJ2235-5750 - a representative quasar
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The SFR and associated uncertainties (prior to dust corrections) are based on a galaxy template with 7y = 1.0
and have been converted from the normalisation of the galaxy template (fg,)) in the fitting. Histograms illustrate
the relative 1D probability distributions of each parameter.

2.4.3 HOST GALAXY EMISSION

Finally, we explore the possibility of the rest-frame UV flux arising from a relatively un-
obscured star-forming host galaxy modelled by the galaxy templates outlined in Section 2.3,
assuming a constant SFH. Although the real SFH of the galaxy is likely to consist of bursts
of star formation, alongside phases of quiescence and steady formation, we later demonstrate
this assumption of a constant SFH to provide a good description of the rest-frame UV
photometry for the vast majority of our sample.

Throughout the fitting we consider three free parameters - E(B — V )gso, the formation
redshift, zy, and the normalisation of the galaxy template, fg - set to take values 0.3
<E(B—-V)gso <5.0,3< 7y < 10and 0 < fgu < 1 respectively, where an fgy = 1 denotes

a galaxy flux equal to that of the quasar template in the rest-frame UV (~ 900-3000A) prior
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to any quasar dust reddening. We note that the value of f,, is primarily constrained by the
DES photometry tracing the rest-frame UV emission and therefore directly traces the UV
flux from young stars. Although we are unable to constrain the total mass of the host galaxy,
we use the mass of the fitted galaxy template*, assuming a constant SFH and a normalisation,
feal, to derive instantaneous SFRs based on the rest-frame UV flux. In this way, fg, can be
directly converted to an instantaneous SFR (SFRyvy ¢,—1.0). Figure 2.5 illustrates parameter
solutions derived from the MCMC fitting routine for a typical quasar - VHSJ2235-5750 -
where this conversion from fg, to SFRyv r,—1.0 has been made (solutions for all 17 quasars
can be found in Fig. A.1).

For every quasar in our sample, we recover well-constrained solutions for both E (B —
V)gso and SFRyy ¢,—1.0, despite being unable to constrain the age of the system. The lack
of constraint on z in the fitting is unsurprising, given the Gyr timescales between z and
zr - much longer than the ~ a few Myr lifetime of O and B stars. Over Gyr timescales,
stars contributing to the UV at zy therefore no longer contribute to the UV emission at z
meaning the inferred SFRyy ¢,—1.0 at z is effectively independent from the choice of zy in
the fitting. Indeed, we observe this to be the case in Fig. A.1. We therefore remove z; as
a free parameter in the fitting, choosing instead to adopt a fixed value of zy = 6 and solve
for the two remaining parameters. The resulting SED fits are presented in the upper panels
of Fig. 2.6. The lower panels of Fig. 2.6 show the residuals of the fit, which are found to
be small in all bands, typically returning (Fphot — Finod) < 20. For nine of the 13 quasars in
Fig. 2.6 we derive )(fed’G AL+Qso < 2.5, indicating the rest-frame UV flux in these objects is
well fit by a galaxy template with 7y = 1.0. Even in the remaining four quasars for which we
derive szed,G AL+Qso > 2.5, we recover a much better fit than with a reddened quasar template
alone (Section 2.4.1), finding (X4 0s0 - Xied.GaL+oso) > 9 for 11 quasars and (¥zq oso -
xfedﬁ AL+Qso) > 3 for the remaining two. This shows that the addition of a host galaxy
component to the model significantly improves the goodness of fit for all 13 quasars.

Table 2.6 presents instantaneous SFRs derived from the UV flux of the fitted galaxy

SEDs in Fig. 2.6, where we have assumed 7y = 1.0 and zy = 6.0. SFRs are given both before

#Masses are calculated using EzGal (www.baryons.org)
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Fig. 2.7 continued from Fig.2.5

(SFRyv,z,—1.0) and after (SFRyy) dust correction has been applied to the galaxy template.
We note that although the Charlot and Fall (2000) extinction curve used to correct for the
dust is age-dependent, the assumptions made about z; have a minimal effect on the resulting
SFRs, changing the SFR by =& 5-10 per cent for a change in zy &= 1.0. These variations lie
below the 10 parameter uncertainties derived from the MCMC fitting, also given in Table 2.6,
and so we do not discuss them further. For the four quasars that were well-fit by a single
reddened-quasar SED (Section 2.4.1), we derive upper limits on their SFRs by repeating the
above host galaxy fitting for these objects.

We also present the E (B —V)qgso values calculated in the fitting in Table 2.6, together
with those from Banerji et al. (2015a, 2012) (E(B —V )gso.s), who fit the JHK photometry
with a reddened quasar model and an Sb galaxy template to model the quasar host. The
introduction of the DES photometry in our study allows both the SED and luminosity of

the host galaxy to be better constrained. With the addition of this grizy photometry, we
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Table 2.6 UV-derived SFRs prior to dust correction (SFRyv ¢ —1.0) and corrected for a 7, = 1.0 (SFRyy).
E(B—V)qgso (assuming zy = 6) and E(B —V)qgso,g (Banerji et al., 2015a, 2012) are also presented. Quoted
errors denote the 16 uncertainties on the best-fit model, found by sampling the SEDs fitted during the MCMC
routine. Upper limits on the SFR are given to a 68.27 per cent confidence (10).

Name SFRUV,=1.0 SFRyy E(B—V)gso E(B—V)gson
(Moyr™D) Moyr™h)
ULASJ0016-0038 <25 < 55 0.48 £ 0.03 0.5
ULASJ1002+0137 10 + 5 25 + 5 0.83 + 0.04 1.0
VHSJ2024-5623 < 10 < 20 0.61 + 0.03 0.6
VHSJ2028-5740 25 + 5 50 £ 10 1.12 T0¢ 1.2
VHSJ2100-5820 < 10 < 20 0.84 + 0.03 0.8
VHSJ2115-5913 70 13 160 + 30 1.08 007 1.0
ULASJ2200+0056 160 + 20 375 £ 50  0.58 + 0.03 0.5
VHSJ2220-5618 40 + 5 95 £ 10  0.94 + 0.02 0.8
ULASJ2224-0015 25 + 5 60 £ 5 0.72 + 0.03 0.6
VHSJ2227-5203 35 + 5 85 ' 0.63 & 0.04 0.9
VHSJ2235-5750 40 + 5 95 + 10 0.74 + 0.03 0.6
VHSJ2256-4800 60 + 5 135 + 15 0.93 o9 0.6
VHSJ2257-4700 <5 < 10 0.69 o2 0.7
VHSJ2306-5447 20 £ 5 45 + 5 0.81 + 0.03 0.7
ULASJ2315+0143 100 '% 230 "% 1.78 078 1.1
VHSJ2332-5240 35 + 5 85 £ 713 0.79 £ 0.05 0.6
VHSJ2355-0011 95 + 15 225 + 35  0.90 + 0.05 0.7
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expect to derive higher values of E(B —V)qso than E(B —V)gso,p for objects in which we
see prominent galaxy emission, as this emission is likely to contribute to the J-band (~
3800A ) and therefore reduce the relative fraction of quasar flux in this band. We show this
to be true for eight of the 13 quasars in the sample, typically finding E(B —V )gso to be ~
0.1 - 0.3 larger than E(B —V )gso - The reddest quasar in our sample - ULASJ2315+0143
- returns an E(B —V)gso ~ 0.7 larger than E(B —V)gso . although the uncertainty on
this value is much larger than for the rest of the sample. A further three quasars - VHSJ-
2028-5740, VHSJ2115-5913 and ULASJ2200+0056 - return an E(B — V)gso consistent
with E(B —V)qso,g to within 0.1, with the remaining two quasars - ULASJ1002+0137
and VHSJ2227-5203 - returning an E(B —V)gso ~ 0.2 - 0.3 lower than E(B —V)qgsoB-
We note that the J-band photometry is not available for ULASJ1002+0137 (Fig. 2.6a),
meaning E(B —V)gsos has been constrained from only the H and K-band photometry.
From Fig. 2.6a, we find that these two bands indicate a steeper rest-frame NIR slope than is
implied when the DES photometry is included in the fit, meaning a model based on just the
H and K-band data would likely overestimate the quasar reddening. Similarly, the J-band
photometry in VHSJ2227-5203 lies below our fitted SED model (Fig. 2.6g), indicating that
a higher reddening would be derived without the inclusion of the grizY photometry. We
therefore find no direct conflict between the results of Banerji et al. (2015a, 2012) and the

results in ths chapter.

UV SLOPE OF THE GALAXY SED

In general, the galaxy model with a constant-SFH and 7y = 1.0 provides a good fit to our
reddened quasar sample. This is demonstrated in Fig. 2.8, where we present the median
average fitting residuals (mgag, - Mmoder) fOr each band. Four quasars however - VHSJ2028-
5740, VHSJ2227-5203, VHSJ2256-4800 and VHSJ2355-0011 - return xfed’G AL+QS0 < 25
when this default host galaxy model is assumed. We consider VHSJ2227-5203 further in
Section 2.4.3, but for the remaining three objects we find the g-band photometry to lie
below the fitted SED in VHSJ2028-5740 (Fig. 2.6b) and above the fitted SED in VHSJ2256-

4800 (Fig. 2.61) and VHSJ2355-0011 (Fig. 2.7m), indicating that a galaxy model with
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Fig. 2.8 Magnitude differences between the fitted SED and the DES grizY photometry, assuming a galaxy
template with 7y = 1.0. Dark points denote the median average in each filter with error bars showing the median
absolute deviation of the data points in each passband.

Ty=1.0 cannot reproduce the slope of the rest-frame UV flux in these systems. We find that
significantly improved )(rzed’G AL+Qso values (~1-2) can be obtained by adopting a galaxy
model with Ty = 5.0 for VHSJ2028-5740 and 7y = 0.2 for VHSJ2256-4800 and VHSJ2355-
0011. We note however, that the effect of this dust extinction on the rest-frame UV slope is
highly degenerate with that caused by changes in the SFH, meaning a similar improvement
in xfedﬁ AL+Qso May also be obtained by adjusting the SFH. The exact SFRs derived from
the SED-fitting are therefore dependent on both the adopted SFH and dust content of the
host galaxies, the constraints of which lie beyond the scope of this work given the limited
DES photometry. Nevertheless, the detection of rest-frame UV emission consistent with star

formation in the sample is robust.

QUASAR VARIABILITY

In addition to the assumed SFH and dust content of the host galaxy, quasar variability may
also contribute to the large szed,G AL+qso Values. The observations from DES and VHS/ULAS

were taken about three years apart, corresponding to approximately a year in the rest-frame of



2.5 DISCUSSION 45

our quasars. Over such time scales, luminous quasars have been shown to vary by < 0.1 mag
in the rest-frame optical (e.g. De Vries et al., 2005; MacLeod et al., 2012; Vanden Berk et al.,
2004). Even accounting for the small amplitude of this variability, systematic offsets between
the DES and VHS/ULAS photometry are not evident for the sample as a whole. We consider
the possibility however, that individual quasars in our sample may exhibit variability with
larger amplitudes and for VHSJ2227-5203 ()(fed’G AL+QSO < 2.5), we find the JHK-band
photometry to appear several tenths of a magnitude fainter than that extrapolated from
the grizY photometry. To test whether variability could explain the poor fit of VHSJ2227-
5203, the fitting routine is re-run, having increased the JHK magnitudes by 0.2 mag - the
magnitude offset required to align the DES and VHS photometry. However, the fit of this
adjusted photometry returned szed,G AL+Qso = 3, meaning that an offset between the DES
and VHS photometry due to quasar variability, cannot account for the large xrzed,G AL+QSO
in VHSJ2227-5203. We therefore conclude that photometric quasar variability does not
play a significant role in our sample of reddened quasars and therefore does not affect the

conclusions.

2.5 DISCUSSION

We have found evidence for an excess of rest-frame UV emission, relative to a reddened
quasar SED, in 13 of the 17 quasars considered in this paper. For each quasar in our sample,
we have explored three possible sources of this emission - resonantly scattered Lyman-
o emission, scattered light from the quasar continuum and a relatively un-obscured star
forming host, demonstrating the rest-frame UV emission to be consistent with star formation
in at least 11 quasars. Furthermore, we have found two quasars - VHSJ2306-5447 and
ULASJ2224-0015 - to exhibit rest-frame UV emission consistent with either star formation
or scattered light and have derived instantaneous SFRs across the entire quasar sample, based
upon their rest-frame UV flux. The following section compares our results to a range of
independent studies and outlines connections between the properties of these luminous,

high-redshift, reddened quasars and their host galaxies.
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2.5.1 COMPARISON TO OTHER SFR ESTIMATES FOR HEAVILY REDDENED

QUASARS

Hoa SFRS

Fifteen of the reddened quasars in our sample overlap with those in Alaghband-Zadeh et al.
(2016a), who look for narrow Hor emission that could be associated with star formation in the
NIR spectra. Narrow Hor emission is detected in nine of the 15 quasars in their sample, from
which Alaghband-Zadeh et al. (2016a) derive extinction-corrected SFRs assuming a Calzetti
dust extinction law (Calzetti et al., 2000) and a dust attenuation towards the star-forming
regions equal to that towards the quasar continuum. In our analysis, one of these nine quasars
- VHSJ2100-5820 - does not show an excess of rest-frame UV emission relative to that
expected from a reddened quasar and so is not considered further in our comparisons to
Ho-derived SFRs. Similarly, we do not include the six quasars with no evidence of narrow
Ha emission, for which Alaghband-Zadeh et al. (2016a) derive only upper limits on the
SFR, assuming the star-forming regions to be located within the PSF of the SINFONI data
(FWHM ~0.5-0.8 arcsec). As we clearly see evidence for rest-frame UV emission on larger
scales than this across our sample, the Hoe SFR limits for these six quasars are not directly
comparable to our work. We therefore only compare our UV-derived SFRs with the Ho
SFRs for the eight quasars outlined in Table 2.7, where the Hoe SFRs have been re-derived,
correcting for 7y = 1.0, as has been assumed for our galaxy template. Fig. 2.9 shows the
comparison between these two measures of SFR.

Fig. 2.9 indicates the two measures of star formation to be broadly correlated, although
values of SFRyy appear systematically higher than SFRy, by a factor of ~1.1-4. This
lack of a one-to-one correspondence between the two SFR measures is expected however,
as several assumptions have been made regarding the quasar host galaxy and the dust
attenuation affecting both the UV- and Ho-emitting regions. We also note that Alaghband-
Zadeh et al. (2016a) restrict their search for narrow Ha emission to ~0.5-0.8 arcsec regions
(corresponding to the size of the PSF in their observations), meaning their study is not

sensitive to extended emission on larger scales. Given that the rest-frame UV emission in
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Table 2.7 SFRy, for the eight quasars overlapping our host galaxy sample, for which Alaghband-Zadeh et al.
(2016a) detect narrow Hor emission. SFRs have been corrected for dust, assuming an E(B—V) = 0.35 to be
consistent with the level of dust used in our galaxy template (Ty ~1.0).

Name SFRHe (Moyr 1)
ULASJ1002+0137 10 +£5
VHSJ2028-5740 110 +10
VHSJ2115-5913 45 +5
ULASJ2200+0056 350 +15
ULASJ2224-0015 45 +5
VHSJ2235-5750 85 +10
VHSJ2332-5240 70 +10
VHSJ2355-0011 130 +15

our sample typically extends =1 arcsec, we expect the SFRs we derive from the spatially-
integrated UV flux to generally be higher than those measured from Ha by Alaghband-Zadeh

et al. (2016a), which is exactly what we see in Fig. 2.9

Herschel AND ALMA SFRS

Several of the reddened quasars in our sample have also been detected in the far infra-red
and millimetre wavelengths, suggesting significant levels of dust-obscured star formation
in these sources (Banerji et al., 2017, 2014) exceeding 1000 M., yr~!. Recently, Banerji
et al. (2017) studied four reddened quasars with ALMA, finding ubiquitous evidence for
large reservoirs of molecular gas and star formation in all four systems. One of these
four quasars - ULASJ2315+0143 - overlaps with our sample, and shows resolved CO(3-2)
emission elongated in the same direction as the rest-frame UV emission seen in Fig. 2.20.
The ALMA-derived SFR for this source is 61004400 M yr~! and whilst this is significantly
larger than the 230 M yr~! UV-derived SFR inferred from the DES observations, we note
that the ALMA SFR is derived from a single photometric data point at v=103 GHz tracing
the Rayleigh-Jeans tail of the dust SED, and could be over-estimated for a number of reasons.
Specifically, Banerji et al. (2017) assume no significant contribution from radio synchrotron
emission to the millimetre continuum emission, and the dust heating is assumed to be

entirely dominated by the star-forming host, without any contribution from the quasar itself.



48 REDDENED QUASAR HOSTS IN THE UV

rr—o (Moyr™]
.

SFRyv.-
1
ON
\%ﬂ
RS
,_}H

101 .7
10" 10° 10°

SFRy, [M yr]

Fig. 2.9 Comparison of SFRyy to SFRy (Alaghband-Zadeh et al., 2016a). Error bars show the 16 uncertainties
on the calculated SFRs in each case.

Nevertheless, given the significant amount of dust emission seen by ALMA, it is plausible
that the rest-frame UV emission in the DES grizY bands is only tracing a small fraction of

the total star formation in this galaxy.

2.5.2 COMPARISON TO HOT DUST-OBSCURED GALAXIES (HOTDOGS)

Hot Dust Obscured Galaxies (HotDOGs) are a related class of heavily obscured AGN
selected using data from the Wide-Field Infra-red Survey Explorer (WISE). They have
similar intrinsic AGN luminosities to our reddened quasars but much higher levels of dust
obscuration towards the quasar sight-line (Eisenhardt et al., 2012). Assef et al. (2015) recently
presented evidence for excess rest-frame UV emission in several HotDOGs and conducted a
detailed multi-wavelength investigation of one particular source - W0204-0506 - at z = 2.1.
In their investigation, Assef et al. (2015) consider scattered AGN light, a second AGN and
a star-forming host galaxy as possible sources of the UV emission seen in W0204-0506,
concluding scattered light from the AGN to be the most plausible scenario. One reason Assef
et al. (2015) give for this conclusion is the unprecedented level of un-obscured star formation

required to reproduce the UV flux observed in W0204-0506.
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Fig. 2.10 Best fit galaxy template for W0204-0506, assuming Ty and zy=6, from which we derive a dust-corrected

SFR~5200 M yr~!. Shaded region illustrates the 1 ¢ uncertainty about the best-fit solution. Photometry and
associated 10 errors are taken from the work of Assef et al. (2015).

To compare W0204-0506 with the reddened quasars in our sample, we fit the photometry
for this source with our constant SFH host galaxy template using the SED- fitting method
outlined in Section 2.3 (Fig. 2.10). From Fig. 2.10, we derive a dust-corrected SFR~5200
Mo yr~! for W0204-0506, consistent with the ~5500 M yr~! derived by Assef et al. (2015).
This SFR > 5000 M,yr~! is extreme compared to the moderate SFRs we derive from
the rest-frame UV flux of our reddened quasars (~130 M, yr~!), although as discussed in
Section 4.4.1, this does not preclude a much higher level of obscured star formation in our
sources. Nevertheless, the blue excess WISE HotDOGs appear clearly distinct in terms of
their properties from the reddened quasar sample considered in this work and hence likely

have different mechanisms responsible for the emission in the rest-frame UV.

2.5.3 IS SFR CORRELATED WITH QUASAR LUMINOSITY?

We now explore whether the instantaneous SFRs we derive for the reddened quasar sample
are correlated with the bolometric quasar luminosity, Lo1,Qso- Liol,Qso is calculated from

the extinction-corrected rest-frame flux at 5100A, using a bolometric correction factor of
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seven (Vestergaard and Peterson, 2006). The values of Ly gso we derive are consistent with
those presented in Banerji et al. (2015a, 2012), with only small variations due to the inclusion
of the DES photometry in our fitting. SFRyy is plotted as a function of Ly gso in Fig. 2.11,
where we see a positive correlation between these two quantities. From Fig. 2.11 we find a
Spearman’s correlation coefficient of r >~ 0.6 with a p-value, @ = 0.03, i.e. we detect a positive
correlation to a 97 per cent confidence level. Although SFRyy and Ly, gso have both been
corrected for dust extinction, we note that the apparent correlation in Fig. 2.11 is not due
to this correction, as different corrections have been applied to the quasar and the galaxy
individually (E(B-V)gar.=0.35, while E(B-V)gso ~0.5-2.0, as solved for in the fitting). We
also note that the observed correlation in Fig. 2.11 is not caused by the simultaneous fitting of
the galaxy and quasar components in the model, as each of these components is constrained
by different photometry. The galaxy SED for example, is primarily constrained by the gri
DES photometry, whilst the JHK VISTA/ ULAS photometry is used to constrain the quasar
SED, meaning the two components are essentially decoupled.

The correlation we observe between SFRyy and Lyg gso in our reddened quasars
(Fig. 2.11) is consistent with the work of Harris et al. (2016), who find the SFRs of type-1
quasar host galaxies at 2 < z < 3 to increase with AGN luminosity up to some limiting rate.
Shao et al. (2010) and Netzer (2009) find a similar trend among high luminosity AGN (Lo
> 10**ergs™!), but find no such dependency in lower luminosity systems - a result confirmed
by independent studies of moderate-luminosity AGN (e.g. Jahnke et al., 2004). Furthermore,
Urrutia et al. (2012) find no correlation between SFR and AGN-accretion among reddened
quasars at low redshift (0.4 < z < 1), suggesting that the trend in Fig. 2.11 may only appear
for the most luminous quasars at high redshift.

Although we find some evidence for a relationship between Ly gso and SFRyy in our
sample, we highlight that this chapter only accounts for the un-obscured, instantaneous star
formation rate, based upon the rest-frame UV emission observed in a relatively small sample
of 13 reddened quasars and that a number of assumptions have been made regarding the host
galaxy properties. Assembling larger samples of such measurements as well as measuring

the total, rather than un-obscured, SFRs from SCUBA-2 and ALMA observations will help
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Fig. 2.11 SFRyy as a function of the dust-corrected Ly gso- Error bars denote 10 uncertainties on SFRyy .

corroborate whether there is indeed a correlation between star formation rate and quasar

luminosity in reddened quasars.

2.6 CONCLUSIONS

We have presented the first rest-frame UV observations for a population of 17 luminous,
heavily dust-reddened ( Lyo1,0s0 > 10466rgs_1, E(B—V)qgso ~ 0.8) broad-line quasars at
1.5 <z < 2.7, making use of DES Year 1 optical photometry along with NIR observations
from VHS and ULAS. Our main conclusions can be summarised as follows:

1) We detected an excess of rest-frame UV emission relative to that expected from a
reddened quasar template alone in 13 of the 17 sources in our sample. Via SED fitting, we
modelled three potential sources of this excess rest-frame UV emission in the reddened
quasar sample - resonantly-scattered Lyman-c, scattered light from the quasar continuum
and a star-forming host galaxy. In at least ten quasars, we found the rest-frame UV emission

to be consistent with the detection of a relatively un-obscured, star forming host galaxy, with
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a further three quasars showing emission that could be consistent with either star formation
or scattered light.

ii) We estimated the instantaneous SFRs for the quasar host galaxies in the sample based
on their rest-frame UV emission, deriving extinction-corrected star formation rates of 25
< SFRyy < 365 Muyr~!, with a mean average SFRyy = 130 & 95 Moyr~!. We note,
however, that the SFRs presented in this paper account only for the relatively unobscured
component of star formation and therefore do not preclude much higher rates of obscured
star formation in these systems. In fact, we see evidence for a much higher obscured SFR in
ULASJ2315+0143 based on recent ALMA observations and cannot rule out a similar trend
in the remainder of our sample. The unobscured SFRs presented in this paper are found to
be broadly consistent with those derived independently from Hor observations using Integral
Field Spectroscopy.

1i1) We have found evidence for a correlation between the rest-frame UV-derived, dust-
corrected star formation rates and the bolometric luminosity of the quasar at the high quasar
luminosities probed by our sample. This is consistent with similar trends observed for
high-luminosity populations of unobscured quasars.

Overall, we have demonstrated that quasar emission can be disentangled from its host
galaxy, even in the most luminous systems, by exploiting dust obscuration towards the
quasar. For the first time, populations of these intrinsically-luminous, dusty quasars can
now be studied in the rest-frame UV at high redshift thanks to deep, wide-field observations
from large imaging surveys like DES. Our analysis has shown that several of the hosts
of these reddened quasars are spatially resolved in the DES imaging tracing rest-frame
UV wavelengths. This paves the way for future high-resolution imaging and detailed

morphological studies of these quasar host galaxies.



CHAPTER

A MORPHOLOGICAL STUDY OF
REDDENED QUASAR HOSTS AT Z~2

3.1 INTRODUCTION

Mapping regions of active star formation in galaxies can provide valuable information about
the mechanisms by which galaxies form and therefore place constraints on models of their
evolution. In particular, understanding star formation in quasar host galaxies can shape our
understanding of quasar-galaxy coevolution. At rest-frame UV and optical wavelengths,
where unobscured star formation is often traced, the quasar can outshine the galaxy by several
orders of magnitude, making the two components in the image difficult to disentangle. For
this reason, morphological studies of quasar hosts have largely been confined to low-redshifts,
where high spatial resolution is easier to achieve. Whilst a handful of studies have modelled
low redshift quasars hosts using ground-based observations (e.g. Hunt and Malkan, 1999;
Jahnke et al., 2004; Smith et al., 1986), these tend to be limited to low-luminosity AGN.
Jahnke et al. (2004), for example, analyse 19 quasar hosts at z<0.2, finding their sample to
reside in very symmetric, undisturbed disc-like and elliptical hosts. From this study, they
conclude low to intermediate luminosity quasars to be predominantly driven by secular

processes such as gas accretion and minor mergers.
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At higher quasar luminosities, morphological host galaxy studies have typically depended
on space-based HST imaging (e.g. Bahcall et al., 1997; Boyce et al., 1998; Dunlop et al.,
2003; Hooper et al., 1997; McLeod and McLeod, 2001). At low redshifts (z < 0.5), luminous
quasars appear to reside in a wide variety of galaxies, with Boyce et al. (1998) finding five
of the seven quasars in their sample (radio loud) to reside in luminous elliptical galaxies,
with the remaining two (radio quiet) having disc-like hosts. The conclusions of this work
appear broadly consistent with that of Bahcall et al. (1997), who also find luminous quasars
to reside in both luminous ellipticals and spiral or elliptical hosts depending on whether or
not the quasar is radio loud.

More recently, Bennert et al. (2011) successfully modelled a sample of 11 quasar hosts
at higher redshifts (1 < z < 2), making use of very deep, multi-band HST imaging from
GOODS. Their work utilises the Surface Photometry and Structural Modelling of Imaging
Data (SPASMOID) code, which unlike other astronomical image fitting software (e.g.
GALFIT; Peng et al. (2002)) allows for the multi-band analysis of surface brightness
models, which has been shown to greatly improve the modelling of these quasar hosts. From
the modelling, Bennert et al. (2011) find approximately a third of their quasar sample to
reside in spiral systems with no evidence for significant interactions or recent merger activity
in any of the galaxies studied. This work therefore concludes that secular evolution and
minor mergers play a significant role in growing black holes at 1 < z < 2.

At higher redshifts and among populations of reddened quasars, several studies suggest
the most luminous quasars to require major mergers (e.g. Urrutia et al., 2008) although
this remains disputed (Villforth et al., 2016). Already in Chapter 2, we have modelled a
population of reddened quasar hosts using a range of SED templates, concluding prodigious
rates of star formation in these systems, consistent with them being in a star-forming phase.
Here, we now seek to model a subset of the z~2 reddened quasar sample outlined in Chapter 2
in 2D, exploiting both dust obscuration and multi-band modelling techniques (e.g. Bennert
et al., 2011) to infer properties of the host galaxies in our sample. The primary aim of
this study is to test whether 2D surface photometry can be successfully applied to current

ground-based observations of high-luminosity quasar hosts at z~2.
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The aim of this chapter is to model (in 2D) the restframe UV emission tracing ongoing
star formation in a sample of 14 reddened quasars imaged with DES. These systems have
been selected to lie at at z~2 - a peak epoch of star formation and black hole accretion - and
therefore trace an interesting phase in quasar-galaxy coevolution. The chapter is structured
as follows; Section 3.2 outlines the sample of quasars considered in the study, with the
functionality of the modelling code and the methods implemented outlined in Section 3.3.
Results are presented in Section 3.4 and compared with the results of Chapter 2. In Section 3.5
we discuss the reliability of the results in Section 3.4, with our final conclusions presented in

Section 3.5.4.

3.2 DATA

The reddened quasars considered in this chapter are a subsample of the 38 NIR-selected,
spectroscopically confirmed quasars outlined in Chapter 2. Details of their initial selection
and spectroscopic follow-up can be found in Chapter 2 and in the work of Banerji et al.
(2015a, 2012). Here, we consider observations from the first three years of DES operations
(August 2013 to February 2016) corresponding to the Year 3 Annual 1 (Y3A1) internal data
release and the first public data release (DR1) (Abbott et al., 2017). Fourteen of the reddened
quasars outlined in Chapter 2 fall within the DES Y3A1 footprint, covering ~5000deg? of
the southern sky. The Y3A1 observations considered in this chapter are typically deeper
than Y1A1, making these observations more suitable for probing the 2D structure of the
faint galaxy emission in our sample, thought to arise from star formation in the host (see
Chapter 2 for details). Table 3.1 details the 14 sources forming the sample of reddened
quasars considered throughout this chapter. Table 3.2 denotes the effective wavelength of
each passband, Aefr, along with the 100 limiting magnitudes reached by the Y3A1 data in a
2 arcsec diameter aperture. The typical seeing in each band is also shown in Table 3.2, where
the quoted seeing is taken to be the mean across our sample, with uncertainties given by the
standard deviation of these values. All DES Y3A1 observations considered here have a pixel

scale of 0.263 arcsec per pixel, corresponding to physical scales ~2kpc per pixel at z = 2.
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Table 3.1 Summary of the quasar sample considered in this chapter, with z derived from the VLT spectral
follow-up observations presented in Banerji et al. (2015a, 2012).

Name RA Dec Z

ULASJ0016-0038 4.0025 -0.6498 2.194
VHSJ2024-5623 306.1074 -56.3898 2.282
VHSJ2028-5740 307.2092 -57.6681 2.121
VHSJ2115-5913 318.8817 -59.2188 2.115
ULASJ2200+0056 330.1036 0.9346 2.541
VHSJ2220-5618 335.1398 -56.3106 2.220
ULASJ2224-0015 336.0392 -0.2566 2.223
VHSJ2227-5203 336.9491 -52.0682 2.656
VHSJ2235-5750 338.9331 -57.8371 2.246
VHSJ2257-4700 344.2589 -47.0156 2.156
VHSJ2306-5447 346.5010 -54.7882 2.372
ULASJ2315+0143 348.9842 1.7307 2.560

VHSJ2332-5240 353.0387 -52.6780 2.45
VHSJ2355-0011 358.9394 -0.1893 2.531

Table 3.2 The effective wavelengths (Aefr) and 100 limiting magnitudes reached by the Y3A1 data in a 1.95 arcsec
diameter aperture.

Filter Ay (B) Magnitude Limit Average Seeing (arcsec)

(100; AB)
g 4824 24.33 1.2540.11
r 6432 24.08 0.9240.04
i 7806 23.44 0.86%0.04
Z 9179 22.69 0.8440.10
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3.3 METHODS

Throughout this chapter, we seek to perform 2D surface photometry on the 14 reddened
quasars outlined in Section 3.2 with an aim to separate the galaxy emission from that of the
quasar in the image. Ultimately, we strive to measure properties of reddened quasar hosts in
2D based on ground-based observations from DES Y3A1. Due to the large dynamic range in
flux across the DES griz bands in our images, we opt to use a multi-band fitting method to
model the galaxy and quasar components of the images, similar to that of the SPASMOID
code used in Bennert et al. (2011). The primary advantage of this method over using other
modelling software such as GALFIT (Peng et al., 2002), is the ability to simultaneously
model each band of the image, allowing the galaxy and quasar components of the image to
be constrained by the bands in which they dominate. The galaxy, for example, is largely
constrained by the g-band emission in our heavily reddened quasar population, where the
contrast of the galaxy to the quasar emission is highest. It makes sense therefore to use this
band to constrain the galaxy in the fitting, whilst constraining the quasar emission in the
redder bands where it begins to dominate the emission. In theory, this should improve our
ability to disentangle the galaxy and quasar components in the image, potentially overcoming
some of the hurdles relating to galaxy and quasar separation outlined by McLeod and Rieke
(1995).

The modelling code used throughout this chapter implements a Parallel-Tempering
Ensemble Markov Chain Monte-Carlo (PTMCMC) method (Foreman-Mackey et al., 2013;
Hastings, 1970; Metropolis et al., 1953) to explore the parameter space. The primary
advantage to using this method over the standard MCMC sampling used in Chapter 2 is its
handling of multi-model posteriors. Instead of a single likelihood function, PTMCMC creates
multiple realisations of the likelihood at different ‘temperatures’. At hotter ‘temperatures’
the likelihood is flatter and broader, allowing the walkers to move easily across the entire
parameter space and thus locate the global maximum of the function. At the same time, the
colder ‘temperatures’ allow the peaks of the likelihood function to be explored in detail,

finding local solutions. In this way, PTMCMC sampling can dramatically improve the
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convergence of the fitting. As with the MCMC fitting routine implemented in Chapter 2,
PTMCMC also returns full posterior distributions for all free parameters and marginalises
over nuisance parameters in the fitting. Flat priors are invoked throughout.

Each of the models created for our sample consist of two components: a galaxy and
a quasar. The galaxy component is modelled by a Sérsic profile with a given index, n.
Typically, n = 1 is used to parametrise a diffuse-type galaxy such as a dwarf elliptical or discy
galaxy, whilst n = 4 (often refered to as de Vacouleurs profile) is typical of a more compact
elliptical galaxy. The quasar component is modelled with a PSF, given by a nearby star in
the image, selected to be unsaturated across all bands in the image. The free parameters in

the fitting are set as follows;

(X,Y) - The position of the centre of the galaxy and the quasar given as (X,y) pixel

co-ordinates, each ranging from O to the size of the image

* Refr - The effective radius of the galaxy, ranging from 0.3 to 20 pixels in the fitting

* ggaL - The axis ratio (b/a) of the galaxy, where a and b denote the semi-major and

semi-minor axes respectively, ranging from 0.2 to 1.

6 - The angle of orientation relative to the image plane, ranging from -100 to 100°

* n - The Sérsic index of the galaxy, ranging from 0.5 to 6 in the fitting

The magnitudes of the galaxy and quasar components are also free to vary in the fitting,
providing another two free parameters in each of the griz bands for a total of 14 parameters.
In order for an object to be detected, we expect a minimum of 4 pixels detected at >10
significance and thus we place lower (fainter) limits on the magnitude of 40, where o is the
noise level in the image. Upper (brighter) limits on the magnitudes are selected as to not
restrict the model and as such are fixed at 16 mags in each band - far brighter than expected

from either the quasar or galaxy component in any object in our sample.
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3.4 RESULTS

3.4.1 MODELLING DUSTY QUASAR HOSTS

Each of the 14 dusty quasars in our DES Y3A1 sample are modelled with the code described
in Section 3.3. We check for convergence in the fitting, finding well-converged solutions for
all 14 galaxies in our sample. To test the goodness of fit of the resulting models, we plot the
(data-model) residuals, found by subtracting the best-fit model from the original DES image
in each of the griz bands. Fig 3.1 shows the giz colour residuals for the brightest galaxy in
our sample - ULASJ2200+0056 !. Small residuals indicate the model is a good fit to the data
and indeed the residuals in 13 of the 14 quasars in our sample lie within the noise expected
from the image. In the DES image of the remaining object (VHSJ2332-5240), we see two
galaxies (Fig. 3.2). For this system we do not return residuals consistent with the noise of
the image, as only one of the galaxies is modelled in the fitting. Although fitting multiple
systems in a single image lies beyond the scope of this chapter, we note that introducing
this feature could potentially resolve the issue seen in the modelling of VHSJ2332-5240
and would therefore be an interesting extension to this study. For now however, we opt to
exclude VHSJ2332-5240 from the remainder of our analysis, reducing our full DES Y3A1

sample to 13 reddened quasars at z~2.

RESIDUALS

Fig. 3.1 Example of (data-model) residual plot for one object in our sample - ULASJ2200+0056 - shown as a g
(blue), i (green), z (red) colour image. Residuals appear consistent with the noise level of the image in 13 objects
in our sample.

Having derived best-fit galaxy + quasar models for 13 of the 14 quasars in our sample,

we now infer properties of each galaxy. Specifically, we infer the position of the galaxy and

IThe full set of residual plots for the sample are given in Fig. B.1 (appendix)



60 A MORPHOLOGICAL STUDY OF REDDENED QUASAR HOSTS AT Z~2

RESIDUALS

Fig. 3.2 Example of (data-model) residual plot for one object in our sample - VHSJ2332-5240 - shown as a g
(blue), i (green), z (red) colour image. Left panel: Two galaxies are seen in the image. Right panel: Residuals are
inconsistent with the noise in the image, indicating the model is a poor fit to the data.

quasar components (X,Y), the effective radius of the host (Reg), the axis ratio of the galaxy
(q), its orientation angle (0), the Sérsic index (n) and the magnitudes of the individual galaxy
and quasar components in each band (mgso, Mg,1). Across the full sample, the modelling code
generally places constraints on these parameters, shown by well-defined contour regions
in the returned 1D and 2D parameter solutions. An example of the returned parameter
constraints is given for the brightest galaxy in our sample (ULASJ2200+056) in Fig. 3.3,
with the full set of results given in Fig. B.2 (appendix). Along with the well-converged
parameter solutions, Fig. 3.3 also illustrates the strong degeneracy between the quasar
and galaxy magnitudes returned in each band, showing that a brighter inference on the
galaxy typically results in a fainter inference on the quasar and vice versa. We note that
this degeneracy appears strongest in systems with a low inferred galaxy radius, perhaps
indicating that our ability to separate the galaxy and quasar components in these images
decreases as we approach small radii (<2 pixels).

Whilst the returned quasar magnitudes for ULASJ2200+0056 are well-constrained across
all bands in Fig. 3.3, the z-band magnitude of the galaxy component hits the upper bound
of the prior in the fitting. Although this is perhaps expected, given that light from the
quasar dominates the z-band emission, it means we are unable to constrain the z-band galaxy
magnitude for ULASJ2200+0056 from the fitting. In cases such as this, we instead derive
statistical 95 per cent confidence limits on the magnitude. We further note that the galaxy
magnitude inferred from the model of ULASJ2200+0056 (Fig. 3.3) results in an unrealistic

(i-z) colour for the galaxy. This potentially indicates that the 2D modelling is inferring some
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Fig. 3.3 1D and 2D parameter solutions for ULASJ2200+0056. Shaded contours denote the 68 and 95 per cent
confidence limits on the returned parameter solutions.

fraction of the galaxy light to belong to the quasar component in the image and thus may
indicate that the PSF used in the fitting is imperfect, causing the modelling to ‘correct’ for
this by incorporating additional flux from the galaxy. This may also explain the reason why
Rey is effectively unconstrained by the fitting for several quasars in the sample (Fig. B.2 -
appendix). Again, the lack of constraint on Refr likely indicates the underlying difficulty
in separating the quasar and galaxy emission, particularly if the galaxy model is indeed
being used to correct for an imperfect PSF in the model as suggested. Similarly, Fig. 3.3
shows n, to hit the lower bound of the fitting in ULASJ2200+0056, meaning this value
is also unconstrained by the data and may also be an idication that the galaxy and quasar

components in the image are not being robustly separated in the fitting.
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Another possible reason for the poor constraints on Reg and n may be that the quasar is
slightly offset from the centre of the galaxy. In the fitting, we have assumed the the position
of both the quasar and galaxy are the same (a common assumption made by numerous other
morphological studies (e.g. Bennert et al., 2011), but this may not be the case in reality. On
the one hand, if the quasar were to be offset from the centre of the galaxy in the image, the
model could potentially try and correct for this in the fitting by altering the galaxy profile.
On the other hand, the galaxy and quasar components may prove easier to disentangle, as
there would be less degeneracy between the bright centre of the Sérsic profile and the quasar
itself. Whilst introducing this extra degree of freedom into the modelling is beyond the scope
of this chapter, particularly with the limited data available, we note that the introduction of
this extra parameter may improve our ability to model the more spatially resolved data in
the future. Despite the lack of constraint on the value of n and, in some case R, our ability
to recover these parameters does not appear to affect our ability to recover other galaxy
parameters from the model. Later, In Section 3.5.4 we discuss the benefits of incoporating

priors based on the SED fitting in Chapter 2

3.4.2 RECOVERING GALAXY AND QUASAR MAGNITUDES

A key goal of this chapter is to compare the inferences of the 2D surface photometry to the
results of Chapter 2, where the magnitude of the host galaxy is constrained by a ‘best-fit’
SED template. The following section directly compares the galaxy and quasar magnitudes in
each of the griz bands, inferred from each fitting method. We begin by deriving magnitudes
based on the galaxy SED templates for the 13 objects for which we also fit 2D models
(Section 3.4.1). These magnitudes are calculated by integrating the ‘best-fit’ galaxy SED
template from Chapter 2 over a given passband and are given in Table 3.3. Similarly, the
quasar magnitudes are calculated from the ‘best-fit’ quasar SED, integrated over each of
the griz bands (Table 3.4). Tables 3.5 and 3.9 detail the corresponding galaxy and quasar
magnitudes derived from the 2D surface photometry, calculated to be the median converged

model solution, with the uncertainties denoting the 68 per cent confidence bounds on these

magnitudes.
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Table 3.3 Galaxy magnitudes in each of the DES griz bands derived from the results of the SED fitting (Chapter 2).
Quoted errors denote the 10 uncertainties on the normalisation of the galaxy SED template in the fitting.

Name 8GAL FGAL IGAL ZGAL

ULASJ0016-0038 24.33 035 24.00 "53¢ > 23.06 > 22.69
VHSJ2024-5623 > 24.33 > 24.08 > 23.44 > 22.69
VHSJ2028-5740  23.83 T014 23.51 014 23.43 01 > 22.69
VHSJ2115-5913  22.58 038 22.26 T 22.18 T0X > 21.63
ULASJ2200+0056 22.27 Tg 3 21.89 03 21.73 T3 21.66 03
VHSJ2220-5618  23.54 010 23.21 T018 23,12 T0I8 5 23 69
ULASJ2224-0015 23.82 '013 23.49 013 23.41 013 > 22.69
VHSJ2227-5203  23.98 TO17 23.61 T013 23.40 T013 > 22.69
VHSJ2235-5750  23.36 012 23.03 T012 22.94 T012 5 23 56
VHSJ2257-4700 > 24.33 > 24.08 > 23.44 > 22.69
VHSJ2306-5447 > 24.15  24.02 T3 > 23.44 > 22.69
ULASJ2315+0143 22.80 "0% 22.42 087 22.25 T8 22.19 T8
VHSJ2355-0011  22.80 "01% 22.42 1% 22.26 T01% 22.20 T8

Table 3.4 Quasar magnitudes in each of the DES griz bands derived from the results of the SED fitting (Chapter 2).
Quoted errors denote the statistical 68 per cent confidence bounds on the normalisation of the galaxy SED
template in the fitting.

Name 8Qso QSO IQs0 2QS0

ULASJ0016-0038 23.47 *035 22.30 7039 21.32 7025 20.51 038
VHSJ2024-5623 > 24.33  23.92 03 22.65 7031 21.69 "0l
VHSJ2028-5740 > 24.33 > 24.08 > 23.17  21.98 )¢
VHSJ2115-5913 > 24.33 > 24.08 > 23.24 22.14 "0
ULASJ2200+0056 23.87 015 22.35 T01F 21.23 T01% 20.18 T3
VHSJ2220-5618 > 24.33 > 24.08 22.39 "0 20.87 00
ULASJ2224-0015 > 24.33  23.71 '013 22.31 013 21.19 17
VHSJ2227-5203 > 24.33 > 24.05 23.19 *913 22,09 513
VHSJ2235-5750 > 24.33  23.90 "0 22.37 013 21.26 )2
VHSJ2257-4700 > 24.33 24.01 "0 22,62 T8 21.85 78
VHSJ2306-5447 > 24.33 > 24.08 23.28 (3 21.98 'O
ULASJ2315+0143 > 24.33 > 24.08 > 23.44 > 22.69
VHSJ2355-0011 > 24.33 > 24.08 > 23.44 22.52 )18

The galaxy and quasar magnitudes returned from each modelling method are directly
compared in Figs. 3.4 and 3.5 respectively. In cases where either the 2D surface photometry
or the SED fitting does not return a well-constrained magnitude (e.g. the magnitude returned
from the SED fitting lies below the survey depths in Table 3.2 or the 2D modelling hits the
upper bound of the prior), returned magnitudes are instead given as 95 per cent confidence
limits, denoted as arrows in Figs. 3.4 and 3.5. Fig. 3.4 shows the g-band galaxy magnitudes

are constrained for ten of the 13 galaxies in the sample, with just three objects returning



64 A MORPHOLOGICAL STUDY OF REDDENED QUASAR HOSTS AT Z~2

Table 3.5 Galaxy magnitudes and associated 68 per cent confidence bounds returned in each band from the
2D modelling. Where magnitudes are not constrained by the model, 95 per cent confidence limits are instead
presented.

Name 8GAL FGAL IGAL ZGAL
ULASJ0016-0038 23.17 '00¢ 23.26 0% > 24.78 > 23.67
VHSJ2024-5623  21.38 09 23.35 Tl3? > 24.07 > 23.96
VHSJ2028-5740  23.52 037 24.33 130 >22.89 > 23.99
VHSJ2115-5913  24.03 f)27 > 22.68 23.03 Tia8 21.77 53
ULASJ2200+0056 23.47 037 22.92 702 22.66 T35 > 23.92
+0.20 +0.14 +0.12 +0.23
VHSJ2220-5618  23.50 "029 22.91 01t 22.34 T013 22.20 0%
ULASJ2224-0015 > 23.81 > 24.06 > 23.91 > 23.86
VHSJ2227-5203  23.72 T03] 24.83 7% 22.43 7037 > 22.83
VHSJ2235-5750  21.24 To 03 21.27 03 21.51 T01l 21.84 030
+0.11 -+0.08 +0.10 +0.13
VHSJ2257-4700  22.46 'L 21.44 1008 21 02 10 20.94 UL
VHSJ2306-5447  23.26 T07% > 24.70 > 24.50 > 23.94
ULASJ2315+0143 21.67 T021 21.92 1923 22.62 719 > 21.89
+0.30 +0.18 +0.28 +0.56
VHSJ2356-0011  22.73 T030 22.21 018 21,94 T02% 21,90 1036

Table 3.6 Returned quasar magnitudes and associated 68 per cent confidence bounds returned in each band from
the 2D modelling. Where magnitudes are not constrained by the model, 95 per cent confidence limits are instead
presented.

Name £Qs0o rQso iQSO 2Qs0
ULASJ0016-0038 > 25.90  22.15 "0-1® 21.24 T00% 20.46 T 07
+0.54 +0.10 +0.02 -+0.03
VHSJ2024-5623  24.80 03¢ 23.53 010 22.37 T002 21.39 T003
VHSJ2028-5740 > 24.93  23.74 ‘o077 22.70 T007 21.69 TO03
VHSJ2115-5913  22.84 09 22.45 03 22.35 709 22.00 012
+0.17 +0.10 +0.06 +0.01
ULASJ2200+0056 22.39 To00 21.74 T0.09 20.98 T00¢ 19.94 01
VHSJ2220-5618  24.34 05} 23.82 T00L 22.32 T0> 20.76 T3
+0.17 -+0.07 +0.03 +0.01
ULASI2224-0015 23.62 Tap 22.91 Tggi 21.76 Tpgy 2087 Tppy
VHSJ2227-5203  24.07 “ops 23-16 Togs 22.41 ‘oo 21.27 R
VHSJ2235-5750  23.34 008 22.96 T00° 22.10 T00: 21.06 MO0
VHSJ2257-4700 > 26.43  24.42 07 22.60 T007 21.51 T003
+0.65 -+0.08 +0.04 +0.02
VHSJ2306-5447  24.82 0% 24.02 T00¢ 22.65 7007 21.61 002
ULASJ2315+0143 > 24.92  23.75 103 23.73 1030 22.43 T2
VHSJ2355-0011  22.54 T002 22.70 T00% 22.41 T00T 21.72 003

upper limits on the magnitude from either the 2D modelling or SED fitting in this band.
In the z-band however, the rate of returned galaxy magnitudes drops to just three, with ten
galaxies returning upper limits on the magnitude from either the 2D modelling or the SED
fitting, six of which return limits from both methods. The lack of returned galaxy magnitudes
in the redder bands implies the galaxy component is largely constrained at bluer wavelengths

(i.e. in the g- and r-bands), consistent with the conclusions of the SED fitting in Chapter 2
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where galaxy emission is seen to dominate in the bluer bands. The opposite trend is observed
for the quasar magnitudes in Fig. 3.5, with all but one source (ULASJ2315+0143) returning
constrained quasar magnitudes in the z-band via both fitting methods. In the g-band, quasar
magnitudes are returned only for a single object (VHSJ2200+0056) with the remaining 12
models returning limits on the quasar magnitudes from one or both of the fitting methods.
Again, this is consistent with our expectation from the SED fitting in Chapter 2, where

emission from the quasar is largely constrained by the z-band photometry.
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Fig. 3.4 Returned galaxy magnitudes in each band from the 2D surface photometry compared to those returned
from the SED fitting in Chapter 2. Arrows denote the 95 per cent upper limits on the galaxy magnitudes.
Overall, we see a similar trend between the galaxy and quasar magnitudes returned via
each method, with brighter galaxies and quasars generally appearing bright in both sets of
models. In some cases however, Figs. 3.4 and 3.5 show magnitudes to be derived from
one method but return limits from the other. When considering the galaxy magnitudes for
example (Fig. 3.4), VHSJ2257-4700 appears consistent with having no galaxy component
in the SED fitting, returning an upper limit on its galaxy magnitude fainter than the survey
limit of DES in every band. The 2D modelling however, suggests a galaxy magnitude for

VHSJ2257-4700 brighter than 22.5 mags in all bands, with small uncertainties on this value.
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Fig. 3.5 Returned quasar magnitudes in each band from the 2D surface photometry compared to those returned
from the SED fitting in Chapter 2. Arrows denote the 95 per cent upper limits on the quasar magnitudes.

Similarly, the quasar magnitudes derived from the SED-fitting of ULASJ2315+0143 - the
reddest quasar in our sample - lie below the survey limit in all bands, but are well constrained
by the 2D modelling in the r-,i- and z-bands. In both cases, this could indicate that the
spatial modelling of the 2D surface photometry provides an extra constraint when separating
the galaxy and quasar emission, allowing us to better disentangle the two components in
the data. Alternatively, in ULASJ2315+0143 the 2D modelling may be inferring a quasar
component that isn’t there. If the galaxy is bright enough, the contribution from a faint
quasar component will appear negligible in comparison to the overall flux in the image. It
is therefore possible that the model may infer a ‘quasar’ component in order to account for
a more compact component of the galaxy, which is not accounted for in the galaxy profile
fitted in the model. Later, in Section 3.5.1, we test this idea when modelling local galaxies in
DES. It is possible that this effect may be more prominent among galaxies with small Reg.

Although a small fraction of models return galaxy and quasar magnitudes consistent
to the SED-derived magnitudes within the quoted 68 per cent confidence bounds, an exact

one-to-one correlation is not necessarily expected between the results of the two methods.
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Due to the limited photometry available for the sample of reddened quasars in Chapter 2,
we are forced to make several assumptions about the shape of the galaxy SED, including
the slope (or dust reddening) of the template. The only parameter determining the griz
magnitudes in the SED fitting is therefore the normalisation of the galaxy model, with the
colours of both the galaxy and quasar fixed throughout the fitting. In the 2D modelling
however, the colours of each component are not fixed, but rather the magnitudes are free
to vary independently in each band, allowing for the galaxy and quasar magnitudes to be
solved individually in every band. In some respects, this extra freedom in the fitting may be
advantageous, allowing for greater flexibility in the model. On the other hand, the lack of
colour constraint in the model means that there is nothing in place to ensure the colours of
the fitted galaxy and quasar components are realistic and thus we may infer well-fitting, yet
unphysical models. In Section 3.5.4 we discuss how these two methods may be combined to

improve the model fitting in future.



Table 3.7 Returned quasar magnitudes and associated 68 per cent confidence bounds returned in each band from the 2D modelling. Where magnitudes are not constrained by the model,
95 per cent confidence limits are instead presented.
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Table 3.8

Name Mg gso My gso I gso Mz gso

ULASJ0016-0038 26.99 £+ 0.52 22.13 + 0.16 21.24 £+ 0.02 20.46 £+ 0.02
VHSJ2024-5623 24.91 + 0.58 23.53 + 0.10 22.37 £ 0.03 21.39 + 0.03
VHSJ2028-5740 26.22 &+ 0.75 23.79 £ 0.28 22.71 + 0.08 21.69 £ 0.03
VHSJ2115-5913 22.87 + 0.18 22.47 4+ 0.11 22.40 + 0.40 22.00 + 0.40
ULASJ2200+0056 22.42 + 0.15 21.75 #= 0.09 20.99 £ 0.06 19.94 + 0.01
VHSJ2220-5618 24.54 + 0.65 23.96 + 0.55 22.35 + 0.14 20.77 + 0.04
ULASJ2224-0015 23.70 £ 0.30 22.94 4+ 0.10 21.77 £ 0.04 20.88 = 0.03
VHSJ2227-5203 24.07 &= 0.09 23.16 £ 0.04 22.41 + 0.03 21.27 4+ 0.02
VHSJ2235-5750 23.35 &+ 0.08 22.97 £ 0.06 22.11 + 0.03 21.06 = 0.02
VHSJ2257-4700 27.24 + 0.49 24.42 £+ 0.11 22.60 £ 0.04 21.51 4+ 0.02
VHSJ2306-5447 24.99 4+ 0.68 24.03 £ 0.08 22.66 + 0.04 21.61 4+ 0.02
ULASJ2315+0143 26.24 + 0.85 23.79 & 0.25 23.80 £ 0.40 22.45 + 0.19
VHSJ2355-0011 22.54 + 0.02 22.70 &= 0.03 22.41 +£ 0.03 21.72 + 0.03
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Table 3.9 Returned quasar magnitudes and associated 68 per cent confidence bounds returned in each band from the 2D modelling. Where magnitudes are not constrained by the model,

95 per cent confidence limits are instead presented.

Name Mg oal My gal I gal Mz gal

ULASJ0016-0038 23.17 + 0.05 23.49 + 0.69 25.89 + 0.61 24.87 + 0.69
VHSJ2024-5623 21.38 &+ 0.13 23.66 4+ 1.13 25.41 + 0.84 25.08 *+ 0.66
VHSJ2028-5740 23.45 + 0.41 24.55 + 1.00 25.05 + 0.95 25.25 4+ 0.70
VHSJ2115-5913 24.35 + 1.09 24.64 + 1.07 23.42 + 1.05 21.90 + 0.46
ULASJ2200+0056 23.54 + 0.49 22.94 + 0.29 22.68 + 0.30 25.11 + 0.66
VHSJ2220-5618 23.47 &+ 0.20 22.90 4+ 0.15 22.34 + 0.14 22.18 + 0.20
ULASJ2224-0015 26.06 £ 1.09 25.97 +£ 0.89 25.63 + 0.83 25.23 + 0.75
VHSJ2227-5203 23.89 &+ 0.70 25.02 4+ 1.15 22.44 + 0.35 24.55 + 1.07
VHSJ2235-5750 21.25 + 0.11 21.27 &+ 0.12 21.52 £+ 0.17 21.90 + 0.41
VHSJ2257-4700 22.47 + 0.12 21.44 4+ 0.08 21.01 £ 0.09 20.95 + 0.13
VHSJ2306-5447 23.27 £ 0.32 26.30 + 0.91 25.89 + 0.81 25.36 + 0.71
ULASJ2315+0143 21.66 + 0.18 21.90 + 0.24 22.81 + 0.87 23.52 + 1.13
VHSJ2355-0011 22.75 + 0.22 22.22 4+ 0.21 21.95 +£ 0.26 22.05 + 0.59
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3.5 DISCUSSION

The following section aims to test the extent to which we can rely on the results of the
2D model fitting described in Section 3.4. In particular, we seek to test our ability to
return properties of the system at a given galaxy and quasar magnitude, allowing us to
place constraints on the validity of using the multi-band modelling code with ground-based

observations of z ~ 2 quasars

3.5.1 FITTING DES ANALOGUE GALAXIES

We select two local galaxies from the DES Y3A1 catalogues that have optical magnitudes
and colours that are broadly representative of the galaxy components in our reddened quasar
sample (inferred from the SED-fits in Chapter 2). Specifically, we find a ‘bright’ galaxy in
the DES Y3A1 data with optical magnitudes and colours that are very similar to the brightest
host galaxy in our quasar sample - ULASJ2200+0056 - as inferred from the SED fitting. We
also select a ‘typical’ galaxy with magnitudes and colours that match the galaxy properties
of VHSJ2235-5750, which is representative of the average properties of the host galaxies in
our quasar sample. The selected ‘bright” and ‘typical’ galaxies shall hereafter be referred
to as Gyyighe and Gyypical respectively. Whilst neither galaxy has been selected to contain a
quasar, we continue to allow for a quasar component when modelling Gpyigne and Giypical in
order to directly compare the output with that of our quasar sample. Figs. 3.6 and 3.7 show
the giz colour residuals for the models fit t0 Gpyight and Giypicar- In both cases, we find small
(data-model) residuals consistent with the noise in the image, indicating that the model is a
good fit to the data.

Furthermore, the 1D and 2D parameter solutions for both the bright and the typical
models show good constraints on the position (X,Y), the effective radius (Reg), and the
griz magnitudes of the galaxy (Figs. 3.8 and 3.9). In both cases, the quasar component
of the fitted model appears >2 mags fainter than the galaxy component in the equivalent
band, with all inferred quasar magnitudes lying below the 100 magnitude limit of DES

(Table 3.2). Although there is no quasar component in the image, the fact we infer a faint
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IMAGE MODEL RESIDUALS

Fig. 3.6 (Data-Model) residuals for the ‘bright’, low-z analogue galaxy from DES Y3A1 (Gypyign) shown as a g
(blue), i (green), z (red) colour image.

IMAGE MODEL RESIDUALS

Fig. 3.7 (Data-model) residuals for the ‘typical’, low-z analogue galaxy from DES Y3A1 Gyypica sShown as a g
(blue), i (green), z (red) colour image.

quasar component supports the idea that a small fraction of the galaxy flux is being falsely
attributed to a quasar component in the image, as discussed in Section 3.4. We now seek to
use the results from this section as a basis to test the impact of including a quasar component
on our ability to return certain properties of the galaxy. In this way, we aim to place limits
on the effectiveness of the modelling software on parameterising z ~ 2 quasar hosts in

ground-based data.

3.5.2 FITTING DES ANALOGUE GALAXIES WITH QUASAR COMPONENT

Having established the 2D modelling to return well-constrained parameters for local galaxies
in DES, we now test whether the fitting can return the same parameter values when a quasar
component is introduced in the image. As in Section 3.5.1, we consider the two galaxies
with colours similar to a ‘bright’ and a ‘typical’ example from our sample, hereafter denoted
as Gurighe and Gyypical respectively. For each of these galaxies, we create a quasar component

from the PSF, selected to be a nearby star in the image. As outlined in Section 3.3, stars
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Fig. 3.8 1D and 2D parameter solutions for the ‘bright’, low-z analogue galaxy in DES Y3Al.

are selected to be unsaturated across all bands of the image. The PSF for each galaxy is

normalised and scaled by a factor

30-mpap

Sscate =10725 @3.1)

where map is the desired quasar magnitude in each band and 30.0 is the zeropoint of the
DES images used in this work. In this way, we create seven distinct quasars with magnitudes
spanning the full range of our sample (Table 3.10) and colours chosen to be representative
of those derived from the SED-fitting. CASE 4 represents a quasar of ‘typical’ brightness
from our sample. In each of the images, the quasar is set to lie directly atop the galaxy and
thus its position is fixed to match the inferences on X and Y from the galaxy modelling

(Section 3.5.1). To create the composite images, each of the simulated quasars are summed
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Fig. 3.9 1D and 2D parameter solutions for the ‘typical’, low-z analogue galaxy in DES Y3Al.

together with the original galaxy. The new images including the simulated quasar component
are modelled across the griz bands, with all 14 parameters set to vary within the boundary
conditions outlined in Section 3.4.1. The returned galaxy magnitudes for Gpigne and Giypical
in each band are shown in Figs. 3.10 and 3.11 respectively, where they are directly compared
to the values returned from the modelling of the corresponding galaxy (prior to the addition
of the quasar component), denoted by the dotted lines in Figs. 3.10 and 3.11.

The galaxy magnitudes returned from the fitting of Gyyighe (Fig. 3.10) are consistent with
those predicted from the galaxy-only fitting in Section 3.5.1 across all CASES. Based on
this, we expect to robustly recover the galaxy magnitudes for the full range of quasars in our
sample, provided the host galaxy is sufficiently bright. We have seen in Chapter 2 that the
contrast between the quasar and the host galaxy is largest in the g-band in our obscured quasar

sample. Considering the analogue galaxy Giypical, We find that robust g-band magnitudes
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Table 3.10 Quasar magnitudes in each band for the quasars added to the DES images. Quasar colours chosen to
be representative of those seen in real data, covering the full range of quasar magnitudes in our sample. CASE 4
represents a typical quasar in our sample.

Case Number g-band r-band i-band z-band

1 29.0 27.0 25.5 24.3

2 28.0 26.0 24.5 23.3

3 27.0 25.0 23.5 22.3

4 26.0 24.0 22.5 21.3

5 25.0 23.0 21.5 20.3

6 24.0 22.0 20.5 19.3

7 23.0 21.0 19.5 18.3
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Fig. 3.10 Returned galaxy magnitudes in each band for the bright local DES analogue galaxy (Gyyight) compared
to the galaxy magnitude returned from the galaxy-only fit (dotted line). Shaded regions and error bars denote the
statistical 68 per cent confidence bounds on the values returned from the fitting.

are returned by the 2D modelling up to CASE 4 (inclusive), representing the typical quasar
brightness in our sample. In Chapter 2 we also demonstrate that more luminous quasars
tend to reside in more luminous host galaxies. These results therefore suggest that the 2D
modelling is capable of constraining at least the g-band magnitudes of the host galaxies for
the majority of reddened quasars in our sample. We note however, that several additional
factors may improve our ability to recover these magnitudes. If the galaxy appears extended
for example, its emission will likely be easier to disentangle from that of the quasar, provided

the effects of surface brightness dimming are insufficient in driving the galaxy emission
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Fig. 3.11 Returned galaxy magnitudes in each band for the typical local DES analogue galaxy (Gyypical) compared
to the galaxy magnitude returned from the galaxy-only fit (dotted line). Shaded regions and error bars denote the
statistical 68 per cent confidence bounds on the values returned from the fitting.

below the noise level of the image. Furthermore, Figs. 3.8 and 3.9 show Regr,g1 > Refr,G2,
implying that our ability to recover the galaxy magnitudes is not simply dependant on the
galaxy and quasar brightness, but also on the physical extent.

Figs. 3.12 and 3.13 show the recovered quasar magnitudes for Gpyigne and Gyypicat When
including a simulated quasar component in the image. The magnitudes of the brightest
quasars (CASES 6,7 and 8) are recovered in the three reddest bands (riz) for both Gyyighe and
Guypical» With the correct quasar magnitudes returned in the z-band in all but CASE 1, where
the quasar is faintest. The fewest quasar magnitudes are returned correctly in the g-band,
with only CASE 6 and CASE 7 recovering the predicted quasar magnitudes for Gpyigh, With
no correctly returned g-band magnitudes in the fitting of Gyypical. We note however that this
effect may be largely driven by the flux limit of the survey, illustrated by the shaded regions
in Figs. 3.12 and 3.13. In the majority of instances for which we return quasar magnitudes
inconsistent with the expected value, we find the expected magnitude to lie below the flux

limit of the survey, meaning we expect magnitudes to be poorly constrained in these cases.
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on the returned magnitudes. Shaded regions in each panel denote the area for which magnitudes lie below the
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For our DES Y3A1 sample, we therefore expect to return robust quasar magnitudes in all

bands across our sample, providing the quasars are brighter than the survey flux limit.

3.5.3 RECOVERING PROPERTIES OF THE GALAXY

Having concluded the 2D modelling to be a valid method of measuring the galaxy and quasar
magnitudes, we now investigate to what extent the inferred properties of the host galaxy
are reliable. Fig. 3.14 shows the recovered galaxy parameters for the the range of ‘bright’
composite (galaxy + quasar) images (Guprignt), alongside the inferred properties when fitting
the galaxy image alone (Section 3.5.1). Fig. 3.15 illustrates the same properties returned

from the fitting of the ‘typical” brightness galaxy (Gyypical)-
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From Fig. 3.14, we conclude that all galaxy parameters can be robustly recovered for
the brightest host galaxies in our sample. At the average galaxy brightness of our sample,
we recover all galaxy parameters with the exception of the effective radius, Regr, which is
underestimated in the model when considering quasars brighter than CASE 3 (inclusive).
Fig. 3.14 demonstrates that the fitting returns the correct galaxy parameters even for quasars
that are brighter than those in our sample. Therefore, for our ‘typical’ quasar (CASE 4),
modelling a slightly dimmer galaxy would likely still return the correct galaxy parameters.
Furthermore, we have not yet considered the effects of the galaxy shape on our ability to
separate the galaxy and quasar emission in the image. As discussed in Section 3.5.2, one
might expect that a more extended galaxy would be more easily disentangled from the quasar
in the image, providing the effects of surface brightness dimming are not sufficient to dim
the galaxy below the noise in the image. This might be a factor in returning the correct
galaxy parameters in Gyyigne. Whilst this chapter considers our ability to recover the galaxy
properties to be dependent solely on the magnitude of each component in the image, in reality
several other factors are likely to play a role, including the radius, axis ratio and Sérsic index
of the system. Quantifying the effect of these parameters in detail lies beyond the scope of
this chapter, but would be an interesting avenue to explore as we continue to expand upon

this work.

3.5.4 CONCLUSIONS

Until now, 2D modelling of quasar hosts has relied heavily on space-based observations
providing high spatial resolution (e.g. Bahcall et al., 1997; Boyce et al., 1998; Dunlop et al.,
2003; Hooper et al., 1997; McLeod and McLeod, 2001), with the modelling of ground-based
imaging limited to low redshifts. The work presented in this chapter seeks to perform 2D
surface photometry on ground based images of luminous, reddened quasars at z~2, with the
aim of returning properties of the host galaxy. In particular, this work focusses on testing the
extent to which we can trust the parameters inferred from the models of our sample. From

this work we conclude the following;
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(i) We successfully model 13 of the 14 objects in our DES Y3A1 sample. Each model
returns (data - model) residuals consistent with the noise in the images, indicating they are a
good fit to the image data. The single object not returning a good fit is that of VHSJ2332-
5240, for which we identify there to be two galaxies in the image and therefore decide to
exclude this object from the further analysis of the sample. In future however, we plan to
use the methods outlined in this chapter to simultaneously fit models to multiple sources in
images such as VHSJ2332-5240.

(i1) We compare the griz magnitudes of each model component inferred from this method
with those inferred from the SED fitting in Chapter 2, finding a broad consistency between the
inferred magnitudes across the two methods. In the cases for which the returned magnitudes
do not agree, we suggest that the difference is likely due to the underlying method used to fit
the data in each case. In the SED fitting for example, the colour of the galaxy is fixed by the
slope of the galaxy template, which is not permitted to vary during the fitting. In this way, the
magnitudes in each band are constrained only by the normalisation of the galaxy model (or
quasar model when inferring quasar magnitudes). In the 2D modelling however, the colours
are unconstrained and the magnitudes of each component are solved for individually in each
band. Allowing for a quasar component in the fit of each band instead of fixing the colours
of the quasar template like in the SED fitting potentially causes the 2D modelling to infer a
compact PSF component in the image where there really is none. Indeed, when we fit a local
galaxy from DES with colours similar to a ‘bright’ galaxy in our sample (Section 3.5.1), the
model infers a faint quasar component lying below the detection limit of the DES Y3A1
survey, thus a small fraction of the galaxy light is being attributed to the quasar. Alternatively,
the extra spatial dimension of the imaging data provides further constraints when separating
the galaxy and quasar light, potentially making it easier to separate the two components.
Moving forward, we therefore hope to combine the colour constraints of the SED fitting
with the flexibility and spatial information of the 2D modelling by incorporating the SED
templates into the priors of the 2D modelling. In this way, we seek to return models for these
systems with physical colours consistent with those expected from the heavily reddened

quasars of our sample.
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(iii) For the 13 objects successfully modelled by the fitting code, we derive constraints
on several parameters of the host galaxy. With the exception of the effective galaxy radius,
R.s, we find it may be possible to infer parameters of the quasar host galaxies across our
sample of reddened quasar hosts. Furthermore, it may be possible to also recover Res for the
brightest host galaxies in our sample. The criteria required to return the galaxy parameters
in the fitting, may however depend on several other factors, the effects of which we do not
model in this chapter. One may expect, for example, that light from a large or highly elliptical
galaxy is easier to disentangle from the quasar than a compact, spherically symmetric galaxy.
Quantifying the effect of parameters such as Rqg, q and n on our ability to model the galaxy
forms the basis of future work in this area, for which we intend to create large sets of
simulated images with a range of galaxy properties spanning the region of interest. Because
the properties of the simulated data are explicitly known, we will be able to directly measure
how well the model returns the properties of the galaxy and place better constraints on the
fraction of our DES Y3A1 sample for which the inferences are robust.

For the first time, we have demonstrated that 2D surface photometry can be used to
potentially model the hosts of luminous z~2 quasars from ground-based data. By exploiting
the dust reddening of our quasar sample and by implementing a multi-band fitting routine,
we successfully model all but one object in our sample. By fitting similar low-redshift
systems with a simulated quasar component, we test the reliability of the returned parameters
in our models, returning robust measures of all galaxy parameters, with the exception of
Ref. Moving forward, we seek to further explore the reliability of this modelling method,
accounting for the effects of various parameters, such as the size and shape of the galaxy,
in the fitting. Introducing multi-object modelling will also allow us to expand our sample
to include objects such as VHSJ2332-5240, where several images are oberved in the data,

allowing us to expand the sample of reddened quasars modelled.






CHAPTER

REDDENED QUASAR HOSTS IN THE
SUB-MM

4.1 INTRODUCTION

Understanding the connection between black hole activity, star formation and dust obscu-
ration in quasar hosts is critical in constraining evolutionary models of massive galaxies.
Although dust obscuration in low to moderate luminosity quasars and at low redshift has been
shown to arise primarily from orientation effects (e.g. Antonucci, 1993), there is evidence to
suggest evolution also plays a role among populations of high redshift luminous quasars (e.g.
Chen et al., 2013; Rodighiero et al., 2010). Sanders et al. (1988) for example postulate that
heavily obscured quasars exist in a short-lived transitional phase between a merger-driven
starburst galaxy and a UV-luminous quasar. One way to test such evolutionary models
is therefore to look for excess star formation in the hosts of obscured quasars relative to
unobscured populations.

Throughout this thesis we have sought to investigate the star forming properties among a
population of obscured quasar hosts at z~2. Until now however, we have considered only
the restframe-UV emission, tracing the unobscured star formation in these galaxies and
accounting for a small fraction of the total star formation. To measure the star formation

obscured by dust, one must instead look to longer wavelengths, where thermal emission
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from dust dominates the spectrum. This thermal emission arises from high-energy photons,
often produced by young stars, being absorbed by the interstellar dust and thermally re-
radiated at longer wavelengths and thus can act as a tracer of star formation. Over the last
decade, observations from Herschel - a space based telescope operating at FIR to sub-mm
wavelengths (194-671pum) - have been used to study the connection between AGN accretion
and star formation at a range of redshifts (e.g. Lutz et al., 2008; Mullaney et al., 2012; Page
et al., 2012; Stanley et al., 2015). Over this range of wavelengths however, Rosario et al.
(2013) demonstrate that emission in the Herschel-SPIRE bands (centred at 250um, 350um
and 500um) suffers significant contamination from AGN dust heating, particularly among
populations of the most luminous quasars.

At longer sub-mm wavelengths (~850um) however, the dust being traced is cooler
and thus less likely to have been heated by the AGN. Although synchrotron emission
can potentially contaminate emission at these wavelengths, this remains negligible for the
majority of AGN which are radio quiet. Instead, dust heating in this regime is often attributed
to young stars and is therefore a good tracer of star formation. Early sub-mm studies of
X-ray luminous AGN using the SCUBA bolometer on the James Clerk Maxwell Telescope
(JCMT) find evidence for high SFRs in obscured AGN hosts, consistent with an evolutionary
picture of quasars in which these obscured systems have undergone a recent starburst (e.g.
Page et al., 2001, 2004; Stevens et al., 2005). Among populations of unobscured (A, ~
0 mags), UV-bright quasars, Priddey et al. (2003) also find evidence for strong sub-mm
emission in ~15-20 per cent of their sample, but find little evidence to suggest this emission is
directly linked to the UV luminosity of the quasar. More recently, the subsequent SCUBA-2
instrument has been used to study the sub-mm properties of very heavily obscured (A, > 15
mags) Hot Dust Obscured Galaxies (HotDOGs) selected from WISE (e.g. Jones et al., 2015,
2014). In the radio quiet HotDOGs, Jones et al. (2015) find evidence for strong sub-mm
emission in 16 per cent of their sample, but this increases to 60 per cent in the radio-loud
sample (Jones et al., 2014). These studies also conclude that heavily obscured quasars reside
in overdense regions of the sky, potentially supporting the idea that obscured quasars are

driven by mergers (Jones et al., 2015, 2014).
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In this chapter, we make use of new, targeted 850um SCUBA-2 observations for a sample
of 19 moderately-obscured (A, ~ 2-6 mags) quasars at z~2 - a peak epoch in both star
formation and black hole accretion. In particular, we seek to explore the sub-mm properties
of the host galaxies, comparing our sample with populations of both more heavily-obscured
(Ay > 15 mags) and UV-luminous (A, ~ 0 mags) quasars at a similar epoch. In Section 4.2,
we outline the sample of obscured quasars considered in this chapter, detailing the reduction
pipeline and the resulting SCUBA-2 photometry in Section 4.3. Here, we also explore the
star forming and environmental properties of our sample, with comparisons to both heavily
obscured and unobscured quasar populations in Section 4.4. Key results are summarised in

Section 4.5.

4.2 DATA

This work concerns a sample of 19 reddened quasars (A, ~ 2 - 6 mags) at redshifts 1.4 <
z < 2.7, outlined in Banerji et al. (2015a, 2012, 2013), Temple et al. (2018 in prep.). The
initial selection criteria for these quasars and details of the new sub-mm observations are

described below.

4.2.1 NIR SELECTION

Red quasar candidates were identified in the near infra-red (NIR) imaging of the wide-field
UKIDSS Large Area Survey (ULAS) and VISTA Hemisphere Survey (VHS), as detailed in
Banerji et al. (2015a, 2012). Targets were required to appear as point-sources in the K-band,
with Kxp < 18.4! to exclude galaxies and isolate the sample of high redshift, NIR-luminous
quasars. A (J-K)ap colour cut (>1.5) was applied to select targets with extremely red NIR
colours, indicating significant dust reddening (A, ~ 2 - 6 mags). Of the 66 targets selected in
this manner, 61 were successfully followed up with either SINFONI VLT or Gemini-GNIRS
observations (Banerji et al., 2015a, 2012, 2013), from which 38 were spectroscopically-

confirmed to be Type-1 broad-line (BL) quasars at 1.4 < z < 2.7. An additional 26 red quasar

IMagnitudes were calculated within a 1 arcsecond radius aperture (apermag3) and include an aperture
correction appropriate for point sources.
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candidates were identified from ULAS, VHS and the VISTA Kilo-Degree Infra-red Galaxy
Survey (VIKING) and were designed to supplement the Banerji et al. (2015a, 2012, 2013)
samples by targeting both the most luminous and reddest quasars with (H-K)sp >1.5 as well
as extending the sample to fainter magnitudes by making use of the VIKING photometry,
which probes 1.4 mags deeper than ULAS and VHS in the K-band. Twenty-five of these
26 quasar targets were spectroscopically-confirmed to be Type-1 broad-line (BL) quasars
with redshifts 0.7 < z < 2.6. The parent sample for this chapter therefore consists of 63
spectroscopically-confirmed quasars, from which we select 19 quasars observable from the
northern hemisphere (Dec >-17deg) for sub-mm follow-up with SCUBA-2. With extinction-
corrected bolometric luminosities of Ly gso ~1047ergs_1 and Mgy ~10°-10 M, (Banerji
et al., 2015a), these quasars are among the most luminous and massive accreting SMBHs

known at z~2.

4.2.2 SCUBA-2 OBSERVATIONS

SCUBA-2 is a dual wavelength camera, operating at 450um for the short waveband and
850um for the long waveband, with diffraction-limited beam full-width half maxima
(FWHM) of approximately 7.5- and 14.5-arcsec respectively. Each of the two focal planes
comprise four sub arrays of 1280 bolometers, totalling 5120 pixels in each plane (Holland
etal., 2013).

The 19 quasar targets were observed with SCUBA-2 on the 15m James Clerk Maxwell
Telescope (JCMT) on Mauna Kea, Hawaii, between 2017 March and May. Each target was
observed in the ‘"CV Daisy" observing mode, which is suitable for point-like sources or
sources with structure on scales < 3-arcmin. This observing mode produces a 12-arcmin
diameter map, with the deepest coverage in the central 3-arcmin diameter region, where all
four sub-arrays overlap (Holland et al., 2013). Details of the 19 reddened quasars observed
with SCUBA-2 are given in Table 4.1. The exposure time for each observation ranges

between 25 and 37 minutes, reaching a 1o target depth of 1.6 mJy.
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Table 4.1 Details of the SCUBA-2 observations for the 19 heavily-obscured quasars in our sample.

Name RA DEC Observation Exposure Time z
Date (HH:MM:SS)

ULASJ0041-0021 10.3041  -0.3520 2017.05.06 00:32:32 2.517
ULASJ0016-0038 4.0025 -0.6498  2017.05.06 00:32:28 2.194
ULASJ1234+0907 188.6147 9.1317 2017.04.16 00:30:40 2.503
VHSJ1117-1528  169.2656 -15.4749 2017.04.17 00:36:47 2.427
VHSJ1122-1919  170.6018 -19.3215 2017.04.17 00:36:47 2.465
ULASJ1216-0313 184.1324 -3.2264 2017.04.16 00:32:14 2.576
VHSJ1301-1624  195.3805 -16.4150 2017.04.17 00:36:53 2.140
VHSJ1350-0503  207.6552 -5.0665  2017.04.18 00:33:45 2.176
VHSJ1409-0830  212.3721 -8.5163  2017.04.18 00:34:49 2.300
ULASJ1455+1230 223.8375 12.5024  2017.05.04 00:31:10 1.460
ULASJ1539+0057 234.7923 5.9638 2017.04.04 00:30:57 2.658
VHSJ1556-0835  239.1571 -8.5952  2017.04.17 00:33:55 2.188
VHSJ2109-0026  317.3630 -0.4497  2017.04.03 00:32:02 2.344
VHSJ2143-0643  325.8926 -6.7206  2017.03.30 00:33:57 2.383
VHSJ2144-0523  326.2394 -5.3881  2017.04.04 00:25:09 2.152
ULASJ2200+0056 330.1036 0.9346 2017.04.17 00:32:27 2.541
ULASJ2224-0015 336.0392 -0.2566  2017.04.18 00:32:04 2.223
ULASJ2315+0143 348.9843 1.7307 2017.05.05 00:32:32 2.560
VHSJ2355-0011  358.9394 -0.1893  2017.05.06 00:32:25 2.531

4.3 RESULTS

4.3.1 PHOTOMETRY

The 850um SCUBA-2 observations are reduced with the STARLINK SubMillimetre User
Reduction Facility (SMURF) data reduction package. We select the ‘REDUCE_SCAN_FAINT
_POINT_SOURCES’ recipe, which uses a ‘Blank Field’ configuration suitable for point
sources with low signal-to-noise ratio (Chapin et al., 2013). Initial pre-processing is carried
out by the SMURF software, which cleans the data by modelling the signal contributions
from each bolometer, removing unwanted atmospheric emission and re-gridding the data to
produce a science-quality image. Each of these science-quality images are then combined
as a mosaic, centred on the sky position of the source, by the Plpeline for Combining and
Analysing Reduced Data (PICARD). Finally, a beam-matched filter is applied to the resulting
mosaicked image, smoothing the image with a 15 arcsec FWHM Gaussian and calibrating

the resulting map with a flux conversion factor of 2.34 Jy pW~larcsec™? (appropriate for
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Fig. 4.1 1.5 arcmin radius 850um map of the pointing calibrator 3C273 showing astrometry offset between the
catalogued position (white star) and the position of the source in the image (black star). North is up, East is to
the left.

point sources). In this way, 850um maps are created for each of the 19 reddened quasars in
our sample.

To check the final astrometry and photometry of the SCUBA-2 maps, we also reduce
the pointing (3C273) and flux (CRL 2688) calibrators observed on 2017.03.30 through an
identical pipeline. The catalogued positions of 3C273 and the SCUBA-2 beam are overlaid
on the resulting map (Fig. 4.1), where we derive an offset of IARAI = 15 arcsec and IADecl| =
0 arcsec, arising from the mosaicking step in the reduction. These offsets are quoted to the
nearest arcsec as they have been calculated from the pixel differences between the catalogued
position of the source and the peak flux in the image (Ax, Ay) and thus are accurate to the
nearest pixel, corresponding to 4.0 arcsec in the map. This offset is found to result from the
mosaicking step in the data reduction and is not due to the pointing of the telescope itself.
After accounting for the measured offset in the flux calibrator image, CRL 2688, the peak

flux is calculated to be 5.85 Jy/beam, consistent with the 5.64 4 0.27 Jy/beam expected at



4.3 RESULTS 91

Table 4.2 Selected calibrators for each night of SCUBA-2 observations, along with the corresponding astrometry
offsets in RA and Dec.

Observation Date Calibrator ARA (arcsec) ADec (arcsec)

2017.03.30 3C273 -15 0
2017.04.03 3C273 -15 0
2017.04.04 3C273 -15 0
2017.04.16 3C273 -15 0
2017.04.17 3C273 -15 0
2017.04.18 3C279 -12 4
2017.05.04 Arp220 -13 1
2017.05.05 IRC+10216 -15 0
2017.05.06 IRC+10216 -15 0

850um in CRL 2628. In light of the astrometric offset in our reduced images, we reduce a
pointing calibrator for each night over which SCUBA-2 data was collected and calculate the
RA and Dec offset as above, shifting the SCUBA-2 beam to align with the position of the
source. Table 4.2 details the calibrator used for each night and the corresponding offset in
the reduced images.

Having corrected for the offsets in the astrometry (Table 4.2), fluxes for the 19 quasar
targets are calculated as the peak flux density within a 14.5 arcsec diameter aperture centred
on the quasar, matching the beam size of SCUBA-2. These values are given for our full
sample in Table 4.3 along with the corresponding noise level (ogsg), typically ~1.6 mJy
beam~'. The noise level for each map has been directly derived from the sky background
using the Kernel APplication PAckage (KAPPA) within the STARLINK software. Of the 19
quasars in our sample, three sources are detected with a confidence >3 - ULASJ1216-0313,
ULASJ2200+0056 and ULASJ2315+0143 (Fig. 4.2). Of these, two (ULASJ1216-0313 and
ULASJ2315+0143) are detected with a >40 confidence. Here, and throughout this chapter,
we classify a detection as an object with a given confidence level overlapping the position of
the SCUBA-2 beam, which has been centred on the NIR quasar position. For this reason, we
classify ULASJ2200+0056 as a detection despite the apparent offset between the sub-mm
source and the centre pointing of the SCUBA-2 beam.

All of the remaining 16 quasar targets in our sample lying below the 3¢ detection limit

have a positive peak flux within a beam-sized aperture centred on the NIR position of the
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Table 4.3 850um flux densities and associated uncertainties for the 19 quasars in our sample. ‘*’ denotes sources
detected at >3 0 significance.

Name S850,peak £ 0850 (mJy)
ULASJ0041-0021 0.500 + 1.702
ULASJ0016-0038 0.179 4+ 1.735
ULASJ1234+0907 2.473 + 2.080
VHSJ1117-1528 0.650 £+ 1.999
VHSJ1122-1919 0.114 £+ 1.626
ULASJ1216-0313% 10.201 £+ 1.860
VHSJ1301-1624 2.663 + 1.623
VHSJ1350-0503 0.702 + 1.871
VHSJ1409-0830 3.264 + 1.711
ULASJ1455+1230 3.545 + 1.874
ULASJ1539+0057 3.176 + 1.568
VHSJ1556-0835 2.568 + 1.589
VHSJ2109-0026 1.598 £ 1.620
VHSJ2143-0643 0.743 + 1.540
VHSJ2144-0523 0.871 £+ 1.099
ULASJ2200+0056% 6.017 + 1.649
ULASJ2224-0015 1.032 £+ 2.046
ULASJ2315+0143% 6.324 + 1.595
VHSJ2355-0011 3.436 £ 1.730

(a) ULASJ1216-0313 (b) ULASJ2200+0056 (c) ULASJ2315+0143

I ‘ ]
—-6.0 —-4.5 -3.0 -1.5 0.0 1.5 3.0 4.5 6.0
Flux (m]y)

Fig. 4.2 850pum SCUBA-2 maps for the three sources detected at a significance >30 - ULASJ1216-0313,
ULASJ2200+0056 and ULASJ2315+0143. Black circle denotes a 14.5-arcsec diameter aperture centred on the
SCUBA-2 position of the target source. North is up, East is to the left.
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quasar, with a typical significance of ~16. To explore the average sub-mm properties of our
sample we stack these 16 undetected sources, which all lie at z~2, to create a single image
centred on the NIR position of each target. An inverse variance weighting is applied to the

stack to account for any noise variation across our sample i.e.

N
L= B filj(/(cilj( X Gilj()

T
PIA Pi,j/(o-ilj( X O-ilj()

) 4.1

where S§j; denotes the stacked flux at the centre of the image. F;; denotes the response
function of SCUBA-2 at 850um, taken to be the PSF for each observation, f;; are the flux
densities for each of the N sources in our sample and o;; are the corresponding RMS noise
maps. The resulting stacked image is shown in Fig. 4.3, where we derive a peak flux of
0.776 £ 0.555 mJy within the SCUBA-2 beam size - a detection of ~1.40. Due to the
relatively small sample size, a typical jackknife re-sampling technique cannot be used to
get an accurate representation of the noise in the stacked image. Instead, the quoted noise
level is derived directly from the standard deviation of the pixels over a blank portion of the
stacked image itself. Although the returned flux of the stacked image lies below the detection
threshold for our sample (>3.50; ~1.9mlJy), we note that this value is consistent with that
found in the work of Banerji et al. (2015b), who stack the SCUBA-2 non-detections of a

much larger sample of 697 X-ray luminous quasars to return a stacked flux of 0.604+-0.07mly.

4.3.2 DUST-OBSCURED STAR FORMATION

The substantial dust reddening of our sample (A, ~ 2-6 mags) could be associated with
significant amounts of obscured star formation. Indeed, the detection of broad emission lines
in the spectra of our quasar sample indicate that the dust responsible for the reddening is
not nuclear, as would be expected from an AGN torus. Furthermore, several of the quasar
targets show evidence for narrow Ho emission, typically associated with star formation
(Alaghband-Zadeh et al., 2016b), with Herschel observations showing the reddest quasar
in our sample - ULASJ1234+0907 - to have significant levels of obscured star formation.

Recent ALMA observations of four luminous, obscured quasars from Banerji et al. (2017)
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Fig. 4.3 Inverse variance weighted stack for the 16 undetected targets in our sample. Peak flux of 0.776 £ 0.555
mly (~1.40) within a 14.5 arcsec SCUBA-2 beamsize.

have also demonstrated the host galaxies of these quasars to be in a starburst phase, with two
of the four quasars observed - ULASJ1234+0907 and ULSJ2315+0143 - overlapping with
our sample.

Based on the photometry in Table 4.3, we now derive SFRs for the three sources in our
sample detected at 850um - ULASJ1216-0313, ULASJ2200+0056 and ULASJ2315+0143 -
and for the stacked non-detections (Fig. 4.3). We begin by modelling the sub-mm emission
from our reddened quasar sample with a grey-body template, characterised by three parame-
ters; the dust temperature, T, the emissivity index, 8 and the overall normalisation, fGg. The
template is characterised as follows;

1P
S(v) =107 x (1 Ll ) X (4.2)

eit — 1’
where the grey-body emission, S(V), is given in units of mJy (Casey, 2012). If a galaxy’s
inter-stellar medium (ISM) has been partially heated by star formation, the dust temperature

is expected to lie in the range 20 < 7' < 60 K. In line with this, we select two distinct
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grey-body models widely used for quasars in the literature: (i) T=47K, B=1.6 (Priddey and
McMahon, 2001) and (ii) T=41K, f=1.95 (Beelen et al., 2006). Each model is fit in turn to
the photometry of ULASJ1216-0313, ULASJ2200+0056 and ULASJ2315+0143, with the
overall normalisation left as a free parameter in the fitting. The resulting grey-body models
for each of the three quasars detected at >30 are shown in Fig. 4.4. Similarly, the grey-body
template modelling the stacked non-detections is given in Fig. 4.5. The shaded regions in
each of the greybody templates denote the 10 uncertainty in each fit, derived from fitting the
upper and lower 10 bounds of the photometry.

From the resulting grey-body templates, we derive estimates for the obscured star
formation in ULASJ1216-0313, ULASJ2200+0056, ULASJ2315+0143 (Fig. 4.4) and the
stacked non-detections (Fig. 4.5). To this end, we integrate over the best-fit grey-body curve
for each scenario to get the far infra-red (FIR) luminosity i.e.

Vinax

Lpir = 4D} / S(v)dv, (4.3)

Vinin

where Dy is the luminosity distance, V,,;, and v,,,, denote integral limits in terms of
frequency (Vyin = 1.0 THz; V0 = 7.5 THz, corresponding to wavelengths 40um < A <
300um ) and S(Vv) is the best-fit grey-body curve for each of the detected quasars and the
stacked image. We opt to use Lgjg - tracing the emission at 40um < A < 300um - rather
than the total IR luminosity in order to minimise contamination from dust heating caused by
the quasar, which can significantly contribute to the flux at A < 40um. In this manner, we
therefore isolate cold dust emission in the host galaxy caused by star formation. The SFR for

each system is then derived from the relation outlined in Kennicutt Jr and Evans (2012) i.e.

SFR =3.89 x 107 x Lp, (4.4)

where the SFR is given in units of Moyr™!

. Based on the model assumptions of
Priddey and McMahon (2001) and the conversion in Eqn. 4.3, we derive SFRs of ~4570
+ 830 Moyr—!, ~2700 £ 740 Mo yr—! and ~2840 4 720 M, yr~! for ULAST1216-0313,

ULASJ2200+0056 and ULASJ2315+0143 respectively. Using the grey-body parameters
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Fig. 4.4 Grey-body fit to the 850um photometry of ULASJ1216-0313 (a), ULASJ2200+0056 (b) and
ULASJ2315+0143 (c) assuming (i) T=47K, f=1.6 (Priddey and McMahon, 2001) (solid) and (ii) T=41K,

B=1.95 (Beelen et al., 2006) (dashed). Shaded regions represent the 10 uncertainty on each fit.
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Fig. 4.5 Grey-body fit to the 850m photometry of the stacked non-detections assuming (i) T=47K, f=1.6
(Priddey and McMahon, 2001) (solid) and (ii) T=41K, f=1.95 (Beelen et al., 2006) (dashed). Shaded regions
represent the 16 uncertainty on each fit.

outlined in Beelen et al. (2006), results in slightly lower SFRs of ~4200 4 770 Moyr !,
~2480 + 680 Moyr—! and ~2600 + 660 M yr~!. In the case of the stacked non-detections,
we derive 36 upper limits on the SFRs of ~990 M, yr~! and ~910 M yr~! assuming the
grey-body templates outlined by Priddey and McMahon (2001) and Beelen et al. (2006)
respectively. We therefore note that whilst 16 of the 19 quasars in our sample are undetected

in SCUBA-2, this does not preclude high SFRs in these systems given the typical flux limit

of these observations.

4.3.3 REDDENED QUASAR ENVIRONMENTS

Whilst the majority of our reddened quasar sample are undetected at 850tm, inspection of
the maps reveal a number of serendipitous sub-mm detections within a 1.5 arcmin radius of
the quasar targets, potentially indicating an environmental overdensity on scales < 1Mpc.
To investigate this and to identify any serendipitous detections, we plot contours onto the

signal-to-noise ratio maps for each quasar target, denoting regions brighter than the 3, 3.5
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(a) VHSJ1122-1919 (b) VHSJ2109-0026

-3.0 -2.4 -1.8 -1.2 -0.6 0.0 0.6 1.2 1:8 2.4 3.0

Fig. 4.6 1.5-arcmin radius signal-to-noise ratio maps for two of the quasars in our sample - VHSJ1122-1919 (a)
and VHSJ2109-0026 (b) - with £ 3, 3.5 and 40 contours overlaid. The SCUBA-2 position of each source is
located at the centre of each map, surrounded by a black ring denoting the beamsize of SCUBA-2.

and 40 noise level of the observation. The signal-to-noise ratio maps were selected in favour
of the 850m maps in order to account for the minor variation in the noise across each
image. Objects in the image appearing as two separate sources at either 3.5 or 40 but as a
single, extended object at 3¢ were counted as a single object at all thresholds. Furthermore,
objects whose contour regions were not fully enclosed within the image (i.e. those lying
close to the edge of the map) were omitted from the source count. Similarly, in ULASJ1216-
0313, ULASJ2200+0056 and ULASJ2315+0143 - the detected quasar targets, the detections
were not counted as additional sources in the image. Fig. 4.6 illustrates the contour plots
used to count the sources within 1.5 acrmin of two quasar targets - VHSJ1122-1919 and
VHSJ2109-0026.

Table 4.4 shows the number of serendipitous detections found at each significance across
our full sample, along with the corresponding number of negative detections for the same
threshold. Although a number of negative sources are expected due to ‘bowling’ around
real positive sources in the SCUBA-2 images, we find the number of these negative sources
to make up more than half (65 per cent) of the positive sources detected at >30, meaning
that only 35 per cent of these positive sources are likely to be real. At 3.50, the number of

negative sources drops to 52 per cent of the positive detections, with no maps containing
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Table 4.4 Number counts for positive and negative sources lying within a 1.5 arcmin radius of each quasar target,
detected with a significance above 3, 3.5 and 40.

Name > 30 < -30 > 3.50 < -3.50 > 40 < -4o0
ULASJ0041-0021 2 3 0 1 0 1
ULASJ0016-0038 3 2 2 1 0 0
ULASJ1234+0907 2 1 1 0 0 0
VHSJ1117-1528 1 1 0 0 0 0
VHSJ1122-1919 5 2 3 1 2 0
ULASJ1216-0313 2 2 1 1 0 0
VHSJ1301-1624 3 1 2 0 0 0
VHSJ1350-0503 1 2 1 0 1 0
VHSJ1409-0830 2 1 0 0 0 0
ULASJ1455+1230 1 1 1 1 1 0
ULASJ1539+0057 1 1 1 0 0 0
VHSJ1556-0835 2 0 1 0 0 0
VHSJ2109-0026 7 2 3 1 2 0
VHSJ2143-0643 1 2 1 1 1 0
VHSJ2144-0523 2 1 2 0 1 0
ULASJ2200+0056 3 3 1 1 0 0
ULASJ2224-0015 0 3 0 1 0 0
ULASJ2315+0143 2 2 1 1 1 1
VHSJ2355-0011 2 1 0 1 0 1
TOTAL 42 31 21 11 9 3

multiple negative detections. When the detection threshold is further increased to 40, the
negative sources account for just 33 per cent of the positive detections, meaning the majority
of sources detected above this threshold are unlikely to be artefacts of the noise in the image.
Fig 4.7 shows the location of all 3.5 and 46 detections across our sample.

In total, we find 21 (10) sub-mm sources at >3.50 (>40) across our reddened quasar
sample, corresponding to a survey area of 134.3 arcmin?. To test whether this is indicative of
an environmental overdensity, the number counts for the >3.50 (=5.6 mJy) and >40 (6.4
mly) detections are directly compared to sub-mm blank field samples (Geach et al., 2017)
by plotting the cumulative frequency of the source counts as a function of their 850um flux
(Fig. 4.8). Using the number counts of the positive and negative sources in Table 4.4, we
expect 48 per cent of the 3.5¢ and 67 per cent of the 40 detections to be real. We account
for this when comparing to the sub-mm blank fields in Fig. 4.8 by scaling the number of

sources by the fraction we predict to be real, based on these number counts as follows;



100 REDDENED QUASAR HOSTS IN THE SUB-MM

(a) ULASJ0041-0021 (b) ULASJ0016-0038 (c) ULASJ1234+0907 (d) VHSJ1117-1528

(e) VHSJ1122-1919 (f) ULASJ1216-0313 (g) VHSJ1301-1624 (h) VHSJ1350-0503

(i) VHSJ1409-0830 (j) ULASJ1455+1230 (k) ULASJ1539+0057 (I) VHSJ1556-0835

(n) VHSJ2143-0643 (0) VHSJ2144-0523 (p) ULASJ220040056

(q) ULASJ2224-0015 (r) ULASJ231540143 (s) VHSJ2355-0011
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Fig. 4.7 1.5 arcmin radius maps for all quasar targets for which serendipitous sources were detected at >3.50
(dotted) and >40 (solid). Central aperture denotes the 14.5 arcsec diameter SCUBA-2 beam at the position of
each quasar in our sample.



4.3 RESULTS

101

Chen 2013 fit
—  Schechter fit
% % This Work
O O Geach etal. (2017)
4 # Casey etal. (2013)

Chen 2013 fit
—  Schechter fit
% % This Work
© O Geach et al. (2017)
¢ & Casey etal. (2013)

1000
(o)
1000
o}

100
100

N(>S,) (deg?)
N(>S,) (deg~?)

10
O

10
O

0.1
0.1

100 1 100

10 10
S, (m)y) S, (m)y)

(a) Serendipitous detections >3.50 (b) Serendipitous detections >4c

Fig. 4.8 Cumulative number of serendipitous 850 m sources above a certain flux density threshold. >3.50 (a)
and >40 (b) detections within 1.5 arcmin radius of the reddened quasar targets (red stars) are compared to blank
field counts from Geach et al. (2017) (open circles) and Casey et al. (2013) (solid diamonds). All number counts
from our sample have been corrected to represent only the fraction of ‘real’ sources we would expect based on
Table 4.4.

N_
Niources = N+ X (1 - N> ) (45)
+

where N and N_ are the number of positive and negative sources detected respectively
across the full survey area.

From Fig. 4.8, we find no evidence for an overdensity in the environments of our dusty
quasar sample when compared to the sub-mm blank field. At both >3.5 and >4 we find the
source counts within 1.5 arcmins of our quasar sample to be entirely consistent with those in
the blank fields when averaging over the full survey area of our sample. We note however,
that in seven fields we detect at least one source with a 40 confidence. Based on the blank
field number counts in Geach et al. (2017) and the flux limit of our sample, we would expect
just 0.24 sources per map to lie above this threshold, so the fact we see multiple sources
surrounding several of the quasars in our sample may indicate that a portion of our sample
lies in a significant overdensity compared to the sub-mm blank field. To quantify this, we

2 survey area of the seven targets for

re-plot Fig 4.8, averaging only over the 56.5 arcmin
which 40 sources are detected within 1.5 arcmin of the quasar target (Fig. 4.9). Indeed, we

now see the number of 40 detections to lie a factor ~3 above those in the bank fields (Geach
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Fig. 4.9 Cumulative frequency of number counts for serendipitous >40¢ detections within 1.5 arcmin radius of
the reddened quasar targets (red stars), compared to blank field counts from Geach et al. (2017) (open circles)
and Casey et al. (2013) (solid diamonds), averaged only over the area of the seven maps in which we detect
serendipitous sources >40. Discrepancy between our reddened quasar sample and blank fields indicates an
environmental overdensity in several of the quasars in our sample.

et al., 2017) and therefore seven of the 19 quasars in our sample (37 per cent) may well be

associated with sub-mm overdensities.

4.4 DISCUSSION

4.4.1 ALMA OBSERVATIONS

Two of the reddened quasars in our sample (ULASJ1234+0907 and ULASJ2315+0143)
have also been observed with the Atacama Large Millimetre/ submillimetre Array (ALMA)
(Banerji et al., 2017, 2018), measuring the 1.24mm and 2.92mm continuum photometry.

With the higher resolution of the ALMA observations (~3 arcsec compared to ~15 arcsec
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with SCUBA-2), it is possible to spatially resolve these two sources, finding them to be
comprised of multiple sources in both ULASJ1234+0907 and ULASJ2315+0143 (Fig. 4.10).
In addition to the continuum emission, ALMA detects multiple molecular lines and thus can
be used to determine the redshifts of these sources lying within a 1.5 arcmin radius of the NIR
quasar positions. In both ULASJ1234+0907 and ULASJ2315+0143, the sources marked in
Fig. 4.10 are found to lie at a similar redshift to the quasar, meaning they do not just appear
close in the plane of the image but rather are physically associated with one another. This
provides direct evidence that at least some fraction of the reddened quasars in our sample
reside in high density sub-mm environments. Furthermore, we note that ULASJ1234+0907
is undetected with SCUBA-2, lying below the >3 0 detection limit of our sample, yet the
two companion galaxies near the quasar are shown to have higher 850um flux densities
of 7.481 mJy (3.60) and 5.922 mJy (2.80). The detection of multiple sources associated
with the quasar may indicate merger activity in these systems, consistent with our reddened
quasar sample being in the evolutionary phase suggested by Sanders et al. (1988) in which
these systems are evolving from merger-induced starburst galaxies.

We note that not all the sources seen in the SCUBA-2 images will merge with the quasar
in this way. No redshift or velocity information is currently available for the serendipitous
detections in Fig. 4.8, meaning it is highly likely that some fraction of these detections lie in
either the foreground or background of the quasar image. Furthermore, were the detections
to be at a similar redshift to the quasar and thus part of the same overdensity, simulations
suggest that galaxies would require a velocity separation <500kms ™! in order to be classed
as merging systems (e.g. Hopkins et al., 2006). The 1.5 arcmin radius over which we search
for overdensities also corresponds to physical scales ~700kpc. Even assuming the quasars
in our sample reside in the most massive halos at z~2 (Mp,o ~ 2% 10'3), the virial radius of
the halo would only extend to ~200kpc - much lower than the ~700kpc considered. Objects
outside this radius will never merge with the quasar, regardless how close they are in velocity
or redshift space. In fact, many simulations (e.g. Hopkins et al., 2006) suggest merging

galaxy pairs to be defined as having separations <20kpc.
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(a) ULASJ1234+0907 (b) ULASJ2315+0143

Fig. 4.10 850um SCUBA-2 maps for the two sources in our sample also observed with ALMA -
ULASJ1234+0907 and ULASJ2315+0143. White stars denote the location of individual sources detected
with higher-resolution ALMA data (Banerji et al., 2017).

Fig. 4.10 shows that both the ALMA sources detected in the map of ULASJ2315+0143
lie within the beamsize of SCUBA-2, meaning that the SCUBA-2 photometry derived for
this source is effectively the sum of these two ALMA sources. We overlay the sum of the
photometry for the two ALMA sources at 1.24mm and 2.92mm in Fig. 4.11. At 2.92mm, the
combined photometry lies above that predicted by the greybody fit, potentially indicating
contamination from synchrotron emission, which has been shown to be present in this source
(Banerji et al., 2018). The discrepancy between the 1.24mm photometry and the greybody
template may also indicate that the assumptions made about Teg and B in the fitting are
incorrect. Together with the 850um SCUBA-2 detection, the 1.24mm ALMA photometry

suggests a steeper f may be required.

4.4.2 COMPARISONS WITH DIFFERENT QUASAR POPULATIONS

This section aims to put our reddened quasar sample in the context of the broader quasar
population. In particular, we seek to compare the detection rates and environments of UV-
bright (A, ~ 0 mags) and mid-IR luminous, heavily obscured (A, = 15 mags) to our sample

(Ay ~ 2-6 mags).
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Fig. 4.11 Grey-body fit to the 850 m photometry of ULASJ2315+0143 as a function of wavelength assuming (i)
T=47K, B=1.6 (Priddey and McMahon, 2001) (solid) and (ii) T=41K, $=1.95 (Beelen et al., 2006) (dashed)

with 1.24mm and 2.92mm photometry from ALMA overlaid (cyan points). Shaded regions represent the 10
uncertainty on each fit.

4.4.3 UV-BRIGHT QUASARS

Fig. 4.12 compares the redshifts and dust-corrected bolometric quasar luminosities, Ly, for
a sample of UV-bright quasars observed with SCUBA at 850um (Priddey et al., 2003) with
those of our quasar sample. In the case of our sample, Ly, is derived from the dust-corrected
flux at 5100A, applying a bolometric correction factor of 7 as outlined in Vestergaard and
Peterson (2006). In general, we find our sample to be intrinsically fainter.

Priddey et al. (2003) detect nine of the 57 UV-luminous quasars (A, ~ 0 mags) in their
sample (16 per cent) at a significance >30, corresponding to a flux limit of 10mJy at 850um.
In section 4.3.1, we show just one quasar in our sample - ULASJ1216-0313 - to lie above this

same flux limit (5 per cent of our sample). We note however that the median dust-corrected

047.2 1 047.7 1

Lyo1 of our quasar sample is 1 ergs ', compared to 1 ergs " in the sample of Priddey

et al. (2003) and thus the lower sub-mm detection rate of our sample may be explained
by the higher luminosity of the the sample in Priddey et al. (2003). Furthermore, at Ly

> 47.5 ergs™! - a luminosity threshold above which all detections in Priddey et al. (2003)
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Fig. 4.12 A comparison of the bolometric quasar luminosities (Ly;) of our quasar sample (red stars) and the
UV-luminous quasar sample of Priddey et al. (2003) (black dots). Circles denote all detected sources (>30)

in each sample, corresponding to a flux limit of >4.8mlJy in our sample and >10mlJy in that of Priddey et al.
(2003). All quoted luminosities have been corrected for the effect of obscuration by dust.

lie - we find five quasars in our sample, of which one is detected with a >3 0 significance,
corresponding to a 20 per cent detection rate in this luminosity range. Nine of the 45 quasar
targets lying above the same luminosity threshold in the UV-luminous sample (Priddey et al.,
2003) are detected, also corresponding to a detection rate of 20 per cent. We therefore
conclude that the difference we observe in the detection rate of obscured and UV-luminous

quasars is likely due to the luminosity difference of the two samples considered.

44.4 HoTDOGS

Two studies by Jones et al. (2015, 2014) investigate the 8501 m properties of dusty, luminous
galaxies at z~1.7-4.6 selected from the WISE all-sky survey. These galaxies, dubbed Hot
Dust-Obscured Galaxies (HotDOGsS), typically have a dust reddening of A, 2> 15 mags -
significantly larger than the intermediate reddening of the quasars presented in this chapter,
which have dust extinctions A, ~ 2 - 6 mags. Fig 4.13 compares the redshifts and 22um
(W4) magnitudes for each of the HotDOG samples with that of the quasars in this chapter.

To make a direct comparison between the two populations, we consider only the HotDOGs
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with known redshifts matching the range of our sample (1.4 < z < 3). In Jones et al. (2015)
none of the targeted quasars lying in this redshift range are detected at 850um with a flux
limit > 6.3mly, corresponding to the >3¢ detection threshold of their sample. Above this
same flux we detect two quasars in our sample (~10 per cent), which we consider consistent
with the detection rate of Jones et al. (2015) given the small sample sizes. In Jones et al.
(2014), where WISE-selected quasars are additionally required to contain a compact radio
source, four of the seven quasars lying at 1.4 < z < 3 (57 per cent) are detected above a
30 flux limit of >5.8mJy. Comparing this to the 850um detection rate of our sample, we
find just three of the 19 quasars (~16 per cent) to lie above the same flux limit, although we
note that synchrotron emission could be contributing to the observed sub-mm flux in the
radio-loud sources of Jones et al. (2014). In fact, Kalfountzou et al. (2017) find sources with
flux densities = 7-10mJy at 1300pm show significant contamination from radio emission. If

this threshold is applied at 850um (Eqn. 4.6), i.e.

s
B x loglo(—s1 300)7 (4.6)
850

where S300 and Sgsg are the flux densities at 1300 and 850 pum respectively (mJy) and
B denotes the slope of the SED, we find objects with Sgsg > 9-13 mlJy likely have some
contamination from non-thermal sources. Three of the ten sources presented in Jones et al.
(2014) lie above this threshold, indicating that radio contamination may be an issue in these
objects.

When we consider only the quasars with a 22um (W4) magnitude brighter than 8.0
(Vega), above which the entire Jones et al. (2015, 2014) samples lie, we find the detection
rate of our sample to increase to 43 per cent. We therefore conclude the detection rate among
the most luminous quasars in our sample to be consistent with that of radio-loud HotDOGs.
None of the three Jones et al. (2015) quasars brighter than 8.0 mags (Vega) are detected, but
the small sample size means we cannot infer whether or not our sample does indeed have a

higher detection rate than the HotDogs sample in Jones et al. (2015).
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Fig. 4.13 A comparison of the WISE 22um magnitudes (vega) of our quasar sample (red stars) and the HotDOGs
in Jones et al. (2014) (black dots) and Jones et al. (2015) (hollow triangles). Circles denote all detected sources
(>30) in each sample, corresponding to a flux limit of >4.8mJy in our sample and >5.8mJy and >6.3mly in
Jones et al. (2014) and Jones et al. (2015) respectively.

In section 4.3.3, we compare the environments of our quasar sample with the sub-mm
blank fields, finding little evidence for an overdensity in the average environments of reddened
quasars at 850um. Jones et al. (2015, 2014) perform similar tests, comparing the number of
detections within 1.5 arcmin of their quasar targets with the sub-mm blank fields (Weif3 et al.,
2009). Both Jones et al. (2014) and Jones et al. (2015) find an overdensity in the sub-mm
environments of extremely reddened quasars compared to the blank fields. In Jones et al.
(2014), they find an environmental overdensity of a factor 2.6 & 0.7 compared to the blank

field, finding 15 serendipitous sources within the 70.7 arcmin®

survey area. In Jones et al.
(2014), this overdensity factor increases to 6.3 + 1.1, finding 81 serendipitous detections in
an area of 212.0 arcmin®. Whilst this may indicate an environmental overdensity compared
to our quasar sample, we note that this is based on the full samples in Jones et al. (2015,
2014), many of which lie outside of the redshift range of our sample (1.4 < z < 3). Due to

this disparity across the different samples, we cannot reliably compare the environments of

our sample with those in Jones et al. (2015, 2014).
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4.5 CONCLUSIONS

In this chapter, we have presented new, targeted 850uum SCUBA-2 observations for a sample
of 19 dust-reddened quasars (A, ~ 2-6 mags) at 1.4 < z < 2.7 - a peak epoch of both star
formation and black hole accretion. From this work, we draw the following conclusions;

(i) There is evidence for prodigious dust obscured star formation in three of the 19
reddened quasars in our sample, finding SFRs ranging 2400 - 4600 M. yr—'. Whilst the
remainder of the quasar sample is undetected at 850um, this does not preclude high levels
of star formation in these systems. Indeed, the stacked non-detections return an average
30 upper limit on the SFR of 990 M, yr~!. Deeper observations from instruments such as
ALMA are therefore required to measure the obscured star formation in these systems.

(i) On average, we find no evidence for overdensities in the sub-mm environments of
reddened quasars at z~2. We note however that several individual quasars in our sample
show some evidence that they lie in overdense regions, finding at least one >40 source
within a 1.5 arcmin radius of seven quasar targets. When averaging over only the maps in
which we detect sources with confidence >40, we find an overdensity of factor ~3 when
compared to the blank fields. Furthermore, ALMA observations of two quasars in our
sample ULASJ1234+0907 and ULASJ2315+0143 (Banerji et al., 2018) reveal them to be
comprised of multiple sources at the same redshifts as the quasars, reinforcing the evidence
for a potential overdensity in the environments of individual objects in our obscured quasar
sample.

(iii) Overall, the moderately reddened quasars considered in our sample appear to reside
in less dense environments than more heavily reddened quasars, sometimes referred to
as HotDOGS. Whilst luminous quasars with A, = 15 mags have been found to reside in
sub-mm environments a factor of 2.6 times denser than the sub-mm blank field, our sample
shows no such overdensity. We note however that the overdensity found in the HotDOG
samples include objects spanning a much wider range of redshifts than our sample and so a

direct environmental comparison of these two populations is not possible.
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(iv) We find the 850um detection rate of our obscured quasar sample to be consistent
with a population of more heavily obscured HotDOGs at similar redshift. In HotDOGs
containing radio sources the detection rate is significantly higher, although we note that this
may be due to contamination by synchrotron radiation in the sub-mm emission of these
radio-loud systems. The detection rate of UV-luminous quasars is also found to be higher
than that of our sample, with 16 per cent of UV-luminous quasars detected >10mJy at 850um
compared to just 5 per cent of our sample. When considering only the brightest quasars
in our sample however, we find the detection rate to be consistent with both UV-luminous
quasars and radio-loud HotDOGs, implying that the detection rate is largely dependent on
the average quasar luminosity of the sample. In general therefore, we conclude there to be
no significant differences between our reddened quasar sample and either the UV-luminous
(Priddey et al., 2003) or HotDOGs populations (Jones et al., 2015, 2014) in terms of their
sub-mm emission. If the reddened quasars in our sample are undergoing a blowout phase,
as suggested by Sanders et al. (1988), we would expect to observe significant differences
in their sub-mm properties compared to UV-luminous quasars and HotDOGs, as obscured
quasars are though to be much more highly star-forming than their unobscured counterparts.
The fact that we see no such differences implies that this might not be the case. We highlight
however, that the sample size considered in this work is relatively small, and comparison
samples have not been robustly matched in redshift and luminosity. We also note that this
comparison is based on the assumption that the sub-mm emission is tracing the obscured star
formation in these galaxies, yet we suggest that radio contamination is likely a problem in at
least some fraction of the Jones et al. (2014) sample. Contamination from the quasar itself
may also heavily influence the inferred SFR of these galaxies.

In the future, spatially-resolved images of the dust in this quasar sample, such as ALMA
observations, will dramatically improve our understanding of the obscured star formation
in reddened quasar hosts. Spectroscopic follow-up and accurate redshift estimates for
the serendipitous sources across our survey region will also shed light on the sub-mm
environments of our sample, allowing us to distinguish between objects spatially correlated

with our quasar targets and those lying along the line of sight.



CHAPTER

SUMMARY AND FUTURE WORK

This thesis has focussed on characterising the host galaxies of a class of highly luminous yet
heavily obscured quasars at z~2. In particular, we have explored the connection between star
formation and quasar activity across multiple wavelengths through three distinct projects,
each with the common aim of placing the most luminous reddened quasars in the context
of the general quasar population. This final chapter provides a summary of each project,
highlighting the key results. Potential directions in which to expand this research in the

future are suggested in Section 5.4.

5.1 REDDENED QUASAR HOSTS IN THE UV

Separating quasar emission from that of its host galaxy has long proven challenging, particu-
larly among the most luminous quasars. Typically, astronomers have relied on observations
at sub-mm wavelengths, where reprocessed light from star formation dominates, or have
required high-resolution space-based imaging to accurately subtract the point spread function.
In the rest-frame UV, studies have largely been limited to low redshift, where high spatial
resolution is easier to achieve. At higher redshifts (z~2), where both star formation and
black hole accretion has been shown to peak, studies have been limited to individual objects.

At this key epoch, we perform the first population study of high-luminosity, reddened quasars
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in the rest-frame UV using the first year of deep ground-based observations from DES. By
combining the rest-frame UV photometry with NIR data from VISTA and ULAS, we develop
an SED-fitting routine to disentangle the quasar emission from that of its host galaxy. By
exploiting dust obscuration towards the quasar, we are able to separate these two components
and directly probe the unobscured star formation in the host galaxies of the most luminous
quasars, finding luminous reddened quasars to reside in prodigiously star forming hosts at
z~2. When these measured SFRs are compared to the intrinsic quasar luminosities of our
sample (Lyo)), we find evidence for a correlation between quasar luminosity and the UV-
derived SFR. Although we note that such a correlation may only exist within the populations
of very luminous and obscured quasars probed in this work, the existence of such a relation
could imply that the same gas supply is fuelling both black hole acretion and star formation

in this class of objects.

5.2 A MORPHOLOGICAL STUDY OF REDDENED QUASAR HOSTS

AT Z~2

Understanding star formation in quasar host galaxies is key to constraining models of galaxy
- quasar coevolution. Modelling the restframe UV emission from quasar hosts, tracing the
emission from young stars in the galaxy, has proven challenging in 2D, particularly among
populations of very luminous quasars whose light dominate that of the host over multiple
passbands. For this reason, 2D modelling of quasar hosts has largely relied on space-based
imaging, with attempts using ground-based imaging typically limited to either low redshift
systems (z<0.2) or populations of low luminosity quasars. A key issue facing such studies
of bright quasars, particularly with ground-based imaging, is the separation of the galaxy and
quasar light in the image. Having demonstrated that this separation can be achieved in 1D by
exploiting dust obscuration among populations of reddened quasars, we test whether this can
also be applied to model these systems in 2D based on imaging from DES Y3. To this end,
we make use of a multi-band image fitting code, placing constraints on the galaxy and quasar

in the bands in which they dominate. From the fitting, we return models providing a good
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description of the DES Y3 observations, inferring galaxy and quasar magnitudes broadly
consistent with those returned from the SED fitting in several objects. In cases where the
two methods appear to disagree, we suggest the disagreement is likely due to the lack of
constraint on the galaxy and quasar colours in the 2D modelling. By simulating a range
of quasars with different brightnesses in low-redshift galaxies with similar colours to our
sample, we find galaxy properties (i.e. the position of the galaxy in the image, (X,Y), its
radius, Regf, axis ratio, qgaL, angle of orientation, 0, and Sérsic index, n) can be accurately
returned for a significant portion of our sample. Therefore, modelling z~2 luminous quasar
hosts in 2D is possible with multi-band fitting of data from currents ground-based surveys

such as DES, opening the door to future morphological studies of these systems.

5.3 REDDENED QUASAR HOSTS IN THE SUB-MM

At sub-mm wavelengths (~100pm-1mm), thermal emission from cold dust peaks, making
this the perfect regime in which to probe the dust heated by star formation and thus the
dust-obscured star formation in the galaxy. Using targeted observations from SCUBA-2,
we trace the 850um emission for a sample of 19 moderately obscured (A, ~ 2-6 mags)
quasars, finding direct evidence for prodigious star formation of >2400 M. yr~! in three
of the quasar targets. In the remainder of the sample we also do not preclude high levels
of obscured star formation, deriving a 3¢ upper limit on the SFR of 990 M, yr—! from the
stacked image of the non-detections. These high SFRs are consistent with those expected of
quasars in a transitional phase between a starburst galaxy and a UV-luminous quasar and thus
we conclude our findings to align with this idea. The sub-mm detection rate of our sample is
consistent with that of more heavily-obscured HotDOG galaxies (A, > 15 mags), but falls
below that of radio-loud samples, likely due to contamination in the 850um emission of
these sources from synchrotron radiation. The sub-mm detection rate of reddened quasars
are also shown to be consistent with UV-luminous quasars once the two samples have been

matched in both luminosity and redshift.



114 SUMMARY AND FUTURE WORK

Overdense environments may be an indication of merger events and thus provide further
validation that obscured quasars are in an evolutionary phase following a merger-driven
starburst. Whilst we find no indication of an environmental overdensity over our sample as a
whole, we demonstrate that several individual objects appear to reside in overdense regions
of the sky (a factor ~3 times denser than sub-mm blank fields). Indeed, independent ALMA
observations for two quasars in our sample reveal multiple sub-mm sources are associated
with each quasar, reinforcing the conclusion that several of the obscured quasars considered
here exist in overdense environments. When we compare this to the environments of more
heavily-obscured HotDOG galaxies (Ay > 15 mags), we find the environmental density
of HotDOGs to be ~ 2-5 times higher than that of our sample, although we note that this
may be due in part to the differences in the quasar luminosity and redshift between the two

samples.

5.4 FUTURE PROSPECTS

In Chapter 2, we explore the relation between the unobscured star formation, traced by the
rest-frame UV emission, and the quasar luminosity in a sample of highly luminous, dust
obscured quasars at z~2. In general, we conclude the most luminous obscured quasars to
reside in the most actively star-forming galaxies. The sample of reddened quasars considered
in this work however covers only a narrow range of quasar luminosities (>10%*%erg s~!) and
several studies suggest this trend to disappear among lower-luminosity quasar populations
(e.g Urrutia et al., 2012). Moving forward, we seek to investigate how this relationship
between unobscured star formation and quasar luminosity varies as a function of the quasar
luminosity. Already, a new sample of heavily-reddened quasars has been identified in the
VIKING survey (Temple et al. 2018 in prep.), meaning the fitting techniques outlined
in Chapter 2 can be directly applied to this new data set to make similar inferences on
lower-luminosity quasar systems.

Chapter 3 outlines a method for modelling the restframe UV emission in hosts of z~2

luminous quasars in 2D. By including the ability to model multiple objects in an image
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and incorporating constraints on the colours of the galaxy and quasar components in the
model, based on their SEDs, we hope to improve our ability to model these systems in the
future. The ‘pilot study’ in Chapter 3 demonstrates that host glaxy paremeters can be derived
for high redshift obscured quasars using the current generation of ground-based imaging
surveys.

At FIR/ sub-mm wavelengths, observations from Herschel Spectral and Photometric
Imaging REceiver (SPIRE) may be used to further constrain the obscured SFRs of reddened
quasars at z~2. The SPIRE wavebands lie at 250, 350 and 500¢m, meaning they trace
the ‘bump’ of the reprocessed emission from star formation. Combined with the 850um
photometry from SCUBA-2 (Chapter 4), Herschel data can be used to place more constraints
on the SED template fitted to this region of the spectrum and thus provide a better measure
of the obscured star formation in reddened quasars.

With ongoing observations from ALMA, we also hope to obtain more sensitive ob-
servations of z~2 reddened quasars in the sub-mm. A primary motivation behind these
observations is to determine the source of the sub-mm emission in these objects. In Chapter 4,
we assume all the sub-mm emission observed at 850um with SCUBA-2 to arise from the
heating of dust by stars, yet luminous quasars themselves may be partially responsible for
heating the dust causing this emission. If sub-mm emission is indeed tracing the star forma-
tion, we would expect to observe statistical differences in the properties of obscured and
unobscured quasar populations in the sub-mm, as obscured quasars are thought to be more
highly star-forming than their unobscured counterparts. If however a substantial fraction of
the sub-mm emission arises from the dust heated by the quasar, one would instead expect
to observe very similar sub-mm properties in the two quasar populations, providing they
have similar quasar luminosities. Making direct comparisons between the sub-mm properties
of obscured and unobscured z~2 quasar hosts is therefore a good way to investigate the
source of the emission at sub-mm wavelengths. Already, large spectroscopic samples of both
obscured and unobscured quasars have been identified at this epoch (Banerji et al., 2015a,
2012; Paris et al., 2018), providing an excellent base sample with which to carry out this

study.
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Fig. A.1 1D and 2D posterior distributions from the MCMC fitting. Shaded regions in the 2D distributions
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Table A.1 Reduced x? results for all objects in the sample. Those marked with an “** denote values calculated
prior to the correction of the Ha equivilant width in models which were discounted for the reasons outlined in
Section 2.4. We note however, that the difference in the Hor equivilant width would make little difference to the
measured goodness of fit in these models.

Name Quasar Quasar + Galaxy Scattered Continuum Lyman-o«
ULASJ0016-0038  2.64 3.01 4.3b% 4.84x
ULASJ1002+0137 13.83 0.96 1.32 17.30
VHSJ2024-5623 1.33 1.29 1.29 1.47
VHSJ2028-5740 15.59 3.25 3.37 14.74
VHSJ2100-5820 1.43 1.15 1.15 1.17
VHSJ2115-5913 26.85 1.48 0.89 14.09
ULASJ2200+0056  6.19 0.13 0.35 7.70
VHSJ2220-5618 20.43 1.04 2.588% 18.12%
ULASJ2224-0015 9.44 2.86 3.96% 13.31%
VHSJ2227-5203 9.08 5.66 6.23 8.12
VHSJ2235-5750 12.20 0.48 0.47 3.83
VHSJ2256-4800 24.79 3.52 3.54 3.54
VHSJ2257-4700 0.44 0.54 0.77* 0.79%
VHSJ2306-5447 9.85 2.58 1.30% 12.43%
ULASJ2315+0143 28.15 1.08 0.88 22.11
VHSJ2332-5240 15.59 2.76 1.75 4.87
VHSJ2355-0011 29.72 3.06 1.53 14.91
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RESIDUALS

(a) ULASJ0016-0038

RESIDUALS

RESIDUALS

(b) VHSJ2024-5623

MODEL RESIDUALS

(¢) VHSJ2028-5740

RESIDUALS

(e) VHSJ2220-5618

RESIDUALS

(g) VHSJ2227-5203

RESIDUALS

(i) VHSJ2257-4700

RESIDUALS

(k) ULASJ2315+0143

Fig. B.1 (data-model) residual plots across our full sample shown as a g (blue), i (green), z (red) colour image.

(d) VHSJ2115-5913

MODEL
-

(f) ULASJ2224-0015

MODEL
"

(h) VHSJ2235-5750

MODEL

(j) VHSJ2306-5447

RESIDUALS

RESIDUALS

RESIDUALS

RESIDUALS

MODEL

(I) VHSJ2355-0011

Residuals appear consistent with the noise level of the image in 13 objects in our sample
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